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Abstract

The inherited resistance to perim# in Culex quinquefasciatysvhich is the primary
vector of encephalitis and lymphatic filariasis pathogens, resulted from the molecular basis of
multiple mechanisms involved in changes of more than one resistant gene. Two major
mechanisms ahsecticice resistance in mosquito are P4&@diated detoxification via increased
the expression level of P450 genes to metabolize the insecticide, and sodium channel
insensitivity via modified mutations to change the channel structure and prevent the permethrin
binding. In my current studies, | found 4 cytochrome P450 genesupergulatecand
inducible in the resistant mosquito strains indicating the importance of these P450 genes in
permethrin resistance, aatsosynonymous and nesynonymous mutations presemtsodium
channel as well as multiple sodium channel variances caused the permethrin resistaiee in
mosquitoes. Furthermore, to identify the regulatory pathway of P450 gene expression in
insecticide resistance of ti&ulexmosquito, my studies havevealed, for the first time, that
among a total of 120 GPCR signalipgthwayrelated genes, 5 of them were significanipy
regulatedn the resistanCulexmosquitoes. Functional characterization of thggBegulated
GPCR pathwayelated genes in inseciile resistance using the dousteanded RNAmediated
gene interference (RNAI) aridrosophilatransgenic techniques have proved that the function of
the GPCRrelated genes in insecticide resistance by regulating the P450 gene expheesigim
the proten kinase A and AMRIependent protein kinase pathways. My studies provide new

information for theunderstanding afesistance development at a molecular level and a new



avenue for characterizing the regulationhmeadys in resistance development, and alswide

new strategies for control mosquitoes, espectalyesistant ones.
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Chapter 1 Literature Review
1. Insects and Insecticide Resistance
Three quarters of all species in the world are insects, which play important roles in economically
and ecologically area. However, some of them act as agricultural pests, destroying @ulot of
potential annual harvest, and can be primary vectors for major diseases such as malaria, dengue
fever, yellow fever, elephantiasis, and sleeping sickness.
When the industrialization and mechanization of agricultwere rapidly developingn the
eighteenth and nineteenth centuries, the lagge production of naturally derived insecticides
became the method of choice to control the pests. Different kinds of insecticides, such as
organochloride, organophosphates, carbamate, pyrethroids, neondstindiological
insecticides, as well as flubendiamidéiamide, anddecaleside as example for current new
insecticides, et al. are applied successfully and efficiently against insect pests in agriculture,
medicine, industry and household. In the beginrohghe twentieth century the production of
synthetic insecticides such as D0ifitroduced in the 1940s) and the synthetic pyrethroids (first
commercialization in the 1970s) were used in common. However, since DDT (organochloride
insecticide) was hard degled in the environment and extremely accumulated in-ébadh, it is
no longer used worldwide. Organophosphate pesticides can be degraded rapidly by hydrolysis on
exposure to sunlight, air and soil, and high efficient in pest control, thus they are usddlyn
agriculture. However, because of the high acute toxicity of organophosphate insecticide to
human and animals, many of them were banned for using. The first carbamate pesticide,

carbaryl, which was introduced in 1956, was used throughout the esgdcially in lawn and



garden settings, because of its relatively low mammalian oral and dermal toxicity and broad
control spectrum. Pyrethroids are the artificial compound based on the structure of natural
pyrethrins, and it has high toxicity to insedist low toxicity to vertebrates. Thus, they are
continually used to against agricultural, especially the medical pests by treating the bed net so
far.

Unfortunately, the longterm and repeated use of large amount of insecticides brintpeon
development binsecticide resistance, which has had a substantial impact on modern agriculture
and human health, and became a major obstruction to the control of agricult@)akrd
medical pests (4).

2. Resistance Problem

A growing foodcrisis in the world relageto insecticide control and the insecticide resistance has
been a critical problem in more than 500 insect and mite species worldmsgdet resistance

was defined by the World Health Organizatiori957as "the development of an ability in some
individuals of a given organism to tolerate doses of a toxicant, which would prove lethal to a
majority of individuals in a normal population of the same organism" {Bg insecticide
problem is regarded as a major danger to control pest in agriculture andneed&as. The
insecticide resistance is inherited bgrrying genetic traits for coping with the environment
survive and reproduce, pass on these traits to their progef)y If6addition, continued selection
pressure exerted by the insecticide rapidigréases the frequency of the genetic trait of
resistance in the population. Furthermore, some evidence indicated that the major factor
influencing insecticide resistance development is the life cycle of the insect pest. For instances

insects with long lé cycles and the production of a very small numbers of young have no



development of insecticide resistance. In contrast, all the characteristics of mosquitoes, such as
short day life cycle with huge progeny, results in rapid resistance development (8).

To date, hundreds of pests in agriculture and medicine have developed resistance to all kinds of
insecticides, for instancesjosquito species (8€-15), house fly 16-19), German cockroach

(20), horn fly (21)cotton bollworm 22), aphid species (23)hiteflies (24), rust red flour beetle

(25), bed bug (26), antblorado potato beetl27), et al.

Each insect resistance problem is potentially unique and may involve in a complex pattern of
resistance to different type insecticidecause of the insecticidesistance problems, the list of
effective insecticide for the control of crop pests and disease vectors is rapidly shrinking.
Although some natural biological tactics have been provided, the using of synthetic insecticides
still plays a primary role inantrol managementiowever, fewer new insecticides are being
introduced to the market, largely because of the high costs associated with research, development
and registration, and the prediction of a limited effective lifespan of the new insecTibigs
understanding of the molecular basis of the insecticide resistance mechanisms will be an
essential fundamental fatesignng new strategieso control the insects, especially, resistant
ones £8-29).

3. Mechanisms of Insect Resistance

At the beginningthe resistance problems were detected by bioassay, which measures the overall
result if the resistance genes present in a population. However, followed by the development of
research on the biochemical and molecular bases of resistance, techniquesriadiagaeteh
resistance gene in individuals become availa®0e3().

In insects, there are many possible adaptations that permit an organism to survive under lethal

doses of a toxicant and can be classified as either mechanisms of decreased exposure or



deaeased response to the toxicantluding the behavioral avoidance resistance (32), reduced
penetration or absorption (33), increased detoxificatadter@tions in the levels or activities of
detoxification proteins) (34)or target site insensitivitymutation in the target sites) (33l
contribute to decrease the dose of the pesticide, or a modification of target site number will
contribute to rendering a dose of pesticide ineffective. These are achieved at the molecular level
by: point mutation linkd genetically to a sodium channel gene (target of DDT and pyrethroid
insecticide) (3637), the ion channel portion of a GABA receptor subunit (target of cyclodiene
insecticide) (38), and the vicinity of the AChE active site (target of OP and carbamate
insecticide) (39); amplification of esterase genes (target of OP and carbamate):ragdlapon

of detoxification enzymes, such as cytochrome P450 and glutathivaasterases4().

All resistance genes, whether conferring a low or high level of resistare selected as long as

the selection pressure, are maintained because they confer a high fithess to their carriers.
Increased detoxification is a common resistance mechanism that breaks down the insecticide to
diminish or prevent the quality and quigytfor target binding. It is due to either a modification

of the enzyme catalytic property or to an increased enzyme production, or to the association of
both. Increased enzyme production is in some cases either due to gene amplification or resistant
geneup-regulations, such as esterase and P4504Z3%1Analyses of the mutations of resistance
genes, such as AChE (43), GABA (38), and sodium channel gene (44), suggest that these
mutations are involved in insecticide resistance by changing the targeursrte prevent the
insecticide binding. Thusnost studies are focus on the mutation related insecticide resistance.
The rate of mutation plays an important role in insecticide resistance. The pool of mutant alleles
represent at one or more loci, any dfigh could confer resistance for a given dose of toxicant

(36-37). So we are considering that more polygenic is the basis of the resistance phenotype.



Development of resistance in field populations is due to the selection of resistance genes, which
appearby increased probability of mutation in the treated populations or are imported by active
or passive migration from other areas. Howewsrthe result of insecticieggersistent selection

in lab, the numerous mutations should be more common isel@etedthan in fieldselected
populations.

Genes responsible for an adaptation to a new environment stress (insecticide application) are
usually assumed to have fithess cost (45). Some inseetesdgdant insectslecreased other
fitnessenhancing charactersesulting in an effect on the reproductive processesA{36and

mating competition (48). Cost can be a determinant in the evolution of adaption since it can lead
to force the resistant alleles in insecticide free condid®@y Pleiotropic effects assoteal with
resistance are a consequence of the biochemical and physiological changes associated with the
resistant phenotype. Therefore, understanding the molecular basis of insecticide resistance
mechanisms will proved new angle to study the adaption asidten of resistance in insects, in

turn, explore new strategy to control the pests, especially, resistant ones.

3.1Decreased absorption

To prevent the insecticide binding with the targets, insects develop the different mechanisms
against insecticide. df example, the rate of absorption of insecticide by insect is a key
determinant of insecticide toxicity. Early studies have indicated that the decrease in insecticide
absorption was related to resistance was in house fly that was a resistant straathtoigyand

DDT. The nonpolar insecticides penetrate insects more rapidly than polar insecticides, probably
because of their greater affinity for epicuticular grease (50). Autoradiognajthi¢*C-dieldrin

method has been completed, showing that insdesciapplied topically to insects spread

laterally within the integument and then reach the site of toxic action through the tracheal



integument (51). The decreased absorption as a resistance mechanism in mosquito has been
hypothesized that the delayed peation was controlled by the cuticle related gene (52).
However, so far, how many genes are involved in penetration is still unknown.

3.2 Target site insensitivity

Target site insensitivity is one of the major mechanisms of insecticide resistance, dnédhe t
major insecticide target site genes have been cloned from the genetic Drodephila
melanogaster. They are: (1) thara sodium channel gene, the target site of DDT and pyrethroid
(53); (2) the GABA receptor gene resistance to dieldrin or Rdlsiteeof action of cyclodiene
insecticides (54); and (3) acetylcholinesterase or AchE, the target for organoohosphrous(OP) and
carbamate insecticides (55).

3.2.1Sodium Channel

Sodium channel are integral membrane protein, which form for conducting smahiarthrough
cell 6s plasma membrane. There are two kinds
either a voltagehannel, or ligandjated channelThe voltagegated sodium channel affects
channel gating and ion permeability during the initial diprising phase of the action potential

in excitable tissues. There are several groups of insecticides, including DDT and its analogues,
pyrethroids,N-alkylamides, and dihydropyrazoles, all of which can be used to treat the sodium
channel (56). The sodi channel is bound by insecticide and keep open, in turn, causes the
action potential and paralysis of insect to death. However, the amino acid mutation(s) present in
sodium channel results in the conformation or structure change of the channel to firevent
insecticide binding, in another word, called insecticide insensitivity of sodium channel
resistance. Moreover, the recombination of mutation of nucleotide in same protein also caused

different resistant patterns (37).



Pyrethroids are particularlyugable for veterinary and public health purposes because of their
quick knockdown effects, high insecticidal potency, relatively low mammalian hazard at
operational doses, and nbioaccumulation (57)Furthermore, the pyrethroids account for
approximatey 25% of the world insecticide market. They are used as indoor residual house
sprays to impregnate bednets, curtains and screerE9f58lowever, the developed pyrethroid
resistance problem is increasirfgesistance to such insecticides is widespread asguitoes
(60-61) and many other pests (60), causing operational problems for control programs. To date,
the cross application of insecticide between carbamat and pyrethriod was used for mosquito
control (62).

The term of i k noc k ddhe nases ef DDTsandapyretleraid adtiegson the b e s
insect and other arthropods to reduce sensitivity of the nervous system that causes resistance
development (63). The gene(s) conferring DDT and pyrethrins knockdown resistance (kdr) have
long been known to beecessive in the chromosome Il of house d)(and recessive in
mosquitoes (65)insensitivity of the sodium channels to insecticide inhibition was first recorded

in house fly,Musca domesticaThe para sodium channel of house flies contains 2108 amino
acids, which fold into 4 hydrophobic repeat domainB/)l separated by hydrophilic linkers (66).

The kdr resistance mechanisms include a leucine to phenylalanine substitution known as West
kdr and a leucine to serine substitution known as Eds{(67). Mareover,superkdr in house

flies is associated with a second methionine to threonine substitution further upstream in the
same domainEither asingle amino acid replacement associated &ith or an addition of a
second replacement associated with arapoéd allelesuperkdr, all involved in kdr resistance

in insects. As an example, the first mutation to be characteriziedf insects was a leucine to

phenylalanine point mutation in the S6 transmembrane segment of domain Il in the sodium



channel sequeecof M. domestica which produces 10to 20fold resistance to DDT and
pyrethr supedkdro 6 | mowoe flies, this mutation al so
threonine substitution further upstream in the same domain, resulting in more th&émd500
resistance. The limited number of changes associated kdtitype resistance may be
constrained by the number of modifications that can influence pyrethroid/DDT binding to the
sodium channels (68However,multiple mutations in the same gene may Itestther from the
accumulation of mutations, or from the recombination between genes carrying single mutations
(36-37). The functional study of sodium channel gene in insecticide resistance demonstrated the
mutation(s) in sodium channel prevent insecadhding with the channel (680).
3.2.2Acetylcholinesterase

Acetylcholinesterase AChE) is an important enzyme located in the insect nervous system
because it terminates nerve impulses by catalyzing the hydrolysis of the neurotransmitter
acetylcholineon the possynaptic nerve membran&his enzyme is the target of insecticides of
organophoorous and carbamate, which work on the AChE as nervous system inhibitors that
cause inseqtaralysis taleath.

In 1961, Smissaet described the first case of AchB witeduced sensitivity to pesticides. So

far, modified AChE has been involved in many insect resistance developments.

The first insect acetylcholinesterase gene (Ace) was cloned from Drosophild®(@dpphila

has only a single Ace gene, whereas mosgsittave two different acetylcholinesterase proteins
that are encoded by two different genkee 1 andAce2(72). Moreover, the mutation G119S of
Acel gene is confirmed for high level of resistance in mosquitoes IfY8ydia pomonellaone
mutation ofF399V may be involved in insecticide resistané¢d)( Multiple mutations of AchE

could explain the highly resistant ratio in insects {7%.



3.2.32-Amino Butyric Acid (GABA) Receptors

Ligandsgat ed i on channel receive chemical signal s

amino butyric acid (GABA), which they then convert into electrical signals via the opening of
their integral ion channels-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter

in both insects and vertebrates(78).

GABA receptors can be classified into two groups: GABAA and GABAB. Usually, the mutation
of the GABAA receptor is responsible foyclodienegesisance that blocks the chloride channel

of mosquito species (61n Drosophila, GABAreceptorsubunit gene was cloned and its mutant
was involved in resistance to the cyclodiene insectici®. (Moreover,according to recently
studies, the mutant of chide ion channel pore of the protein has been associated with resistance
development.

To date, we may know that the para sodium channel gene homologue and the GABA receptor
gene resistance to dieldrin map to the same genome regions as the DDT/pytrthroid and
cyclodiene resistance loci, respectively. Although the acetylcholinesteraseAgenese not

map to any known resistance locus, it maps very close to thaesesmining locusg0).

3.3 Increased Metabolism Resistance

Sequence amplifications, transcigptal enhancements, and coding mutations in genes of
cytochrome P450 monooxygenases (P450s), esterases, and glut8ttdosterases (GSTs)

have been identified as resistance mechanisms (81).

3.3.1 Cytochrom@450s

The Cytochrome P450 monoxygenases fanidl thus one of the oldest and largest gene
superfamilies in organisms. They not only affect insect growth, development and reproduction,

but also are involved in many cases of insect resistance to insecticides by metabolic reactions



(82). The cytochromé?450dependent monooxygenases are a very essential enzymetic system
involved in the metabolism of endogenous and exogenous. The overall reaction of P450
monooxygenasenediated metabolism can be expressed as follows:

RH+O+NADPH+H" — ROH+H,O+NADP"

In the formula, the RH is the substrate, such as insecticides. P450 enzymes bind molecular
oxygen and receive electrons from NADPH to introduce an oxygen molecule into the substrate,
which is water soluble for easy excretion. The nomenclature of the $egerfamily is based on
amino acid sequence homologies, with all families having the CYP prefix followed by a numeral
for the family and a numeral for the individual geRéd50s are classified according to the degree

of amino acid sequence identity, wi50s of the same family defined as having 40% identity,
and P450s of the same subfamily having 55% identity.

Many insect species have obtained high levels of resistance to many insecticides by increased
detoxification of P450s (4@1, 83-84). Several gmoaches, including crostrain comparisons

of gene sequences, copy number, expression levels (genes and proteins), and substrate binding
preferences, have been used to determine the molecular mechanisms fendesed
resistance. The P450 geng-reguation is a primary mechanism involved in insecticide
resistanceThe insecticide resistancelated P450 genes almost belong to the fam{i¥$4

CYPG CYP9 andCYP12 which are overproduced via-upgulation in resistant insects (83).

Usually, the @er-production of genes is result from gene amplification by means which several
copies of the same gene are found in the same gerldhw&. amplification events create
additional copies of chromosomal sequences (including functional genes), which caa surviv
either intra or extra chromosomal forms. The amplified gene must be transcribed and translated

(overexpressed) into functional protein products for expression of the resistance trait. Various
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types of mutations can lead to changes in gene expressibiihese can occur ams (for instance
disruption or deletion of an upstream regulatory element of the gene, either this element is
enhancing or repressing gene expression) traims (for instance disruption of a gene coding for

a protein that bind®tthe abovenentionectis elements).

Although gene upregulationcould theoretically result from increases in transcriptiolRNA
stability, and/or proteitranslation, it appears that in most caseseased expression is achieved
through mutations and isertions/deletions (indelgh cis-acting promoter sequences and/or
trans-acting regulatory loci. There was strong evidence to suggest that P450 monooxygenase
based resistance M. domesticavas mediated by mutations trans-acting regulatory genes

(89). Moreover, the Nrf2 orhtolog CncC is central regulator for resisiated P450 gene
expression (90).The duplication of P450 gene§YP6P9aand CYP6P9b (located on 2R
chromosome), in insecticide resistance have been reportéshdpheles funestu@®1). The
increased amount of evidence showed that the point mutation may play a secondary role in the
P450mediated insecticide resistance (93pveral evidences have showed that either identify
mutations or indels in the promoter region of some P450 genexawngg gene upegulation,

such asthe house flyCYP6D3(93), as well adruit fly CYP6A8(94), CYP12A4(95), and
CYP6G1(96). However, whether or how these mutations or indels result inpghegulationof

the corresponding resistance P450 genes ndwsel tioderstood.

In D. melanogastera defectiveGypsylike long terminal repeat (LTR) retrotransposon known as
Accord is inserted approximately 300 bp upstream from the transcription start site. The
mechanisms by which thes&ccord and Doc insertions mightcause CYP6G1 upregulation

encompass a wide range of options, from disrupting existing repressor elements, to introducing
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enhancer elements, to altering the physical distance between regulatory elements and the
transcriptional start site (96).

Study on thenulti-gene enzyme systems of P450s, which detoxify a wide range of xenobiotics,
suggested that the molecular basis of metabolic is complex and it is not easy to analyze the single
gene function in vivo.

3.3.2Esterase

The esterases are hydrolyzing thesDfrough an acylated cysteine in their active site, and are
termed phosphoric triester hydrolas8sme insect species, such as mosquitoes (40), ticks (97),
aphids (98) and cockroaches (99), have obtained resistance to organophosphorus and carbamate
insecticide by ovesproduction of carboxylesterases.

In mosquitoes, esterase was reported in organophosphate (OP) insecticide resistance, and
secondary mechanism for carbamate resistance through gene amplificaticegulagpion,

coding sequence mutation, @combination of these mechanisms. However, the overproduction

of esterase by the Ester locus should cause alteration of some fitness related traits in order to
generate the fitness cost of resistance gene. For instance, in some insects, the fitneggetraits

be changed and associated with several resistance genes, including a decrease of overwintering
survival (100), small adult size, an increases predation and development time, and a decreased
male reproductive success (48).

Many mosquito species hawbtained the resistance to OP, suchCagipienscomplex, C.

tarsalis, C. tritaeniorhynchus, An. albimanus, An. stephemsl Ae. aegyptiln these mosquito
species, elevated carboxylesterase activity involves rapid hydrolysis of the insecticide.
Transmsable elements or long interspersed repetitive elements (LINEs), which are capable of

accelerating the frequency of gene mutation and gene amplification have been found in
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association with the mosquito carboxylesterase genes. LINEs, designated-@s awaolosely
associated with the amplified Estl in the TEMR strai€»f quinquefasciatugl02). Moreover,

the most common amplified esterdsesed mechanism @ulexinvolves the ceamplification of

two esterasexst?1l andestb in C. quinquefasciatuand other members of thé. pipiens
complex worldwide 103-104). The identical RFLP patterns of test21 andestbZ loci in
resistantC. pipienscomplex populations worldwide suggest that the amplification of these
allelesoccurred once and has sinceesat by migration1(05).

3.3.3 Glutathione Sransferases (GSTSs)

The glutathione $ransferases (GSTs) play a pivotal role in detoxification and cellular
antioxidant defense against oxidation stress by conjugating reduced glutathione (GSH) to the
electropfilic centers of natural and synthetic exogenous xenobiotics, including insecticides,
allelochemicals, and endogenously activatsampounds, such as unsaturated carbonyls,
epoxides, organic hydroperoxides, lipid peroxidation products, and oxidized DNA (Ba3ds
prevents the insecticide to reach its site of action (106). The glutathibmesrase (GST)
based insecticide resistance mechanisms to organophosphorus and carbamte insecticides in many
insects.

Both GST gene amplification angb-regulationare playing important role on resistance to OP in
insect speciesMultiple forms of these enzymes have been reported in several insect species
(2107). The GSTs in mosquito commonly confer resistance to the organochloride insecticide,
DDT, and also can actsasecondary OP resistance mechanism (61). In houseMilgca
domesticaMdGSTD3in OP-resistant strain is amplified Q8. The remaining five GST genes
implicated in insecticide resistance appear to be overexpressed in resistant insects, including

PXGSTElin OPresistantPlutella xylostella(109, AgGSTE2in DDT-resistant Anopheles
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gambiae(110111), DmGSTD1in DDT-resistantD. melanogaster(112), and AaGSTDland
AaGSTEZn DDT-/pyrethroidresistantAedes aegyp(il13).

3.4 Resistance to Insect Growth Rkgors

Insect growth regulators are used for insect control several years (114), however, insect can
obtain resistance against some growth regulators (such as juvenile hormone analogs and a
substituted benzoylphenylurea) (115). Some insects resistarsetticides as well as tolerant or
resistant to JHAs, for example, house fly increased oxidative detoxifying activity is responsible
for crossresistance to JHAs. Mixefdinction oxidases play an important role in both detoxifying

JHAs and presumable in o#>-resistance strain of house fly.

4. Mosquito Problem

Vectorborne diseases are an increasing cause of death and suffenioigvide, such as
mosquito, which is primary vector for many human and other animal diseases. Mosquitoes are
attracted by the msiure, warmth, carbon dioxide, odor, and estrogen that surround human skin
(116).Mosquitaborne human neuropathog®@rest Nile virus (WNV) which was first isolated in

the West Nile region of Uganda in 193I1(), then frequency outbreaks over the past deca

result in millions of human and animal deaths. The vector of many pathogens (West Nile virus,
Yellow fever virus, St. Louis encephalitis, and dengue fevaelles albopictys cal | ed 06 As
tiger mosquitoo, whi ch | eadseases woslawidé fooms?0 out br
century early to present18119). Japanese encephalitis virus (JEV), a moseasime human
disease, lead worldwide annual incidence of 45,000 human cases and 10,000 deaths and was
largely transmitted byCulex mosquitoeg120). Malaria (transmitted byAnopheles gambiaas

one of the most serious public health problems worldwide and is the most important parasitic

infection in humans, millions Africa people died each year as a result from it (121). Klinkenberg
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reported thatAnopheles sppand Cx. quinquefasciatusutdoor biting rates is higher iareas

around agricultural sites than in areas far from agriculture, and the agricultural area provides
more opportunity for adults than larvae (122).

DDT was first introduced for mosduoicontrol in 1946. Insecticides used for malaria control has
included-BHC, organophosphorus, carbamate, and pyrethroid insecticides, with the latter now
taking increasing market share for both indoor residual spraying andsleabse insecticide
impregnaed bed net programs (123). Other insecticide groups, such as the benzylphenyl ureas
and Bti, have had limited use against mosquitoes.

4.1 Life cycle ofCulex quinquefasciatus

Culex quinquefasciatysSouthern House Mosquitohelongs toDiptera, Culicidea as well as

the major domestic pest in many urban areas. The femalesdsumsized of brownish
appearance; proboscis dark but often with some pale scaling midway on the underside; scutum
with golden and bronzy narrow scalesjns withdark scaled; hindegs with femur pale almost

to the tip except for dark scales along length dorsathgominal tergites dark scaled wijthle

basal bandand not merging with lateral patches except perhaps on terminal segsbemises
generally pale scaldout with afew to more dark scales scattered mediaigults are generally

active only during the warmer monthsiey usually attack humans towards the middle of the
night indoors and outdoors, but are often naiteacted to birdand are able to carry MVE virus.

They usually bite in dusk and dawn and can not fly more than one mile. Each female can lay
about 100 eggs in a life cycle. Larvae breed in septic ditches, artificial containers and other areas
with foul water. The life cycle of this species is &b days 82529 °C.

4.2 Life cycle of Aedes aegypti
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Aedes aegyptithe yellow fever mosquito belongs to the triBedini of the diptera family
culicidae Female: a smallish, dark mosquito with conspicuous white markings and Hagdged

the proboscis is all black albugh the palps are white tipped; the scutum has a dorsal pattern of
white scales in the form of a 'lyre’ with curved lateral and 2 central stripes contrasting with the
general covering of narrow dark scales; wings are dark scaled; hind legs with feenacalad

for basal threguarters with dark scales dorsally on apical-thiods and ventrally on apical
third, tibia dark but tarsi with pale basal bands eh dnd 5 all pale; abdominal tergites with
median and lateral white scale patches or bands fiwssime white scales on apical margins),
sternites predominantly pale scaled with subapical bands on distal segments. Adults are also
found within or closéby human environments, often biting indoors or in sheltered areas near the
house; biting is predomantly by day in shaded areas but may also occur early in the night.

5. Mosquito Resistance Problems

Mosquito as an important public health pest is controlled using a range of physical, biological
and chemical method$®ut the use of chemical pesticides leen the most effective way to
control this pest and its associated diseadesiever,prolonged use of insecticides can lead to
the evolution of insecticide resistantkat has been reported @l chemical classes of
insecticides (61). Beginning with he extensive use of DDT(dichlorodiphenyltrichloroethane) in
the 1950's and 1960's for controlling public health pestd,presentuk totheir rapid mode of
action and low mammalian toxicity, pyrethroid insecticides have proved to be particularly useful
in vector contro(124). However,the more recent dramatic expansion in use of pyrethroid and
extensive agriculturalvhere were aroundhosquito breeding habitats, have led to widespread
insecticide resistance in mosquito vector populations (12, 38hg nalaria control as an

example,Anopheles gambiass the current major vector that has been studieshsacticide
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resistance and the underlying resistance mechanges. Spraying house walls result in
redueng malariatransmission and preventing vectorsrh enteringor remaining inside long
enough to bit¢125) However, feld studies in Africa, India, Brazil, alMdexico providepotent
evidence for strong behavioral avoidan€®DT by the primary vector speciesndpyrethroids

also stimulate avoidancesbhavioran insects The problems for vector control created by use of
insecticidesn agriculture and the potential for management of resisianoeth agriculture and
vectorborne disease control are discussed.

Since then more than 100 mosquito spearesreported as resistant to one or more insecticide.
Organophosphorus insecticide resistance is widespread in all the@udgowvectors (26), and
pyrethroid resistance occurs @x. quinquefasciatugl27). Pyrethroid resistance also has been
noted inAn. albimanus(38), An. stephens{4) and An. gambiag(128 among others, while
carbamate resistance is presenAim sacharovandAn. albimanus(129. The mosquitaCulex
pipiensresistance to OP has been studies more than 30 years (130).

As a result ofconstant insecticide pressungosquito populations have inevitably evolved
resistance mechanisms that include tasget insensitivity and high levels of metabolic
detoxification. Moreover, the multiple resistance mechanisms that contribute to pemrhetrei

been reported (131). The metabolic genes probably influenced rang of xenobiotics on selecting
for resistance in mosquitoes in different breeding sites (132). According to the recent studies,
only three loci have developed major OP resistance all&ls&2, Est3 and Ace.1l These
resistance alleles correspond to an esterasepowduction, which binds or metabolizes the
insecticide, relative to basal esterase production of susceptibility alleles. Pyrethroid resistance in

Anopheles gambiam East ad West Africa appears to be linked to increased monooxygenase
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titres, and also combined with an altered tagiet mechanism. Mosquito species developed
target site insensitivity causing the neuroactive insecticide resistance (4, 127).

Occasionally, it $ possible to distinguish between heterozygous and homozygous resistant
genotypes. This requires the prior establishment of a homozygous resistant strain, knowledge of
the inheritance of resistance, and the assumption. These data could be useful tal#di®mpop
geneticist in the study of the development of resistab88.(\WWe want to know if the resistance

gene is dominant or recessive, we may also need to know which resistance mechanisms are
involved, so we will know how the resistance provided by easistance gene, which may
combine together when they are in the same individual. For instance, the reduced penetration
mechanism will combine multiplicatively with any other resistance mechanisms, meanwhile an
increased detoxification and target insemgiti will combine additively. This variety of
interaction indicates that understanding of gene interaction will help us to understand the
physiological and molecular processes.

The gene function is required to predict gene interactions and understahavhgtamccurs in

the metabolic pathways around the gene product is required for other types of inte€aation.
understanding of how these genes are regulated will form another major advance in our
understanding of the resistant systems, moving us clogeetgoal of manipulating pest insect
species with the aim of restoring insecticide
transmembrane receptor family, calledp@@tein coupled receptors (GPCRs), which sense the
signal outside of cell andctave intercellular signal transduction pathways. The GPCRs may be
involved in insecticide resistance by regulating other resistant gene expression. In our previous
study, one GPCR gene, called rhodogidia GPCR, has been identifiedp-regulation in

resstant Culex mosquito strain (134). Moreover, GPCRsAd. aegyptihave been sequenced

18



similarity to known drug targets and many reveal new opportunities for the development of novel
insecticides (135).

6. Gprotein and Grotein Coupled Receptors (GPCRS)

6.1 Gprotein

G-protein Quanine nucleotideinding proteiny the function as "molecular switchesare a

family of proteinto controlintracellular messenger seadesindalternating between an inactive

GDP and active GTP bound state, ultimately gmngo regulate downstreacell processesG

proteins were discovered wheviartin Rodbell and his colleagues tried to figure out how
adrenaline stimulated cells. They found that when a hormone like adrenaline bound to a receptor,
which did not stimulateadenylatedirectly. Instead, the receptor stimulated a G protein, which
stimulated the adenylate cyclase to produce a second messgregerAMP. G-protein consists

of U, b, 9 subunits, which are involved in t
(136). For this discovery they won the 199dbel Prize in Physiology or Medicine.

G proteins belong to the larger group of enzymeseddBTPases and anenportant signal
transduction molecules in cells. In fact, diseases such desbetes blindness, allergies,
depression, cardiovascular defects and certain fornsaméey among other pathologies, are
thought to arise due to derangemehiG protein signalingG protein carbe separatetb two

distinct families of proteingOne is heterotrimeric G proteisometimes referred to as the "large”

G proteins that are activated Byproteincoupled receptora nd made wup of al pha
and g a mubanits((k8438) Another is"small" G proteins(20-25kDa) that belong to the
Rassuperfamily ofsmall GTPases whi ch are homol ogous to the
heterotrimers, and are in fact monemc. However, they also bind GTP and GDP and are

involved insignal transductian
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6.2 G protein coupledeceptor

They were named GPCRs because of their interaction with cellular G pro&ipsotein
coupled receptors (GPCRs) represent >30% of the dudmry targets (139)GPCRs, also
known as 7 transmembrane domains, teeguences homology among all GPCRs is relatively
low but they all have a sevégransmembrane (7TM)-laelical topology with an extracellular-N
terminus and an intracellular-@rminusand active or inactive state$4(). An outside of cell
messenger, including biogenic amine, amino acid and ions, lipids, peptides and proteins, and
light, odorant and nucleotides, binds to a spe¢CR Thereby, the transducer, a G protein,
composed D alpha, beta and gamma subunits, is activatethis, in turn, stimulates the
amplifier, such as adenylate cyclase, which produces the second messenger, cyclic AMP, from
ATP (adenosinetriphosphate)The cAMP could induce biological response in cell.

Because of the striking role of GPCRs and whole genome sequence determined in diversity
species, 948 GPCRs in human that encode >2% of the total genes of human genome (141) and
~1000 olfactory receptors in mice (142) have been repofiied. GPCRs are divideinto
different subfamilies based on their sequence homology and similar function. The largest class,
family A, consists of light (rhodopsin) receptors and adrenaline (adrenergic) receptors with a
highly conserved arginine in the Asprgi Tyr (DRY in singk-letter amino acid code) motif at

the cytoplasmic side of the third transmembrane domain (TM3). The family B receptors are
targets of peptide hormones and neuropeptides and comprise. Family C consists of GPCRs with
an exceptionally large {f&rminus, suchas metabotropigylutamate receptors andagnino

butyric acid (GABA)receptors. In addition there are three smaller classgsast pheromone

receptors (family D and E) and cAMBceptors (family F).
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G proteinrcoupled receptors are found in eukaryotesluiging yeast, plants, choanoflagellates,

and animals. The ligands that bind and activate these receptors includsehghive
compounds, odors, pheromones, hormones, and neurotransmitters, and vary in size from small
molecules to peptides to large miois.In all animals, GPCRs and their ligands steer important
physiological processes such as development, reproduction, feeding, and behavior.

There are, at present, highly exciting development of next generation sequencing occurring
within the field of nsect research, the genome of fruitlyosophila melanogastef143), the
malaria mosquitéA\nopheles gambia@d 44), andCulex quinquefasciatud45) (Diptera) and that

from the silkwormBombyx mori146) (Lepidoptera) have recently besaquenced. Espedial

276 GPCRs have been detecteAnmopheles gambia@47).

Olfaction plays a major role in host preference and blood feeding, integral behaviors for disease
transmission by the malaria vector mosqguéitmpheles gambiaénsects are an attractive system

in which to study olfaction because they display a rich repertoire of olfactory driven behaviours
under the control of a nervous system that is much simpler than that of mammals. For example,
the malaria mosquitcAnopheles gambiadocates human hosts fttood feeding through its
ability to detect multiple chemical cues emanating from our skin, including lactic acid and
ammonia, and carbon dioxide in our breath. The literature contains contradictory claims that
insect olfaction uses cAMP, cGMP, or IP3sexond messengers; that insect odorant receptors
couple to Gas or Gaq pathways; and that insect odorant receptors-m@gei@coupled
receptors or odegated ion channels. Here we consider all the evidence and offer a consensus
model for a noncanonicaleohanism of olfactory signal transduction in insett).

In insects,severalGPCRs can regulate physiological pathways (150) and affect insect behavior

(151), reproduction (152), development (153; 154), and metabolism (A38)ge number of
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neuropepties has been identified in the brain of inseMsreover, GPCRs also have been
characterized in various insect species, revealing 276 GPCRwopheles gambiagl56), 135
nonsensory and opsin GPCRsAedes aegypfiLl57). ~70 neurohormone GPCRs werenfdin

the red flour beetl€158; 159). There are 56 neurohormone receptor genes in honépisee
melliferaand 69 inDrosophilamelanogastef153). The human body louseediculus humanus
humanus has 107 GPCRs in whole genome (168heromone biosynthesin most moths is
regulated by a peptide hormone produced in the subesophageal ganglion, located near the brain.
This peptide, termed pheromone biosynthasisvating neuropeptide (PBAN), which acts on
pheromone glands to stimulate pheromone biosynthesis first identified as a 3@mino acid

(aa) Gterminal amidated peptidéction of PBAN requires binding to a receptor in pheromone
gland cells causing an extracellular calcium influx that promotes the production of (¥

The involvement of a protein was determined pharmacologically (162).

6.3 Hypothetical model of GPCR pathway

G proteincoupled receptors are activated by an external signal in the form of a ligand or other
signal mediator, consequently, caused a conformational change in thesrecgpactivation of

G protein. Further effect depends on the type of G protein. In the hypothetical model of GPCR
pathway (Fig. 1.1) (163), different type of GPCR could receive the different ligands and active
the different Gprotein subunits, which cadiregulate the intracellular cascades, such as adenylyl
cyclase, PKA, PKC, etc. All the-@rotein subunits and their regulatory cascades could regulate
the transcription factors and gene expression, eventually, produce the biological responses, such

as prdiferation, cell survival, differentiation, migration, etc.
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Fig. 1.1 Diversity of Gproteincoupled receptor signaling

However, some evidences began accumulating to suggest that some GPCRs are able to signal
without G proteins, such as sensory organfis&e organs play primary role to explore the
environment and transmit the information to the brain for processing. Both visual and olfactory
systems are composed of sensory receptor epithelia with thousands of sensory receptor cell,
which means each sirggsensory receptor gene has specific function-(1655.

Drosophila vision studies provide a model for characterizing the mechanisms undeapjohg
responses to sensory stimulation. Compare human and Drosophila eyes different structure, there
appear tobe important parallels between the mechanisms underlying Drosophila retinal
degeneration and human retinal dystrophies (168).

In the Drosophila retina, functional identity of photoreceptors depends onségkitive
Rhodopsins Rhg. The Drosophila compod eye is composed of approximately 750 simple
ommatidia. Each ommatidium contains eight photoreceptor cells namidd8RY is widely

accepted that individual Drosophila photoreceptors express a single rhodopsin gene: fhl in R1
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R6, rh3 or rh4 in R7, andh5 or rh6 in R8. However, present research identified that rh3 and rh4
co-express in R7 but maintain normal exclusion between rh5 and rh6 i1@®8 Sprecher
reported that there is switch mechanism betwa&rand rh6 irDrosophila developmental stages
(170). Thesame rhodopsin fates play different roles in adult and larva stages (171). In current
studies, the rhodopsin gene w@sregulatedin resistantCulex mosquitoes (172, 173). These
evidences indicated that the Rhodopsin may play very importanbminsecticide resistance in
Cx.mosquitoes by gene regulation and interaction with other resistance genes.

There are two arrestins expressed in photoreceptor cells, arrestinl and arrestin2 (174).
Otherwise, other genes, like ninaB and ninaD, are aakémt rhodopsin, and may regulated to
insect development (175). Interestinglgne arrestin, which was reportag-regulation in
deltamethrin resistance strain ©flex pipiensinvolved in the regulation of opsin gene and one
P450 gene expression inldale (176).

6.4 Protein kinases

Protein kinases are a big family of kinase enzymes, which could active or inhibit other proteins
by phosphorylation. Protein kinases are involved in the GR@QRlatory pathway. There are
several different classes of priikinases, however, | review protein kinase A (PKA), AMP
dependent protein kinase (AMPK), and protein kinase C (PKC) in this chapter, because of their
regulatory function on P450 gene expression.

Protein kinase A, also known as cAMIBpendent protein kase, is activated by increased level

of CAMP, which is produced by adenylate cyclase (AC). In the signaling transduction pathway,
AC is activated by Gs subunit (G protein alpha subunit s), in turn, it is regulated by GPCR(S).
PKA is pleiotropic cellular rgulators and could affect cell migration (177) and also could

regulate the Cachannel and membrane potential (178). Moreover, because of the regulatory

24



function of PKA in gene expression on transcriptome level, such as endometrial stromal
fibroblast geneg179), P450 gene expression (1B81), response to the cell pH stress in yeast
(182), the PKA is developed as medicine target.

Protein kinase C is another family of protein kinase and involved in the GPCR signaling pathway
with lipid pathway (183, 184Moreover, Kamp et al. reported the PKC could regulate calcium
channel status (185).

AMP is produced from ATP. So, AMBependent protein kinase (AMPK) is a sensor of cellular
energy status by monitoring the concentrations of AMP and ATP. McBride A revigwed the
function of AMPK as cellular energy sensor based on the structure of AMPK, indicting the AMP
could be the sensor of glycogen for energy detection (186). It may be activated by drugs and
xenobiotic, thus, activated AMPK work on the catabolicgeisses (187). Moreover, AMPK is
involved in GPCR regulatory pathway (188), and could be the regulatory factors of the P450
expression (189, 190).

7. Functional Study for Resistance Genes

7.1 RNA interference

RNA interferencdRNAI) is a mechanism thathibits gene expression at the stage of translation

or by hindering the transcription of specific genes. The first characterization of RNAI was
identified by Fire and Mello in 1998. As the paper says, they tested the phenotypic effect of
RNA injected intothe wormC. elegans, and alsthey established that injection of double
stranded RNA (dsRNA) has more efficient than sirgifanded RNA in loss of the target
MRNA. It also indicated that the dsRNA had to correspond to the mature mRNA sequence (191).
Thetargeted mRNA disappeared means that it was degraded and only a few dsRNA molecules

per cell were sufficient to accomplish full silencing. The RNAi pathway is initiated by the
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enzyme dicer that cleaves long dsRNA molecules into short fragment$28 Base pairs. One
of the two strands of each fragment is then incorporated into the-iRiN#&ed silencing
complex (RISC) and pairs with complementary sequences (Fig. 1.2).

dsRMNA viral replication prescursar miRkkA

— e —— =)

l dicer l dicar

siRMNA miRNA
argﬂn&. Aunaule

effectar complex: RITS RISC RISC

GENOIME \a& mRMA

onaTIC_TIT RNA g TIT 1T 3

DN&AMistone methylation mRENA degradation translation block
Fig. 1.2 Doublestranded RNA pathways
To date, RNAI has been a powerful tool to idignthe gene function in a variety of organisms
by knockdown of interested genes and changed phenotypes, such as protozoa, flies, nematodes,
insects, parasites and mouse and human cell line. For insect studies, RNAI is a common method
for gene functionaltady. Several studies used the injection as dsRNA uptake method to identify
the gene function. dsRNA injection of RXR/USP gene in cockroach resulted in inhibition of
molting process (192). Embryo injection of Pyralid moth with the dsRNA showed the loss of
eyecolor pigmentation (193). Bai, et al. injected the dsRNA of 111 GPCR genes in the larva of
red flour beetle, showing 8 of them were involved in beetle development and metamorphosis
(194). siRNA injection with Copgene in the adult of pea aphids showleslreduced lifespan of
aphid compared with the GRRjection (195). In another way, scientists used other way to treat

insect with dsRNA, such as feedinglight brown apple motlf196), termite (197), diamondback
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moth (198), etc. Thus, knockdown of d$R in insect species caused the functional discovery of
the new and old genes (199). Today, the RNAI has been applied for insect control by plant
expression of dsRNA (200). The transgenic plant engineered to express the dsRNA caused
reduced damage of plaby insect (201). In summary, the gene function identification by dsRNA
treatment and developed dsRNA application for pest control by plant expression indicated the
importance of RNAI as powerfully tool for new strategy of insect control (202).

7.2 IngecticideResistance and RNAI

To date, the RNAI technique has been used for studying the function of insecticide resistance
related genes. Using the RNAI to knockdown of a resistagleted P450 gen&YP6BG1 in

larva of diamondback moth caused the deswdaresistance to permethrin (198), and also
knockdown of the overexpressedYP6BQ9in red flour beetle resulted in the decreased
tolerance to deltamethrin (203). NADPH cytochrome P450 reductase (CPR) is working on the
P450 metabolism process, the studypdkdown of the CPR in Anopheles gambiae, showed us
the decreased tolerance to permethrin (204 RNA interference technique also was used to

characterization of Drosophila melanogaster cytochrome P450 gene function (205).
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Chapter 2 Research Goal and Objectives
1. Brief introduction and background

The mosquitoes dCulex quinquefasciatuame a primary vector of pathogens, such as
encephalitis, lymphatic filariasis (1). Insecticides arertiajor strategy to control mosquito
vectors and their associated diseases. However, mosquito developed resistance to insecticides,
especially pyrethroids, has caused the rise of mosQoitoe diseases worldwide (2). Multiple
mechanisms of insecticide retmnce have been characterized in mosquitoes, such as target site
insensitivity of mutatiodinked sodium channel gene (3) and increased cytochrome P450
mediated detoxification of insecticides, resulting from increased expression of P450 genes and
gene poducts (4).

Previous studies showed that the andtransregulatory factors were associated with the
elevated mRNA levels of P450s, suchiCyp6d1lin house fly (5) an€Cyp6a8in Drosophila(6).
However, the specific regulatory factors respolesior insecticide resistance are largely
undetermined in insects, especially in mosquitoeprdiein coupled receptors (GPCRS) are the
largest supergene family of transmembrane protein involved in signal transduction (7). The
whole genome sequence ofegts has released several GPCRSxnquinquefasciatu@),

Anopheles gambia®rosophila melanogasteBombyx mriandApis mellifera(9). GPCRs are
classified into different classes based on their sequence homology and function similarity.
GPCRs in moggjto A. aegyptinas an example, were classified into 4 classes, including

Rhodopsidlike, Secretidlike, Metabotropic glutamatkke, and Atypical GPCRs (10). In
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human, GPCRs and their ligands could be steering cell cascades and produce several biological
responses, such as cell survival, migration, proliferation (11). In insects, GPCRs are involved in
development, reproduction, metabolism, etc. Furthermore, theugpeegulationof some

GPCRs has been identified in insecticide resistance mosquitods8j1Riowever, no more
investigation shows their function in insecticide resistance. Protein kinases play critical role in
GPCRregulatory pathways (11), and also they are involved in the P450 gene expression in
different organism species (b). Thus, wéypothesize that GPCRs are involved in the
insecticide resistance by regulating the resistaalzed P450 gene expression through the

protein kinase regulation pathway (Fig. 2.1).

NHE Insecticide resistance

I{}I development

GPCR
B S \G.D_B\@Y

COO

Regulatory factors -———> Cytochrome P450s

Fig. 2.1 Hypothetical mode of GPCR regulatory pathway involved imgezticide resistance of
mosquitoesCulex quinquefasciatus

2. Project Longterm Goal and Objectives
To characterize the multiple mechanisms and the hypothesized GPCR functions in insecticide
resistance, our long term goal of research is to determine tleeuranl basis of P45Mediated
detoxification, sodium channel insensitivity, and regulatory function of GPCRs in the insecticide
resistance of mosquitogSulexquinquefasciatus
To achieve our long term goal, four objectives will be conducted in thentym@posed project:

1) Determination of the inheritance of insecticide resistanCGalax quinquefasciatyg)
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Characterization of the relationship between P450 gene expression and permethrin resistance in
differentCulexmosquito strains; 3) Identifidan the function of multiple mutations in the

sodium channel of permethrin resistant mosquitoes; 4) Demonstration of the regulatory function
of GPCR signaling pathways in resistammetated P450 gene expression through the protein

kinase pathways in ressit mosquitoes.
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Chapter 3 Genetics and Inheritance of Pemethrin Resistance in theMosquito
Culex quinquefasciatus

Abstract The toxicity of permethrin to different life stages@ilex quinquefasciatusas
examined in 3 field insecticide resistant strat8mCq®’, MAMCq®° andBAMCq™, 2
permethrin selectestrains, HAmC§®andMAmMCq®®, and a laboratory susceptible strain, S
Lab. The levels of tolerance to permethrin differed among the developmental st&ydeof
mosquito larvasvith anascending order frort™ to 4" instar, suggesting that physiological
factors, such as size and weight, are involved in the sensitivity of mosquitoes to insecticides. A
developmentally regulated pattern of permethrin resistanCelexmosquito larvae was
identified, once again increasing frdifito 4" instar. Adult mosquoes of HAMCE®,
MAmMCG®%, BAMCA®, HAMCd®, and MAMC&® had relatively lower levels of resistance in
general compares with their larval stages, suggesting different mechanisms may be involved in
the response to insecticide pressure for larvae and adujuitwes.Inheritance of resistance to
permethrin was examined using reciprocal crosses between resistant ffan@gusceptible
S-Lab strains; the resulting logarithm (log) concentrapoobit response curves fog khes
were similar to those for the steptible strain, with degree of dominance value$ @fto-0.3
for FSH(SLabll x P®IAMGHS(SLIFab | x FIA me€pectively, suggesting
that the inheritance of permethrin resistancé€xnquinquefasciatuss incompletely recessive.
No significant difference was found in the values Gtd.and the slope of the logprcentration

probit lines between,SH and FHS, indicating thathe resistance to permethrin was inherited
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autosomally Thechi-square X?) goodnes®f-fit test and the log dosgrobit lineanalysison
responses of backcross and-4eHd progenies to paethrin indicated thgiermethrin resistance
in the HAMCG§® strain did not follow a monogenic gene inheritance model, revealing that
permethrin resistance Ox. quinquefasciatus controlled by more than one gene.
Key Words Permethrin resistan€&jlexquinquefasciatuggeneticsinheritance model
MOSQUITOES ARE KNOWN as vectors of parasites and pathogens of human and animal
diseases and their control is an important part of the current global strategy to control mosquito
associated diseases (World HeaDrganization (WHO) 2000). Insecticides are the most
important component in the vectoontrol effort, and pyrethroids are currently the most widely
used insecticides for indoor spraying for mosquitoes worldwidar( et al. 2000Najeraand
Zaim 2001 McCarroll and Hemingway 2002). However, the widespread growth of resistance to
insecticides in mosquitoes, especially to pyrethroids, is rapidly becoming a global problem,
resulting in a rise in mosquHioorne diseases in many parts of the world (Phill[p312
Hemingway and Vontas 2002, Liu 2008).

The mosquitdCulex quinquefasciatus a primary vector of West Nile encephaljtis
Eastern equine encephalitis, Saint Louis encephalitislyamghatic filariasis pathogens
(Sardelis et al. 2001, Jones et al020Reisen et al. 2005, WHO 2009). Insecticide applications
play an important role in controllinQulexmosquitoes (Liu et al. 2004, 2009), but mosquitoes
develop resistance to insecticides, such as pyrethroids, relatively quickly (Phillips 2001,
Hemingwayet al. 2002, Liu et al. 2004, 2005, 2009), thus reducing the effectiveness of those
insecticides for mosquito control. Resistance is assumed to beadaptve phenomenon, in
that prior to insecticide exposure rare individuals already exist who caalyea®d genome that

results in one or more possible mechanisms (factors) allowing survival from the selection
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pressure of insecticides (Sawicki and Denholm 1984, Brattsten et al. 1986). The development of
resistance in insects depends upon the levelmdtgevariability in a population (Liu and Scott
1995, Liu and Yue 2001). Efforts to characterizegbeetics involved in the inheritance of
insecticide resistance have therefore been fundamental in understanding the development of
resistance and studyimgsistance mechanisms, as well as in practical applications such as
designing novel strategi¢s prevent or minimize the spread and evolution of resistance
developmenand control insect pests (Roustal.1990).

A mosquito strain o€x. quinquefascias, HAMCA®®, from Huntsville, Alabama, has
been established in the laboratoryu(et al. 2004bpand further selected with permethrin for 8
generations resulting in a strain HAnCGavith a much higher level of resistance to permethrin
than the parental stin, HAMC® (Xu et al. 2006, Li et al. 2009 an effort to better
understand the genetics involved and precisely how the pyrethroid resistance is inherited, and
thusgain valuable insights into the development of permethrin resista@dermosquit@s in
the study reported here we examined the genetic inheritance of permestigiance iCulex
mosquitoedy crossing the resistant HAmE®strain with the susceptibleSab strain. The
toxicity of permethrin was tested in mosquitoes at differemgest@f development, and in their
F, and R, offspring, and backcross progeny.
Materials and Methods

Mosquitoes. Six strains @ulex quinquefasciatusere used in this study: three field
strains, namely HAMCY, MAMCg®® and BAMC§®, collected from Madiso County, Mobile
County, and Jefferson County, Alabama, respectively; HATiGhe &' generation of
permethrinselected HAMCE offspring; MAMC®, the " generation of permethriselected

MAmMCq®° offspring; and SLab, an insecticide susceptible straionfi Dr. Laura Harrington
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(Cornell University). All the mosquitoes were reared at 264Inder a photoperiod of 12:12
(L:D) h (Nayar and Knight 1999) and fed blood samples from horses (Large Animal Teaching
Hospital, College oVeterinary Medicine, Auburn klversity).

Bioassays.The stock and serial dilutions of permethrin (94.34%, supplied by FMC
Corp., Princeton, NJ) were prepared in acetone. The bioassay method for larvae was as described
in our previous studies (Liu et al. 2004a, 2004b; Liu et al. 200& al. 2009); each bioassay
consisted of 30%instar mosquito larvae in 6 0z. Sweetheart ice cream cups (Sweetheart Cup
Co., Owings Mills, MD) with regular tap water and 1% insecticide solution in acetone at the
required concentration, with four bve concentrations that resulted in >0 and <100% mortality.
Control groups received only 1% acetone. Mortality was assessed after 24 h.

For the adult bioassays, the topical application was performed as described by Liu and
Yue (2001); a 0.4ul drop of irsecticide in acetone was delivered to the thoracic notum of each
two-day-old mosquito adult with a 25ul Hamilton gastight syringe (Fisher Scientific). Male and
female adults, which were separated ahx@ostemergence and reared to 2 days old, fronmeac
Cx. quinquifasciatusnosquito strain were used in this study. Each bioassay consisted of 20
mosquitoes per dose and four or five doses that yielded >0 and <100% mortality. Control groups
received acetone alone. Treated mosquitoes were reareazifwetheart ice cream cups
(Sweetheart Cup Co., Owings Mills, MD) with 10% sugar water on cotton. Mortality was
assessedat24hpastr eat ment . The criterion for death
All tests were run at 2& and replicated at leastrée times.

Permethrin selectionThe selectioprocedure was used as reported previously for
HAmMCq mosquitoes (Xu et al. 2006). Briefly, MAMEqmosquitoes were selected with

permethrin for six generations in ttaboratory after collection, generatiftetMAMCJ™ strain.
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The concentration (Table 3.1) for each selection was sufficient to kill ~60% of treated
individuals in each generation after 24 h. Toxicity of permethrin was analyzed for each

generation before and after selection.

Table 3.1.Toxicity of permethrin taMAmMCq strainscompared to the susceptible 8b strain

of Cx. quinquefasciatusefore and after permethrin selection in the laboratory

Strains Selected Selecting n? Survival LCso’(CI)° RR"  Slope

generation concentration (%) (ppm) (SE)
(Ppm)

MAmMCq GO 0.01 (0.010.02) 1.4 2.1(0.3)
Gl 0.01 ~4000 ~30%  0.04 (0.020.08) 5.7 1.9 (0.2)
G2 0.04 ~4000 ~30%  0.06 (0.020.1) 8.6 1.7 (0.2)
G3 0.06 ~4000 ~30% 0.8 (0.51.1) 110 1.8(0.2)
G4 0.7 ~4000 ~30% 1.8 (1.326) 260 1.6(0.2)
G5 1.5 ~4500 ~20% 2.7 (1.54.2) 390 2.1(0.3)
G6 2.5 ~4500 ~30% 4.1 (3.05.6) 5900 2.5(0.4)

SLab 0.007 (0.005 1 3.4 (0.6)

0.08)

#Number of selected fourth instar larvae

P| Csovalues in ppm

©95% confidence interval, toxicityf permethrin is considered significantly different when the
95% ClI fail to overlap

RR; LG5 of the resistant strain/Lggof the SLab strain

60



*Parental strain before permethrin selection

Bioassay data analysis. Bioassay data were pooled and anayyzeshdard probit
analysis, as described by Letial.(2004 a, b) with a computerized version of Raymond (1985).
Statistical analysis of L{gor LDjq, LCsp0r LDsp and LGgor LDgg values was based on non
overlapping 95% confidence intervals (Cl). Remige ratios (RRs) were calculated by dividing
the LG of the resistant field strains by the 440f the susceptible-&ab strain.

Genetic crossed-or the genetic linkage study, reciprocal crosses were carried out
between resistat{AmCq~® and suscefile S-Labstrains ofCx. quinquefasciatuas described
by Liu and Yue (2001)The virgin female mosquitoes used in the crosses were isolated every 8
h. Two R reciprocal cross line§:SH(SLa bl x ®IAmMGCeHI(SLFa b | X
HAMCG®®l )were generated. Backcrosses of the reciprocptdgenies of (SH and FHS to
the parental strains oflSab andHAMCq®® were conducted and two B@nes- BCia (FiSHI X
SLabl) a@SHIB& HAmvgre producedrhe selfbred lines of the reciprocal
progenywere p(FRSH I ;SH F ) ,&FHSESIFKMSF) .

The degree of dominance (D) levels of the permethrin resistancehgstivere
calculated according to Stone (1968) and Liu and Scott (1%97) the logarithm of the L{g
values. The degree of dominance values ranged-tbto + 1, wherd® = -1 indicates the trait
is completely recessivel <D < Oindicates it is incompletely recessive, < 1 indicates it is
incompletely dominant, and = 1 indicates it is completely dominant.

The number of genes that are potentially involved in the resistafi@@emosquitoes
to permethrin was estimated based on the responses of the backcross BGgefiySHI x S
Labl ) a@8HBCx %A mhahdselfbreeding lines (5)to permethrin. Two

analysis methods were used in this studyctiiesquare ¢) goodnes®f-fit test and the log
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doseprobit lineanalysis In thec® goodnesmf-fit test, the null hymthesis of monogenic
resistance was tested on the basis ebghiare goodness-fit between the observed and the
theoretical expectation mortality by comparison ofékpected and observetivalues (Sokal
and Rohlf1981, KeenaandGranett 1990Preiskret al.199Q Zhangetal.2 0 0 8 ) *tesh e G
were performed using the equation (Preisler &t &.9 0°= (Oi-&))?/ Ei -Ei%p DEi 6,
where Oi is the number of observed responses (mortality), Ei is the number of expected
responsedg;heOin@mber of observed null responses
number of expected null responsesi s e q ' aif. In thes? gsodnesf-fit test, if the
observed a fhvdluesfar BE orths weremot significantlyitferent, the null
hypothesis would be accepted, i.e., the resistance would be considered to be monogenic heredity,
and if not, polygenic (Sokal and Roli®81, Preisleret al. 1990 Zhanget al.2008, He et al.
2009).In the log doseprobit line analysisthe null hypothesis of monogenic resistance was
tested on the basis of the observed and the theoretically exfmruseprobit lines(Keena
andGranett 1990)If a significant difference between the observed and explgetbseprobit
curves for BGs or ks was detected, the null hypothesis of monogenic resistance would be
rejected and more than one factor would be likely involved in resis(@smghiou 1969,
KeenaandGranett 1990
Results and Discussion

Permethrin Selection of the MAMEYPopuktion. In previous selections of the
HAmMCG® strain with permethrin in the laboratory for 8 generation, we found that resistance to
permethrin in HAMCGHP develops rapidly (Xu et al. 2005). To investigate whether the rapid
development of resistance is a geal phenomenon in fiel@ulexmosquito populations, we

conducted a permethrin selection study on another field populat@al@mosquitoes,
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MAmMCG®?, from Mobile County, Alabama. The level of resistance to permethrin in the field
collected parental MAMG® strain was 1.4old compared with the susceptibleL8b strain
(Table 3.2). After six generations of selection with permethrin, the level of resistance in
MAmMCq®® increased to 596old compared with $ab (Table 3.2). The changes in permethrin
resistage between the parental and selected mosquitoes suggest that resistance to permethrin in
Cx. quinquefasciatunosquitoes does indeed develop rapidly. The slope of therdsgense
curve was also noticeably steeper for the MAfGxrain after selection @ble 3.2), indicating
that MAMCd®were much more homogeneous for resistance after selection compared with the
parental strain MAMCYf. The lower level of resistance to permethrin and the gradual slope of
the doseesponse curve in the field populationdAmCq®® may indicate that a large portion
of the field population successfully avoid exposure to insecticides, providing a pool of
susceptible individuals for the repopulation of permethrin resiStal@xmosquitoes (Georghiou
and Taylor 1977). Similaesults have also been reported by Xu et al. (2005).

Toxicity of permethrin taCulexquinquefasciatus We tested the response of mosquitoes
at different life stages to permethrin treatments. Firstakieity of permethrinto the larvae of
Culex quinquiasciatuswas tested. The results revealed that the levels of tolerance to permethrin
were different among the developmental stages of the mosquito latta@,ascending order of
1%instar < 2%instar < & instar < #'instar, suggesting that physigiical factors such as such as
size and weight are involved in the sensitivity of mosquitoes to insecticides. However, there was
also a developmentally regulated pattern of permethrin resistafzggrmosquito larvae: the
first instar larvae of the fidlCulexmosquito strains, HAmCY, MAMCq°® and BAMC§?®, had
no or relatively low levels of resistance to permethrin, with resistance ratios of 1, 4 and 10,

respectively, to permethrin at k§compared with the susceptibleL8b strain (Table 3.2). In
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contrast, the first instar larvae of HAmEHand MAMCE?®, the & and 6" generations of
permethrinselected HAMCE *™MAmMCq®° offspring, respectively, exhibited elevated levels of
resistance compared to their parental strains, with resistance ratios ofdl90, aespectively, to
permethrin. The second instar larvae of HAMEGHMAMCG®®, and BAMC® showed increased
levels of resistance, with resistance ratios of 3, 5 and 45 to permethrin, respectively; whereas
HAMCG®® and MAMCG® had 700 and 106fold levelsof resistance to permethrin. The third
instar larvae of HAMCH, MAMCq®® and BAMCE® showed further increased levels of
resistance with resistance ratios of 2.5, 5 and 50 to permethrin, while the permethrin selected
strains of HAMCE® and MAMCd™® had 850 and 256fold levels of resistance, respectively. In

the final (fourth) instar larvae, resistance to permethrin reach its maximum levels in all mosquito
strains, at 19 10, and 86fold, respectively, in HAMCE, MAMCq*° and BAMC§®, and 2700

and 5706fold, respectively, in HAMCH and MAMCG® (Table 3.2). These results may suggest
an optimum timing for the control of mosquitoes with insecticides, i.e., in the lower instar larval
stages when resistance is at its lowest.

Table 3.2. Toxicityof permethrinto the larvae o€x. quinquefasciatus

Stages  Strain df n? &  LCso (CI) RR®  Slope (SE)

instar  S-lLab 4 180 2.2 0.001(0.0010.002) 1 1.7 (0.2)
HAMCG®™® 4 180 6.4 0.001 (0.0040.003) 1 1.6 (0.2)
HAMCG®® 5 220 35 0.1(0.070.2) 100 1.7 (0.2)
MAmMCS® 4 180 0.8 0.004 (0.002.006) 4 1.7 (0.2)
MAmMCg®® 3 150 6.8 0.04(0.020.1) 40 1.6(0.2)
BAMCq™® 4 180 3.8 0.01(0.0060.02) 10  1.1(0.1)
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2"instar S-Lab 3 150 0.5 0.002 (0.0020.003)
HAMCG®™® 3 150 3.7 0.006 (0.0040.01)
HAMCG®® 4 180 6.8 1.4 (0.72.7)
MAmMCg®® 4 180 2.9 0.01 (0.009.02)
MAmMCg®® 4 180 2.9 0.2 (0.090.2)
BAMCG®® 3 150 0.5 0.09 (0.070.1)

3%instar S-lLab 3 150 3.1 0.002 0.0010.003)
HAMCG®™® 2 120 0.2  0.005 (0.0020.007)
HAmMCg®® 3 150 0.7 1.7 (1.02.0)
MAmMCg®® 4 180 4.3 0.01 (0.0080.02)
MAmMCg®® 3 150 2.8 0.5(0.30.6)
BAMCG® 4 180 85 0.1(0.040.3)

A"instar S-Lab 3 150 1.0 0.007 (0.0050.08)
HAMCG™® 3 150 1.3 0.07 (0.040.1)
HAMCg®® 3 150 5.9 19 (1033)
MAmMCg®® 3 150 2.5 0.07 (0.040.1)
MAmMCg®® 3 123 25 4.0 (30-5.6)
BAMCg®™® 3 150 10 0.6(0.21.2)

700

100

45

2.5

850

250

50

10

2700

10

570

86

3.3(0.5)
2.4 (0.4)
2.4 (0.2)
1.5 (0.2)
2.0 (0.2)

2.7 (0.4)

2.8 (0.5)
2.8 (0.4)
2.8 (0.4)
1.7 (0.2)
2.3 (0.3)

1.8 (0.2)

3.4 (0.6)
2.4(0.4)
3.1 (0.5)
2.1 (0.3)
2.5 (0.4)

2.0 (0.3)

4 Number of mosquito larvae tested
® Pearson chsquare, goodness-fit test.

¢ LCsgvalues in ppm
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995% confidence interval, toxicity of permethrin is considered significantly diffeveen the
95% ClI fail to overlap

°RR: LGy of the resistant strain/Lggof the SLab strain

We further tested theexicity of permethrirto the adults o€x. quinquefasciatusnd
found that female mosquitoes had-&d&L0-fold less sensitivity to perathrin than their male
counterparts in the mosquito strains tested (Table 3.3). Nevertheless, comparingthiebiofh
male and female adult mosquitoes of each of the 3 field strains sl $ r0squitoes of the
corresponding gender revealed that bothrtfales and females of each field mosquito strain had
similar levels of resistance to permethrin (Table 3.3). Both males and females of A
MAmMCq®° mosquitoes had 2-&nd 1.5fold, respectively, elevated level of tolerance to
permethrin comparedith those of the $.ab strain, while males and females of BAnhad
3- and 4fold, respectively, levels of tolerance to permethrin. Based on the results of bioassays on
house flies and German cockroaches, Scott and Wen suggested that an insectretercte¢o
as crossesistance when a resistance ratio was >4 (Scott and Wen 1997). Accordingly, the less
than 4fold lower sensitivity to permethrin in the adult mosquitoes of all 3 field population
compared with S.ab would be considered a toleranc@&methrin rather than resistance. In
contrast, both males and females of permethrin selected H&ha@d MAMCE® mosquito
strains exhibited markedly greater levels of resistance to permethrin compared with their parental
strains, HAMC§® and MAMC{®, resgectively. Both males and females of HAnfChad a
100-fold greater level of resistance, respectively, whereas, both males and females of $#AmCq
had a 15old greater level of resistance.

Adult mosquitoes of the three field populations, HAREAMCq*° and BAMC§®,

had relatively lower levels of resistance in general (Table 3.3). A similar result was also found in
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permethrin selected mosquitoes, HANTE,MAMCAS®, where again the adult mosquitoes

showed relatively lower levels of resistance compared téHarval stages (Tables 3.2 and 3.3).

The HAMC§® and MAMCd® strains were generated by selecting tAéndtar larvae of

HAMCA®® and MAMCG® with permethrin for 8 and 6 generations, respectively. It therefore

seems possible that this phenomenon magarot solely through exposure to different selection
pressure, in this case the frequency and dose of insecticide, between larvae and adults in the field
populations of mosquitoes, but also different mechanisms may be involved in the response to
insectictde pressure for larvae and adult mosquitoes. Multiple mechanisms have been identified
that may be involved in permethrin resistanc€utexmosquitoes (Liu et al. 2005, Xu et al.

2005). More recently, multiple genes were found to be overexpressed tanmgSidex

mosquitoes (Liu et al. 2007), the expression of which are developmentally regulated (Li et al.
unpublished data). To further test our hypothesis that multiple genes or mechanisms are involved
in the development of insecticide resistanc€utexmosquitoes, the following genetic

inheritance studies were conducted.

Table 3.3.Toxicity of permethrinto the adults o€x. quinquefasciatus

Strain df n* &° LDso’(CI)° F:M RR Slope
Ratid® (SE)
SLab Female 5 200 2.9 0.002(0.0010.004) 10 1.0 1.8 (0.3)
Male 3 180 0.5 0.0002 (0.0000.0004) 1 1.0 2.4 (0.8)
HAMCG® Female 4 220 2.9 0.005 (0.0040.009) 10 2.5 1.9 (0.2)
Male 3 160 2.9 0.0005 (0.0004€.001) 1 2.5 1.9 (0.5)
HAMCG®® Female 5 240 2.3 0.2 (0.080.3) 10 100 1.4 (0.6)
Male 3 180 1.0 0.02(0.020.03) 1 100 1.9 (0.3)
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MAMC®® Female 3 150 0.9 0.003 (0.0020.003) 10 1.5 1.8 (0.2)

Male 4 180 2.4 0.0003 (0.000.0005) 1 1.5 1.5 (0.2)
MAMCG® Female 3 180 6.0 0.03 (0.0070.04) 10 15 2.1(0.3)
Male 3 180 3.9 0.003(0.0040.005) 1 15 1.6 (0.2)
BAMCY®® Female 4 160 1.4 0.006 (0.0020.007) 7.5 3.0 1.9 (0.3)
Male 5 200 2.0 0.0008 (0.0009€.001) 1 4.0 1.4 (0.2)

4 Number of mosquitoes tested
® Pearson chsquare, goodness-fit test.
¢ LDspvalues in pg/mosquito
4959 confidence interval, toxicity of permethrin is considered significantly different when the
95% ClI fail to overlap
°F:M Ratio: LDs, of females /L3, of males in each strain
"RR: LDs of the resistant strains/lspof the SLab strain

Inheritance of resistance to permethrirCx quinquefasciatusThe inheritance of
resistance ilCulexmosquitoes was characterized by logarithm (log) concentration response
analyses of permethragainst thel" instar larvae of; progenyFSH(S-L abll x S AmCq
and RHS(SLab | x SA an@ their parental strains ofl&b andHAMC®®,
Comparison of théog concentrationmesponseurves in i progeny fronreciprocal crossesith
their paretal strains of 9.ab andHAMCq ®revealed straight and parallel log concentration
probit lines with similar slopes betweer.8b and HAMCG?® (Fig. 3.1, Table 3.4). This
indicates that the-Sab and HAMCG?®strains were relatively homogeneous for suscdibibi
and resistance, respectively,permethrin. The L§ andslopevalues of permethrin iniF

progeny E;SHand RHS) from reciprocal crossesf S-Lab and HAmCG®were not significantly
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different,indicating that the resistance to permethrin was autdépmherited in the mosquito
Cx. quinquefasciatug hese results are consistent with the findings of previous studies on
pyrethroid resistant house flies (Scettial. 1984, LiuandScott 1995, LitandYue 2001, Zhang
et al. 2008), in which the resistartoeinsecticides was inherited autosomally. However, a recent
study onabamectin resistance Tretranychus cinnabarinuadicated a maternal or cytoplasmic
effect in the inheritance of resistance (He et al. 2009). The discrepancy between findings of
pyretiroid resistance in mosquitoes and house fliesadnaanectin resistance Tretranychus
cinnabarinusmay suggest either the involvement of different genetic mechanisms for insecticide
resistance in these species or that the mechanisms of inheritanceesiemntdifétween different
types of insecticides.

The degree of dominance (D) of resistance for each of heterozygofierh the
reciprocal crosses was calculated according to the index used by Stone (1968) and Liu and Scott
(1997) (Table 3.4), where, aspdained earlier, the dominance (D) was scored along a scale from
1.0 (completely dominant) fidl.0 (completely recessivellhe D values for thefprogeny of
FiSHand RHSwere-0.2 and-0.3, respectively, both within the rangkto 0, indicating that the
resistance o€Culexmosquitoetso permethrin is incompletely recessive. This was further
supported by the results of the concentrapambit response lines forgfrom reciprocal
crosses, which were more similar to those fra® (Fig. 3.1) than to thiine for HAmCd™.
Suchan incomplete recessive inheritarmteracteristic is in agreement with the previous reports
on house fliesl(iu andScott 1995, LitandYue 2001, Zhang et al. 2008), mosquitdesgster

et al. 1980, Halliday et al. 1985) acdrmne spider mitéHe et al. 2009).

69



Table 3.4. Toxicity of permethrin on susceptibleLéb), resistant (HAMCH), reciprocal
progenies (FSH and [HS), and sefcross (F[FiISHI 8SHF] #®nfi&FF MHSF] )

strains ofCx. quinquefasciatus

Cross n? LDs¢’ (CI)® RR’ Slope  Dominance
(ppm) Level (D)
S-Lab 150 0.007(0.0050.08) 1 3.4 (0.6)
HAmMCq®® 150 19 (1033) 2700 3.1 (0.5)
FiSH 240 0.2 (0.10.2) 29 1.7 (0.2) 0.2
FiHS 240 0.1 (0.080.2) 14 1.7 (0.2) 0.3

*: Number of fourth instar larvae tested

P Csovalues in ppm

©95% confidence interval, toxicity of insecticide is considered significantly different when the
95% ClI fail to overlap

‘RR: LG5 Of the resstant strain/LG of the SLab strain
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Figure 3.1. Log concentratieprobit analysis of permethrin forlSab, a susceptible parental

strain; HAMC§?®, the & generation of permethriselected HAMCH offspring; and Elines,
FiSHSLabll x FAMGEHASFabl x FBMAmMCagenereaproead f r om
crosseof S-Lab and HAmCE®.

Characterization of the possible number of genes involved in resistance. Iroorder t
characterize the number of genes involved in the developmesdisfance, permethrin toxicity
bioassays were conducted dhidstar larvae of backcropsogeny oBCia (F1SHI %L aSb | )
and BGp(FiSHIL x HAME q a nltedfinedof m(FISH 1 :SH F ) n6FHSBIF
x FiH S | The number of genes that ardgdially involved in the resistance Glilex
mosquitoes tpermethrin was estimated based on the responses of the backcross progeny and
seltbred linego permethrin. The results of the goodnretéit chi-square test (Table 3.5)
showed that the observetbrtalities ofBC1,(F1SHI  xL &Sb 1 ) a@8HBCx HAmCq
| )were significantly different from the expected mortalities; the obsesirealues were 41 and

34 forBCy,andBCyy, respectively, which were higher than the expecfadlue of 9.5 in the
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chi-square table (Ramsaynd Schafer 2002T.he selicross progenies of;fand Byhad LG

values of 0.2 and 0.3 ppm, respectively (Table 3.5), and again slsayndttant differences
between the actual and expected mortalities in thegimre table wite’ values of 27 and®

which were higher than the expected value of 9.5 in theaimre tableFurther, plots of the
observed and expected concentratiesponse data for the backcross progenies showed that the
expected log concentratigurobit lines forBC,,andBC;y, i.e, BC14E andBC,-E, were

completely outside the 95% confidence limit of the observed linBEgfO andBC,,-O (Figs.

3.2 and 3.3).

Table 3.5.Thechi-square €) analysisfor inheritance opermethrinresistancén Cx.

quinquefasciatus

Back cross progenies n® LCs0(95%CL) RR® Slope  Anticipant &° df

(ppm) 6% (0.05, 4)
SlLab 150 0.007(0.0080.08) 1 3.4 (0.6)
BCia(FiSHI % € 256 004 (0.020.1) 6 1.5(0.23) 9.5 41 4
Labl)
BCy (F:SHI  x 264 0.6 (0.41.3) 86 1.2(0.2) 9.5 34 4
HAMCG™ )
Foa(FISHI 18 HF) 180 0.2 (0.10.4) 29 1.6(0.2) 9.5 27 4
Fur(FRHS I S F) 181 0.3 (0.1-0.6) 43 1.1(0.14) 9.5 28 4

2Number of the fourth instdarvae tested
PRR: Resistance Ratio= keof the resistant strain/ Lggof the SLab strain

‘Show the ?val uel @afed from Preislerods formula
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Figure 3.2.Log concentratiofprobit linesof permethrin fosusceptibles-Lab, resistant
HAMCA®, ard backcross progeny of BG(F:SHI %L aSb | )1,0: dbs@rved; BG:E:

expected.
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Figure 3.3.Log concentratiofprobit linesof permethrin fosusceptibles-Lab, resistant
HAMCA®, and backcross progeny of BG(F:.SHI  x  H A%In¢ q 1,-8: @bservedBCyy
E: expected.

Furthermore, the expected log concentrapoobit line forF,was also significantly separated
from F,,-O (Fig. 3.4). Both chsquare test and log concentratigmobit analysis, therefore,
strongly disagree with the monogenic inhamite modelGeorghiou 1969T sukamoto 1983,
KeenaandGranett 1990), indicatinthe inheritance abermethrirresistance itHAMCq®® is

controlled by more than one gene.
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Multiple gene involvement in insecticide resistance have been reported in other mosquito

strains Priester et al. 1980, Halliday and Georghiou 1985), hoiess Musca domesticé.iu

and Scott 1995, Liu and Yue 2001), German cockroa@iatlla germanicgPridgeon et al.

2002), diamondback mothB|utella xylostella(Sayyed et al. 2005), and carmine spider mites,

Tetranychus cinnabarinu$le et al. 2009). Hoever,monofactorial inheritance in insecticide

resistance has also been reported. For examplaédson (1963) reported thiaheritance of

DDT resistance iedesandCulexmosquitoesppears to be controlled by a single incompletely

recessive factofFuthermore, a recent study by Zhang et al. (2008) indicated that the high level

(4420fold) of betacypermethrin resistance in the house fyysca domesticevas inherited as a

single,major, autosomal and incompletely recessive fa&oushet al (1986)reported that

cypermethrin resistance appeared tanberited as a single, autosomal, incompletely recessive
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gene in the horn fljiHHaematobia irritansand @rmethrin resistance tobacco budworms,
Heliothis virescentas beeshown to be inherited assangle, major, incompletely recessive
autosomal factor (Gregory et al. 1988).

Recently, a synergism study on HAm@qgsquitoes with 3 synergists, piperonyl butoxide
(PBO), S,S,Stributylphosphorotrithioate (DEF), and diethyl maleate (DEM), revealed that
cytochrome P450s esterases and/or GSTs may be primarily involved in detoxifying permethrin
and conferring permethrin resistance in HAmCq mosquitoes (Xu et al. 2005). A study on target
site insensitivity of sodium channels in the permethrin resistance ofGtAmosquitoes
indicated a strong correlation between the frequency of the LkdrFiutation and the level of
resistance, suggesting that L tokd) mutationmediated target site insensitivity is an important
mechanism in the development of permethasistance in HAmCqg mosquitoes (Xu et al. 2006).
A study comparing the gene expression profiles of resistant and susc€ptéenosquitoes
identified multiple genes that were overexpressed in the resistant H&osyitoes,
suggesting the importancétbese overexpressed genes in resistance. Taken together, the above
findings suggest a multiple mechanigmeraction phenomenon is responsible for the
development of permethrin resistanc&€mexmosquitoes, which strongly agrees with the
finding of ourcurrent genetic study, i.e. thiie inheritance gbermethrinresistance itHAmCq
Culexmosquitoess controlled by multiple genes.
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Chapter 4 Larvicidal Activity of M osquito Sterol Carrier Protein-2 Inhibitors to the
Insecticide Resistant MosquitaCulex quinquefasciatugDiptera: Culicidae)
Abastract
AeSCR2 inhibitors (SCPIs) compete with cholesterol for binding to a mosquito sterol carrier
protein2 (AeSCP2) known to aid in the uptake of cholesterol in mosquito cé&liee larvicidal
activitiesof AeSCR2 inhibitor-1 (SCP41) and inhibitor2 (SCP42) againsCulex
quinquefasciatusvere therefore examined in insecticide resis@uiexmosquitoesHAMCq™,
MAmMCq®?, and BAMCE®. All of the resistan€ulexmosquito strains exhibited similar
sensitivity toSCPFL and SCRPR inhibitors compared with a susceptible&b strainWhen an
AeSCR2 inhibitorwas applied simultaneously with permethrin, the toxicity of permetbrthe
2"%instar larvae of all 4 strains 6fulexmosquitoes increased, suggestirgyaergistic effect of
AeSCR2 inhibitors on the toxicity of permethrin agai@ilexmosquitoes. Bot®CP}1 and
SCPI2 inhibitorscaused a 2-40 3-fold reduction inthe level of permethrin resistance in the
highly resistant strain HAmC4. This result suggests that the mode of action oASBRCR2
inhibitors, which reduces the uptake of cholesterol by inhibiting the function of A2SCP
mosquito cells, may interferwith the mechanisms or ability that govern permethrin resistance in
the HAMC§® mosquito strain.
Key Words AeSCR2 inhibitor, Insecticide resistance, CresssistanceCulex quinquefasciatu
MosquitoCulex quinquefasctassS. is a nuisance species and important vector

throughout the wet tropics. In the Southeastern USA, this species is moderately competent as a
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vector of West Nile virus (WNV) (Sardelis et al. 2001) and is a primary vector of Saint Louis
encephalitis vira (SLE) in many urban settings (Jones et al. 2002). Current approaches to
controlmosquitoesely primarily on source reduction and the application of insecticides for both
larval and adult mosquitoes (Liu et al. 2004). This strategy has been followeadr®than a
decade, especially with the use of pyrethroids and organophosphates.

ThreeCulexstrains, HAMCE®, MAMC®, and BAMCE® collected from Huntsville,
Mobile, and Birmingham, Alabama, respectively, have demonstrated their abdityétop
resistance and/or cresssistance to pyrethroids and organophosphates (OPs), as well as
relatively new insecticides such as fipronil and imidacloprid. HAfff@gd MAMCE® Culex
strains were further selected by permethrin in the laboratory fod 2 generations,
respectively, to generate HAmE&and MAMCG?, both of which exhibited even higher levels
of permethrin resistance than their parental strains (Xu et al. 2005, 2006). It seems likely that the
ability to develop resistance and/or crossstance to insecticides, including pyrethroids and
OPs, inCulexquinquefasciatugs a common phenomenon (Liu et al. 2004) and thus novel
strategies for circumventing and/or delaying resistance development, controlling resistant
mosquitoes, and reducing theevalence of mosquiborne diseases are urgently needed.

Lacking key enzymes in the cholesterol biosynthesis pathway, insects are unable to
synthesize cholesterde novo(Zdobnov et al. 2002). Consequently, obtaining cholesterol
through dietary souss is a critical step in the physiological process of cholesterol absorption
and translocation in insects, without which insects cannot grow and reproduce. Sterol carrier
protein2 (SCR2) belongs to a family of proteins containing a sterol binding dog&®2
domain) and anosquito sterol carrier protelh (AeSCPR2) has been shown to aid in the uptake

of cholesterol in mosquito cellBljtzer et al. 2005)AeSCR2 inhibitors (SCPIs) are known to
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compete with cholesterol for binding to AeSZRKim at al.2005). SCPIs also exhibit larvicidal
activity against mosquito species sucthasges aegypti., Culexpipiens pipiend.., Anopheles
gambiaeS.S.,Culex restuan3heobald, andedes vexand., and the tobacco hornworm,
Manduca sextd. (Kim et al. 2005, arson et al. 2008)n the current study, we examined the
larvicidal activitiesof AeSCR2 inhibitor-1 (SCP41) and inhibitor2 (SCP42) againsCulex
guinquefasciatuand tested for any synergistic effect of these inhibitors on the toxicity of
permethrinagainst insecticide resistaiulexmosquitoes.
Materials and Methods

Cx. quinquefasciaBmosquito strains. The mosquitoes used were BAfi€eains of
Cx. quinquefasciatusollected from Birmingham, Alabama, USA in 2004; MAnf&ghe
offspring of MAMCE® mosquitoes collected from Mobile, Alabama, USA in 2002 (Liu et al.
2004) that had been further selected with permethrin in laboratory for 2 generations after
collection (Xu et al. 2006); HAMCY, the offspring of HAMCE® mosquitoes collected from
Huntsvulle, Alabama, USA in 2002 (Liu et al. 2004) that had been further selected with
permethrin in laboratory for 9 generations (Xu et al. 2006); abdls a universal insecticide
susceptible strain obtained from Dr. Laura Harrington (Cornell Universitymédquitoes were
reared at 25 + 2 under a photoperiod of 12:12 (L:D) h (Nayar and Knight 1999).

Chemicals and insecticiddeSCR2 inhibitors SCPL [N-(4-{[4 -(3,4-dichlorophenyl
1,3thiazol2-yllamino}-phenyl)acetamidehydrobromide] and S&HB-chloro-2-(3-
methoxyphenyb4,4-dimethyt4,5-dihydroisothiazolo[5,4]quinoline 1(2H)-thione] were
purchased from ChemBridge Corporation (San Diego, CA), with at least 90% purity; and

Permethrin (95.3%) was supplied by FMC Corp. (Princeton, NJ).
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Bioassays. ThaeSCR2 inhibitor insecticidal activity assays were conducted with the
AeSCR2 inhibitors, SCPIL and SCRR, on 29instarlarvae ofCx. quinquefasciati The
inhibitors were diluted from a stock solution (100 mM in dimethyl sulfoxide [DMSQ]) to various
concentrations in doubidistilled water as described harson et al. (2008 Each bioassay
consisted of 30" instarlarvae ofCx. Quinquefasciagin 6 oz. (~200 ml) Sweetheart ice cream
cups (Sweetheart Cup Co., Owings Mills, MD) with regular tap maatd SCPH or SCP42
solution, using three or four concentrations that resulted in >0 and <100% mortality. Control
groups received correspondingly diluted DMSO.

The synergistic activity of the inhibitors on the toxicity of permethrin were assayed with
or without SCPI inhibitors in serial dilutions of permethrin prepared in acetone, as described by
Xu et al. (2005). Preliminary dose range and time course assays were performed with a
corresponding dose range for each of the inhibitors to identify themmaxisublethal
concentrations for SCHI (0.1 uM) and SCP2 (0.01 uM). As before, each synergistic bioassay
consisted of 30" instar mosquito larvae in 6 0z. (~200 ml) Sweetheart ice cream cups with
regular tap water and 1% permethrin solution in aceabtigree or four concentrations that
yielded >0 and <100% mortality. SGPlor SCP12 was applied simultaneously with permethrin
at the maximum sublethal concentration. Control groups received either 1% acetone alone or 1%
acetone with an appropriate centration of SCRL (0.1 pM) and SCR2 (0.01 pM).

All tests were performed at 25 and replicated at least 4 times on different days.

Mortality was assessed after 24, 48, and 72 h. Bioassay data were pooled and probit analysis was
conduct ed scorreatign foAdoitrol mortality (Abbott 1925). Statistical analysis of

LCses was based on nonoverlapping 95% confidence intervals. Synergism ratios (SRs) were
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calculated for each of the AeS@Hnhibitors (LG, of insecticide alone divided by the b&bf
inhibitor + insecticide).
Results
Insecticidal activities of SCPIs in the insecticide resistant mosquito laudex

guinquefasciatusl o evaluate the insecticidal activity of AeS@mnhibitors, in this cas8CPH1
and SCPLR, inthe nosquitoCulex quinquefasciatuparticularly with regard to their effects on
the insecticide resistant strains, we applied the inhibitors td'tiesar larvae of 4 mosquito
strains ofCulex quinquefasciaswith different resistant phenotypes to insede resistance,
ranging from susceptible {Sab), through moderate (BAmEYand MAMCE?), to highly
resistant (HAMCGH®). A previous study indicated different speeds of the toxic action of SCPIs
for the mosquitdAe. Aegypt, with SCP11 showing rapid to action and SCP2 being much
slower to take effect, although no such difference was observedtob#meco hornworm,
Manducasexta under the same conditioftsim et al. 2005). We therefore conducted
preliminary concentration range and time courseyassaexamine the mortality after 24, 48,
and 72 h treatment with serial concentrationSGP1 and SCRR and found no significant
difference in the mortality over the time range (24, 48, and 72 h) for any of the test
concentrations (data not shown).eBle preliminary results were consistent with the results
reported foManducasexta but differed from those foke. Aegyp#, suggesting different insect
species may have different physiological responses to the inhibitors. Based on the preliminary
resuls, a time point of 24 h after treatment was chosen for the evaluation of the motilities of
treated mosquitoes.

The results revealed that allCuilexmosquito strains exhibited similar sensitivities to

both the SCRI and SCRP inhibitors.The LG valuesof SCP}1 werel.7, 2.6, 1.3, and 2.7
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eM of SCP} for S-Lab, HAMCJ®, MAMC?, and BAMCE®, respectively, and thieCsg

values for SCRR were 0.3, 0.3, 0.4, and 1B, respectively (Table 4.1), indicating a relatively
higher insecticidal activity of SCH in all testedCulexmosquito strains compared with SCPI
The finding that the inhibitors have a similar speed of insectiaictadn inCulexmosquitoes,
unlike in the study oA. aegyptiarvaeby Kim et al. (2005), supports the contention that
different mosquito species exhibit different physiological responses to inhibitors. For example,
Kim et al. (2005) argued that the different absorption rate or metabolic rate @€Rtmay

lead to differences in the acute toxic action of SCPIs in differestmto species. The overlap

in the 95% confidence intervals of the 4g&€among the four mosquito strains tested (Table 4.1)
for each of inhibitors suggests that theraassignificant difference in the sensitivity of these
mosquito strains towards thedwnhibitors testedL{u et al. 2004a, 2004b), although the
BAMCq®® strain showed relatively less sensitivity to b8@PL and SCRR inhibitors

compared to the other strains (Fig. 4.1).

Table 4.1. Toxicity oSCPIsto 2" instar larvae ofosquitostrains of Culex quinquefasciatus

Inhibitor strain df n G LCso’(CI)® Slope(SE)

SCPI1 SLab 4 180 56 1.7 (0.83.8) 1.2 (0.2)
HAmMCq*® 4 180 10 2.6 (0.715) 1.0 (0.1)
MAmMCg®®> 4 180 8.4 1.3 (0.35.2) 0.9(0.1)
BAmMCq 4 180 6.1 2.7 (1.36.2) 1.3 (0.2)

SCPI2 S-Lab 4 160 1.2 0.3 (0.20.5) 1.7 (0.1)
HAmMCq® 4 160 2.1 0.3 (0.10.8) 1.2 (0.2)
MAmMCg®*> 4 160 2.0 0.4 (0.20.7) 1.1 (0.1)
BAMCq™° 4 160 2.0 1.3 (0.45.7) 1.0 (0.1)
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@ Pearson chsquare, goodnesy-fit test.
P Csovalue in uM
¢ 95%confidence interval, toxicity of insecticide is considered significantly different when the

95% ClI fail to overlap
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Figure 4.1. Inhibitor activity ratios (IRs) of SGRland SCRR in SLab, HAMC§®, MAMCq™,
and BAmMCq strains dCulex quinquefasciatutkRs were calculated by dividing lsgof resistant
strains by LG of S-Lab.

Synergism effects of SCRIand SCRP on permethrin again§tulexmosquito larvae. In
order toevaluate the synergistic effectA&SCR2 inhibitors on the toxicity of permeihr
againstCulexmosquitoes, wapplied the maximum sublethal concentration of each of the
AeSCR2 inhibitors (0.1 uM SCRL or 0.01 pM SCRR) in serial dilutions of permethrin
solutions in which the™instar larvae of each of BAMEY MAMCq®% HAMCd* and SLab
strains were reared and the results were compared with those for permethrin alone, with no

inhibitor present. fie 2%instar larvae of HAMCY, MAMCq®?, and BAMCq strains dEx.
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guinquefasciatushowed elevated levels of resistance to permeghoime, with resistance ratios

of 117, 7, and 14, respectively, atdCTable 4.2, Fig. 4.2) compared to the susceptiblalds

strain. These results were comparable to those in previous reports although the levels of
resistance in HAMCY and MAMC{?wererelatively higher in the previous studies, largely
because the™instar larvae of the mosquitoes were used (Xu et al. 2005, 2006). This variation in
the results reported in different studies indicates that the sensitivity of mosquitoes to insecticides
differ depending on the mosquito larvae stage, suggesting that mosquito control efforts should
focus on the early instar larval stages.

Table 4.2. Toxicity of permethrin with and withdB€P+1 andSCPF2 to 2™ instar larvae of

mosquitostrains ofCulex qunquefasciatus

Chemicals  Strain df n ¢  LCso(CI)° Slope(SE) SK

Permethrin  S-Lab 4 180 2.7 0.0006 (0.000€.0009) 1.7 (0.2)
HAmMCG®™® 4 180 6.2 0.07 (0.030.15) 1.3 (0.2)

MAmMCg®® 5 200 3.1 0.004 (0.0020.005) 1.3 (0.2)

BAmMCq 5 190 5.8 0.008 (0.0040.02) 1.1 (0.1)
Permethrin  S-Lab 3 150 5.3 0.0001 (0.00004.0005) 1.3 (0.2) 6
+SCPH HAmMCO™® 4 180 8.4 0.004 (0.0010.01) 1.1 (0.1) 17
MAmMCg®® 4 180 8.1 0.001 (0.0003.003) 1.0 (0.1) 4
BAmMCq 4 180 6.3 0.002 (0.0040.006) 0.9 0.1) 4
Permithrin ~ S-Lab 3 150 3.5 0.0002 (0.00008®.0005) 1.5 (0.2) 3
+SCPI2 HAmMCo™® 4 180 11  0.01 (0.0020.09) 0.8 (0.1) 7
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MAmMCg®® 4 180 6.8 0.002 (0.0010.004) 1.6 (0.2) 2

BAMCq 4 180 5.8 0.005 (0.002.02) 1.0 (0.1) 1.6

 Pearson lni-square, goodness-fit test.

P| Csp value in ppm.

©95% confidence interval, toxicity of insecticide is considered significantly different when the
95% ClI fail to overlap

4SR: Synergism ratios (SRs), b§of permethrin/LG, of permethrin+inhibitors
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Figure 4.2 Permethrin resistance ratios (RRs) with and without the inhibitors-$©F8 CP42
for the SLab, HAMC®, MAMCq®?, and BAMCq strains dtulex quinquefasciatuRRs were
calculated by dividing L& of resistant strains by Lsgof S-Lab.

When the maximum sublethal concentration of SCRJ.1 puM) was applied
simultaneously with permethrin, the toxicity of permethrin to tHertar larvae of all 4 strains
of Culexmosquitoes increased markedly, with-5B7-, 4-, and 4fold increases ithe toxicity of

permethrin to S.ab, HAMCF®, MAMCq®? and BAmMCq, respectively (Table 4.3CP}2
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(0.01 uM) caused-37-, 2-, and 1.6fold increases in the toxicity of permethrin td_8b,
HAMC®, MAMC? and BAMCq, respectively (Table 4.2). Theseifigd suggest that
AeSCR2 inhibitors do indeed exert a synergistic effect on the toxicity of permethrin against
Culexmosquitoes. Both thaeSCR2 inhibitors tested increased the toxicity of permethrin to
Culexmosquitoes strains of8b, MAMCd? and BANCq at the similar levels. However,
SCPH1 and SCRR caused 17and 7 fold synergism, respectively, for permethrin in HAnEq
(Table 4.2), , reducing the resistance ratio of permethrin from 120 to 40 and 50tca3¥ald
reduction in the level of pmethrin resistance (Fig. 4.2). These results suggest that the mode of
action of theAeSCR2 inhibitors, which reduce the uptake of cholesterol by inhibiting the
expression of AeSCP in mosquito cells, may interfere with the mechanisms or ability to
devebp permethrin resistance in the HAnfCmosquito strain.
Discussion

Previous studies have indicated tAeSCR2 inhibitorsare toxic to the larvae of many
different mosquito species, includidg. aegyptiAn. gambiagandCx. pipiens pipien<x.
resttansandAe. Vexansas well aghe tobacco hornwornMlanducasexta(Kim et al. 2005,
Larson et al. 20081t has also been reported tR@SCR2 inhibitors are more effective against
young larval instars, particularly th& and 29 than to those in thiénal growth period arson
et al. 2008. We therefore chose to test the insecticidal activity of two AeS@Ribitors, SCR
1 and SCRPR, on the insecticide resistant mosquitGegex quinquefasciatua this study.
Previous work by our group has shotrat theCulexmosquito strains MAMCq and HAmMCq are
resistant to a range of insecticides, including pyrethroids (permethrin and resmethrin) and
organophosphatd®P; malathion) (Liu et al. 2004, Xu et al. 2005). These two strains have also

demonstrated aooisiderable ability to develop cresssistance to other insecticides, including
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deltamethrin (a pyrethroid insecticide) chlorpyrifos (OP), fipronil (a phenylpyrazole insecticide),
and imidacloprid (a nitroguaizidine analogue) (Liu et al. 2004) and thityab likely to extend

to otherCulexmosquito populations. The current study found that even though they are resistant
to conventional insecticides, MAMEY HAMCd® and BAMCq mosquitoes exhibited a similar
sensitivity toboth SCP41 and SCRP inhibitors to that of the susceptibleL®B strain and 0
crossresistance to the inhibitors was observethese resistant mosquito straif$is is of
interesting, becausesually when a resistant strain is selected with an insecticide, resistance
extends to ther compounds of the same class of insecticides or to compounds with similar
modes of action. The lack of cresssistance to AeSCP inhibitors observed in insecticide
resistant MAMCH? BAMCq®, and HAMCG§® mosquitoes therefore indicates that AeSCP
inhibitors have a different mode of action in mosquitoes than that of pyrethroids and
organophosphates. Indeed, the studies by Kim et al. (200%5)yarcet al. (2008) revealed that
SCPL1 suppresses cholesterol uptaké@ aegyptthrough thecompetitivebinding of

cholesterol to AeSGR and suggested that one of the modes of action of-3@Rdceeds via a
reduction in the cholesterol absorption in the mosquito’s midgut.

Current approaches to contrabsquitoesely mainly on source reduction and the
application of insecticides that target both larval and adult mosquitoes. This strategy has been
followed for more than a decade, especially with pyrethroids, which are currently the most
widely used insecticides for indoor spraying for mosquitoes worldandethe only chemicals
that are recommended to treat mosquito nets, the main tool for preventing malaria in Africa
(Zaimet al. 2000). The downside of this heavy dependendesesticides, including
pyrethroids, is that this has resulted in the developmieinsecticide resistance in mosquitoes

andthe widespread resistance of mosquitoes to insecticides (Zaim and Guillet 2002), leading to a
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resurgence in outbreaks of mosqeigtated diseases (Hemingway et al. 2002). Due to the lack
of new and/or alternate chemicals for public health uses (Zaim and Guillet 2002) and the
economic limitations on investment for the development of new compounds (Rose 2001), a
better understanding of the effectiveness of the available classes of insecticides for controlling
mosquitoes has become a priority. Consequently, the seanshviosolutions or alternatives for
controlling mosquitoes is now receiving considerable attention

Synergists, chemicals that can enhance the toxicity of current insecticides (Scott 1990),
are wsed to overcome resistance and extend the life spans of current insecticides, as well as
enabling them to be used efficiently and economically, have the potential to serve as an
important new option in mosquito management programs. Many studies have tlatadrike
efficacy of insecticidal synergists in the control of insect pests and prolonging the usefulness of
insecticides, especially those where the target insect has developed resistance (Georghiou 1983,
Scott 1990, Clark et al. 1995). This study reasealed potentially valuable synergistic effects of
both theAeSCR2 inhibitors testedn permethrin insecticidal toxicitfthese synergistic effects
significantly improved the effectiveness of the permethrin ag&uaktxmosquitoes by markedly
decreasinghe LC50s of permethrin to mosquitoes. However, the question of whether this
synergistic relationship betwe&®SCR2 inhibitorsand permethrin poison extends to insects
other tharCulexmosquitoes and to different insecticide®pen to further investigion

Synergism studies are an important initial step in characterizing the mechanisms of
insecticide resistance, as the synergist can be used to establish a causal link between its role and
a resistance mechanism. One of the best examples @ the use of inhibitors of metabolic
detoxification gene families, such as piperonyl butoxide (PBO, the inhibitor of cytochrome

P450s), S,S,Sributylphosphorotrithioate (DEF, the inhibitor of esterases), and diethyl maleate
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(DEM, inhibitors of cytochome P450 monooxygenases, hydrolases, and glutathione S
transferases [GST]), as synergists to help identify the possible roles of metabolic detoxification
in resistance (Georghiou 1983, Clark et al. 1995, Liu and Yue 2000, Pridgeon et al. 2002, Xu et
al. 2005). Our previous synergism study with PBO, DEF, and DEM revealed that P450s,
esterases, and GSTs may be primary enzymes involved in detoxifying permethrin and conferring
permethrin resistance in HAmCq mosquitoes (Xu et al. 2005). In the current studfycantly

higher synergism ratios were obtained for &P and SCRR in HAMC®, resulting in

2.4 to 3fold reduction in levels of permethrin resistance in the strain. This result suggests that
the AeSCP2 inhibitors reduce the uptake of cholestday inhibiting the function of AeSGR in
mosquito cells, thus interacting with or influencing the ability of HAMGgosquito larvae to

develop resistance to permethrin. However, the function of the A@S@Rich is known taid

in the uptake of cholésrol in mosquito cellsKlitzer et al. 2005), has not been reported to play a
role in resistance, although multiple mechanisms and genes have been identifiddlAmtbe
mosquitoegXu et al. 2006, Liu et al. 2007). Interestingly, Larson et al. (20@®2)yrted that a

SCPI suppresses esterase activity in 24-tr@atedAededarvae, which may contribute to the
synergistic effect of the SCPI to temephose toxicity. Therefore, the synergistic effect of SCPIs on
permethrin against HAMG9 might be results S Pl 6 s abi |l ity to spurres
indirectly. The fact that SCPIs can suppress the resistance of permethrin in §hoyCq

inhibiting the function of sterol carrier prote#) and consequently the uptakechblesterol,

reflects the complex pross involved in the development of insecticide resistance. It is therefore
possible that cholesterol metabolism may be linked in some way to the pathways that influence
to some extent the ability of mosquitoes to develop resistance. The relationshipegdth th

pathways remains unclear and deserves attention in future research.
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Chapter 5 Multiple Cytochrome P450 Genes: Their Constitutive Overexpression and

Permethrin Induction in Insecticide Resistant MosquitoesCulex quinquefasciatus
Abstract

Four P450 cDNASCYP6AA7CYP9J4Q CYP9J34andCYP9M1Qwere isolated from
mosquitoesCulex quinquefasciatu®450 gene expression and induction by permetvene
compared for three different mosquito populatibearing different resistance phenotypes,
ranging from susceptible {Sab), through intermediate (HAMEY the field parental
population) to highly resistant (HAmMEY; 8" generations of permethrin selected offspring of
HAMCA®). A strong correlation was found for P450 gene expression with the levels of
resistance and folaing permethrin selection at the larval stage of mosquitoes, with the highest
expression levels identified in HAMEY suggesting the importance ®¥ P6AA7 CYP9J40
CYP9J34andCYP9M1G0n the permethrin resistance of larva mosquitoes. GMP6AA7
showeda significant overexpression HAmMCq*® adult mosquitoes. Other P450 genes had
similar expression levels among the mosquito populations tested, suggesting different P450
genes may be involved in the response to insecticide pressure in different devedbptagas.
The expression &€YP6AA7CYP9J34andCYP9M10was further induced by permethrin in
resistant mosquitoes. Taken together, these results indicate that multiple P450 genes are up
regulated in insecticide resistant mosquitoes through both edgivetiy overexpression and
induction mechanisms, thus increasing their overall expression levels of P450 genes.

Key Words:Cytochrome P4504)p-regulation Induction; Permethrin; Resistance
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Introduction

Cytochrome P450s have long been of paldicinterest because they are critical for the
detoxification and/or activation of xenobiotics such as drugs, pesticides, plant toxins, chemical
carcinogens and mutagens. They are also involved in metabolizing endogenous compounds such
as hormones, fattycals, and steroids. Basal andnggulation of P450 gene expression can
significantly affect the disposition of xenobiotics or endogenous compounds in the tissues of
organisms and thus alter their pharmacological/toxicological effects (Pavek and Dvo&k, 20
Insect cytochrome P450s are known to play an important role in detoxifying exogenous
compounds such as insecticid8sdgtt, 1999; Feyereisen, 20Gnd plant toxins (Berenbaum,
1991; Schuler, 19964 significant characteristic of insect P45ssocited with the enhanced
metabolic detoxification of insecticides is the increase in the levels of P450 proteins and P450
activity that results from constitutively transcriptional overexpression of P450 genes in
insecticide resistant insects, which has begplicated in the development of resistance to
insecticides Carinoet al, 1994; Liu and Scott, 1997; 1998; Kastal, 2000; Feyereisen, 2005,
Zhu and Liu, 2008; Zhu et al., 2008&mnd tolerance to plant toxins (&f al, 2002; Weret al,
2003). Anotler feature of some insect P450 genes is that their expression can be induced by both
exogenous and endogenous compounds (Feyereisen, 2005), a phenomenon known as induction.
It has been suggested that the induction of P450s and their activities in inseatdvied in the
adaptation of insects to their environment and, hence, the development of insecticide resistance
(Terriere, 1983, 1984; Zhu et al., 2008b).

While all insects probably possess some capacity to detoxify insecticides and xenobiotics,
the dgree to which they can metabolize and detoxify these toxic chemicals is of considerable

importance to their survival in a chemically unfriendly environment (Terriere, 1984) and to the
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development of resistance. The constitutively increased expressiomdaiction of P450s are
both thought to arise in response to increased levels of detoxification of insecticides (Zhu et al.,
2008a; 2008b). It has been suggested that many chemical inducers act as substrates for P450s
and that the induction or modulationP450s by such substrates will, in turn, reduce the effects
of the substrates by enhancing substrate metabolism (Okey, 1990b; Zhu et al., 2008b). T
modulation of gene expression may therefore reflect a compromise between the insect's need to
conserve engy and its ability to adjust to a rapidly changing environmerdrihyancing the
activity of the detoxification system only when a chemical stimulus o¢B@gardieu et al.,
2007).

The primary goal of our study was to investigate whether insecticidéargsissects may
be uniquely resistant to insecticides due to their ability to mount an adequate cellular response
when challenged with insecticides by-tggulating the production of P450s, which may, in turn,
significantly diminish the toxicological efé¢s of the insecticides on these insects (Pavek and
Dvorak, 2008). In a previous study we used a combination of subtractive hybridization and
cDNA array techniques to identify several P450 EST sequences overexpressed in resistant
mosquitoesCulex quinquefsciatug(Liu et al., 2007). The current study focused on isolating the
full-length cDNA sequences of those P450 ESTs, characterizing the expression profiles of these
P450 genes from mosquito population€ofex quinquefasciatubearing different phenotgp
in response to permethrin (susceptible, intermediate and highly resistant), and determining the
response of these P450 genes to permethrin treatment among the three mosquito populations.

Materials and Methods
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Mosquito strains

Three strains afmosquitoCx. quinquefasciatusere studied: HAMCY, a field resistant
strain collected from Huntsville, Alabama, USA (Liu et al., 2004); HA{fCthe & generation
of permethrirselected HAMC® offspring; and SLab, an insecticide susceptible strainyided
by Dr. Laura Harrington (Cornell University). All the mosquitoes were reared afQa#Rler a
photoperiod of 12:12 (L:D) h (Nayar and Knight, 1999) and fed blood samples from horses
(Large Animal Teaching Hospital, College\o¢terinary Medicine, Aburn University)

Permethrin Treatment

Preliminary dose range, time course, and P450 gene induction assays were performed on
late 3° instar larvae using a range of concentrations,§LI0Cso and LGyg) and a time course of
12, 24, 48, and 72h.dRults of the pilot experiment, in which the induction of P450s in both
resistant HAmCq mosquito populations showed a clear concentratigs){had time (24 h)
dependent response. Based on these preliminary results, two different permethrin treatment
experiments were conducted: 41000 late3” instar larvae of each of the thr€ellexmosquito
strains were treatealith permethrin at their respectit€s, concentration (0.007ppm, 0.07ppm,
and 20ppm for the-8ab, HAMCE®, and HAMCG?® strains, respective)yand the expression of
the P450 genes examined 12, 24, 48, and 72h after the permethrin treatment; and 2) mosquito
strains were treated with their correspondingd,.CCso and LG concentrations of permethrin
(Table 5.1) and the surviving mosquitoes waskected for RNA extraction 24 h after
permethrin challenge. Control mosquitoes that had not received the permethrin treatment (treated
with acetone alone) were collected at the same timepoints as their permethrin treated

counterparts. The experimentsreveepeated three times.
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Table 5.1.Permethrin treatment of the lat& gstar larvae o€ulexmosquitoes

Permethrin Treatment*

Strain ni

SLab ~1000
HAmMCq®® ~1000
HAmMCq®® ~1000

LCio Treatment LCso Treatment LCgo Treatment
0.003 ppm 0.007 ppm 0.02 ppm
0.02ppm 0.07 ppm 0.2 ppm

10 ppm 20 ppm 30 ppm

*Each treatment was repeated 3 times

t The concentrations of permethrin for these mosquitoes have been identified previously (Xu et

al. 2006, Li et al. 2010)

f Thenumber of late 3rd instar mosqulovae used at the beginning of each permethrin

treatment

RNA extracti on,

cDNA preparation,

and the

Larvae and adults of each mosquito population had their RNA extracted for each

experiment. using the acidic guanidine tlyimcatephenotchloroform method (Liu and Scott,

1997). mRNA was isolated with oligotell suspension (QIAGEN). Three replications were

performed, each

on a different day.

Rapid

RACE) was carried out using theaathort™ cDNA Amplification Kit (Clontech) (Liu and

Zhang, 2002). The first strand cDNAs were synthesized with AMV reverse transcriptase using

36

amp

mosquito mMRNAs as templates. The double strand cDNA was synthesized following the protocol

described by the mafacturer (Clontech). Adaptors were ligated to both ends of the double

strand cDNA as described by the manufacturer. The double strand cDNAs were amplified by
PCR with the primers designed according to our previous EST sequences (Liu et al., 2007) and

AP1 gimer (based on the sequence of the adaptor). The PCR products were cloned iffto PCR
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2.1 Original TA cloning vector (Invitroge@nd sequenced. The full length of the P450 cDNAs
was generated by RFCR using specific pri mendseguences®f acc ol
the putative P450 genes. Cloning and sequence analyfesP450 cDNA fragmentsere
repeated at least three times with different preparations of mMRNAS, and three TA clones from
each replication were verified by sequencing.
QuantitativeReattime PCR (QRTPCR)

Total RNA samples (0.5 pg/sampledin larval mosquitoes were reveitsanscribed
using SuperScript Il reverse transcriptase (S
cDNAs was measured using a spectrophotometer prior teR{FR. gRFPCR was performed
with the SYBR Green maat mix Kit and ABI 7500 Real Time PCR system (Applied
Biosystems). EachgRPCR r eaction (25 €l final volume) cc¢
mix, 1¢ | of c¢cDNA, and a P450 gene specific pri met
gene sequences afimal concentration of ¢ M. At edbrmpol at ed6 negati ve con
samples were performed in triplicate. The reaction cycle consisted of a melting step of 50°C for 2
min then 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for. 1 min
Specificity of the PCR reactions was assessed by a melting curve af@algsish PCR reaction
using Dissociation Curves software (Wittwer et al., 1997). Relative expression levels for the
sodium channel gene were calculated by tRf&2%method using BS RQ software (Livaland
Schmittgen2 0 0 1 ) -actim gere, dm endogenous control, was used to normalize the
expression of target genes (Aegtsal.,2004, Zhu et al., 2008a, 2008b). Preliminary ¢RIR
experiments with pri meGAABRCECCAGAMNGAT G A) (broc
AS1 (506 TCAGATCACGACCAGCCAGATC 30) ded$igned a

actin cDNA had revealed that theactin gene expression remained constant among all 3
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mosquito strains, so theactin gene was used for intekmarmalization in the gRIPCR assays.
Each experiment was repeated three times with different preparations of RNA samples. The
statistical significance of the gene expressions was calculated using a Stieshfsr all 2
sample comparisons and a emay analysis of variance (ANOVA) for multiple sample
comparisons (SAS v9.1 software); avalu®ef0 . 05 was considered stati:
Results
P450 genes and their expression profileSutex quinquefasciatus

Four full lengths of P450 cDNAs were isolated fr@ulex quinquefasciatusi t h 36 and
50 RACE wusi ng r$deggnes fraanour previous pP450 BS& sequences (Liu et al.,
2007). The full lengths of these P450 cDNA sequences were assigned theOYarodsA 7
CYP9J4Q0CYP9J34andCYP9M10(accession numbers: JF501089, JF501091, JF501092,
JF501093respectively) bylte P450 nomenclature committee (Dr. D. Nelson, personal
communication). The putative protein sequenceSYa?6AA7,CYP9J40, CYP9J34, and
CYP9M10deduced from the cDNA sequences shared 99, 97, 100, and 99% identiBuleih
quinquefasciatu€P1J005959CP1J010543 CP1J010546 andCYP9M10 respectively (Dr. D.
Nelson, personal communication); apart freviPOM10 none have yet been reported to be
involved in insecticide resistance.

Diversity in the developmental expression and regulation of insect P4wes is
established, so expression patterns of 4 P450 geNé%AA7CYP9J34CYP9J40and
CYP9M10Qwere examined in larval and adult mosquitoe€wliex quinquefasciatus
Quantitative reatime PCR (gRTPCR)analysis was performed to compare expressiondefe
the 4 P450 genes for larvae and adaiteng three different mosquito populatidresring

different resistance phenotypes in response to permethrin, ranging from suscefitdi, (S
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through intermediate resistant (HAm®gfield parental populatiortp highly resistant
(HAmMC®®8™ generation permethrin selected offspring of HAi®gOur results showed that
beside<CYPI9M1Q the expression of which was developmentally regulated and specifically
overexpressed in the larval stag® (drval instar) copared with the adults, the expression of
the other three P450 gen€&YP6AA7CYP9J34CYP9J40were at similar levels in the larval
and adult stages (Fig. 5.1). Significant differences in the express#ibR480 genem the larval
stage were identifiedmong susceptible-Bab, intermediate resistant HAmE&mnd highly
resistant HAmCG® mosquito populations (Fig. 5.1). The expressio@%P6AARas
overexpressed (~®ld) in the 4" instar of field parental populations HAm&@gompared with
susceptibleS-Lab mosquitoes, increasing to-f&d in HAMCd® after permethrin selection (Fig.
5.1A). A similar expression pattern was also foundd¥P9M10Q the expression dhe genevas
~4-fold higher in the # instar of HAMC§® compared with S.ab, increasinga ~1fold in
HAMCA® (Fig. 5.1D). Although the expression ©¥P9J34n HAMCd™® was similar to that in
the SLab strain, the expression was significantly increased after permethrin selection (Fig.
5.1B). The correlation of the gene expression with thel$eof resistance developed following
permethrin selection suggests the importanc@YP6AA7CYPIOM10andCYP9J34n

permethrin resistance fDulexmosquitoes.
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Figure 5.1.Expression analysis @@YP6AA7CYP9J34CYP9J40andCYPOM10n

mosquitoesCx. quinquefasciatusThe relative level of gene expression shown along the Y axis
represents the ratio of the gene expression in each mosquito strain compared with that in the
susceptible $ab strain. The results are shown as the me&rE. There was nsignificant

differencePO0 . 05) in the |l evels of P450 gene expres
alphabetic letter (i.e., a, b, or ¢). A. Relatv¥ P6AATRNA levels. B. RelativeeYP9J34RNA

levels. C. Relativ€YP9J4(RNA levels. D. Relative€ YPOM10RNA levels.

Comparison of the gene expression among these 4 P450 genes in the adult stage of
mosquitoes revealed that among the three P450 g6 AA7CYP9J34CYP9J40whose
expression levels were similar for the larva and adult stagesCofigAAShowel a significant
overexpressiom HAMCq*® mosquitoes following permethrin selection (~80f, Fig. 5.1A).

No significant difference was found in the expressio@%P9J34andCYP9J40at the adult
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stage among susceptibleL8b, field population HAMCE ard permethrin selected highly

resistant HAmCE® mosquitoes (Figs. 5.1B and 5.1C). These results strongly suggest that
CYP9J34andCYP9J4(Mlay no role in the development of resistance in adult HAmCq
mosquitoes. These results further suggest that differeabamisms and/or P450 genes may be
involved in the response to insecticide pressure for different developmental stages of mosquitoes
and different populations of mosquitoes (Li and Liu, 2010).

Tissue specific overexpression@YP6AATN resistant and sasptible mosquitoes

Insect P450s may also vary as to the tissues where they are expressed in response to
physiological and environmental stimulators. In insects, the midgut and fat body tissue are
generally considered to be the primary detoxification msgahere most insect detoxification
P450s are expressesicpttet al, 1999. Nevertheless, other tissue, such as the brain (Zhu et al.,
2010) and nervous system (Korytko and Scott, 1998) may also be important for P450 gene
expression and response to irsrde resistance. Our study found tKXP6AAAvas

overexpressed not only in larvae of resistant HAff@opsquitoes, but also in adults of the

same strain. To further characterize whether the overexpressBrRFAATs detoxification

tissue specific, RNs from the head, thorax, and abdomen-afa®, HAmC¢ and HAMC§?®
mosquitoes were therefore subjected®RI-PCRanalyses. Comparison of the levels of
CYPG6AATexpression among the three tissues indicated theatsilower in the head, increased in
thoraxtissue and reached its highest concentration in the abdomen tissue of all three mosquito
strains (Fig. 5.2). As midgut and most fat body components are located in the abdomen of insects
and are known to be of primary importance in detoxificatelated @inctions, the relatively high
levels of CYP6AATN the abdomens of all three mosquito strains suggest the importance of the

gene in the detoxification of insecticides in mosquitoes. However, because midgut and fat body



tissues are not exclusively foundtive abdomen, further dissection of detoxificatiefated

tissue (such as midgut and fat body) is needed to pinpoint the precise location for the
overexpression A YPGAAT Significant overexpression was particularly evident in the
permethrin selected HAN®E® population in all three types of tissue (Fig. 5.2) and were closely
correlated with each strain's level of insecticide resistance. The field parental 2st@ip,

with a relatively lower level of resistance, showed no significant difference @REAA7
expression in the head tissues compared with the susceptible Srain but increased

expression4-fold) of CYP6AA7N both the thorax and abdomen tissues (Fig. 5.2).

7
W S-lab
6 # HAmCqGO0
5 HAlnFqGR —

Expression of CYP6AA7

Head Thorax Abdomen

Figure 5.2 Expression oCYP6AATN head, thorax, and abdomen tissue ofta@ulex

mosquitoes. The relative level of gene expression shown along the Y axis represents the ratio of
the gene expression in each tissue of each mosquito strain compared to that in the head of the
susceptible $ab strain (=1). The results are showrntlesmeant S.E. There was no significant
difference PO0O . 05) i n CYPBMA7ekpeessierl asong samples with the same

alphabetic letter (i.e., a, b, or c).
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Response of P450 genes to permethrin challenge in resistant and susceptible mosquitoes

It has been proposed that many chemical inducers act as substrates for the P450s that they induce
and that the induction of the P450s by the substrates will, in turn, reduce the effects of the
substrates by enhancing substrate metabolism (Okey, 1990). Weytutsdsized that

insecticide resistant mosquitoes may be uniquely resistant to insecticides due to their ability to
mount an adequate cellular response, for example the abilityreegufate their production of

P450s, when challenged with insecticides. &xrefore compared the inducibility of expression

of the four P450 gene€YP6AATCYP9J34CYP9J40andCYP9M10among susceptible-S

Lab, intermediate resistant HAmEX(field parental population), and highly resistant HAMEq
(permethrin selected offspig of HAMCE™®) mosquitoes.

To examine the effect of permethrin on induction of the 4 P450 genes, we measured the
expression of the genes in mosquitoes challenged with permethrin at corresponding dose ranges
(LC10, LCs0, and LGy for each strain) for varigs durations (Table 5.1). Our preliminary results
showed that although no significant induction was detected in the susceptiitenSosquitoes
for the dose range and time intervals tested (data not shown), permethrin induced all three P450
genes in restant HAMC® mosquitoes with varying levels in a clear concentration-carse:
time-dependenmanner Based on these data, a permethrin concentration fffeCeach
mosquito strain and a time interval of 24 h were chosen for the further induction ¢$kugises.3
and 5.4) and the expression of 4 P450 genes in response to permethrin challenge in each of three
mosquito populations was characterized. The duration of the P450 gene expression following
permethrin treatment at the k§oncentration and the pression of the genes 24 h after
permethrin treatment over a concentration range a#,UCs,, and LG were investigated. No

significant induction in the expression©@¥P6AAAvas detected in susceptibld 8b and field



parental strain HAMCY that had ken treated with either acetone alone (control) or with any of
the three concentrations of permethrin solution in acetone at 24 h after treatment (Fig. 5.3A).
However, in the permethrin selected HAnf€gtrain, an initial induction c€YPBAAT(~1.5

fold) was found in mosquitoes that had been treated with thedf@ermethrin and a marked
induction (~4.5fold) in the mosquitoes treated with the permethrin at a concentrationsgf LC

No significant induction was detected in the mosquitoes with a permetnaentration of L.
Although no induction o€YP9J34was detected in the susceptible &b strain, elevated levels

of CYP9J34expression were detected in HAnfCmosquitoes treated with permethrin

compared with the corresponding-permethrin treated atrol. The levels 0€YP9J34RNA in
HAmMCA®® were readily induced by Ligpermethrin concentration, induced to a maximum
(~1.7-fold) by LCso permethrin concentration, with no further significant induction up to LC70

of permethrin concentration (Fig. 5.3Byevertheless, significant induction Gy P9J34vas

more evident in the HAMCH strain than in their parental HAmEY with an induction peak of
~2.7fold at a permethrin concentration of 4§gFig. 5.3B).A similar induction pattern was also
found forCYPM10RNA (Fig. 5.3D) in HAmC§®and HAMC&®. However, no significant

induction of CYP9J40 was identified in any of the three mosquito strains tested (Fig. 5.3D). The
significant induction of the P450 genes only in the field resistant and/or permethriedelec

highly resistant mosquito strains suggests their importance in the resistant mosquitoes' response

to permethrin treatment.
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Figure 5.3. Doselependeninduction of P450 expression following treatment with permethrin.

The expression dYP6AA7CYPJ34 CYP9J4QandCYP9M10in Cx.quinquefasciatug

each of the mosquito populations 24 h after permethrin treatment with a corresponding
concentration range of Lig; LCso, and LGy (Table 5.1) was analyzed by gAPICR as described

in Section 2.4, Materia and Methods. The relative level of gene expression shown along the Y
axis represents the ratio of the gene expression in each treatment compared with that in acetone
treated control mosquitoes. The experiments were repeated three times. The reshubiwaees

the meant S.E.

Examining the durations of P450 gene induction witBdf&rmethrin concentration

treatment revealed no significant induction in the expressi@QY&6AA7TN susceptible &ab
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and field parental strain HAmEQat any time after #htreatment (Fig. 5.4A). However, in the
HAqu‘38 strain, the initial induction (~2-Id) was found 12 h after L{gpermethrin

concentration (20 ppm) treatment, reaching a peak at 24 h after permethrin treatment with an
induction level of 4.5old, and delining dramatically 48 h after treatment (Fig. 5.4A). While we
did not detect the induction of eith@&ly P9J34or CYP9M10n the susceptible-§ab strain at

any time after the mosquitoes were treated withglp@rmethrin concentration (0.007 ppm),
elevatedevels ofCYP9J34andCYP9M10expression were detected in HAnCqosquitoes

treated with permethrin at the k§goncentration (0.07 ppm) compared with thepssmethrin
treated controls (Figs. 5.4B and 5.4D). The induction for BxR9J34andCYP9M10n

HAMC° reached a maximum-{.9- or 2.3fold, respectively) for both genes 24 h after

permethrin LG concentration treatment. The induction levels of both genes then declined by 48
h after treatment, with no significant inductiopfO . 05) detected after 72
with untreated or acetone treated mosquitoes (Figs. 5.4B and 5.4D). Similarly, the induction of
both CYP9J34andCYP9M10in HAMCq*® reached a maximum2.7- or 3.%fold, respectively)

for both genes at 24 h aftpermethrin LG concentration treatment, declining after 48 h

treatment (Figs. 5.4B and 5.4D). No significant induction of CYP9J40 was identified in any of
the three mosquito strains at any time after the mosquitoes had been treated by permethrin at
thar corresponding L& concentrations (Fig. 5.4D). The significant induction of the P450 genes
only in field resistant and/or permethrin selected highly resistant mosquito strains suggests their

importance in the response to permethrin treatment of resmtaguitoes.

112



e 7 ——S-Lab B. 33
~ =
IS —HAmCqG0 £ 3
& 4 = T ~——HAmMCqGO
S5 HAmCqG8 < 2.5 /N
= 2 HAmCqG8
g 3 2 27 7
£ 25 a 4 /1\
:E"‘ I =15 [
g 2 Z /r/ §
215 1. A E
2 c _ g1 B 1
s - ;
o 05 - E 0.5 -
0 T T ) 0 T )
CK  12hr  24hr  48hr  72hr CK  12hr 24hr  48hr 72hr
C. 15 D o 4
R —S-Lab et T —S_Lab
X o S35 -
S: T ——HAmCqG0 g ; T —HAmMCqGO
= 4 71 aG @)
S ;_l/ , HAmCqG8 o 1 HAmMCqGS$
g 1 1 | 625 iy
s = / ~N
= S 5 SN
2 1.5 -
& 0.5 <5 : \
g1 :
= B <
é EO.J
0 0

CK 12hr  24hr  48hr  72hr CK 12hr ~ 24hr  48hr  72hr

Figure 5.4.The duration of the gene expression following permethrin treatment at a
concentration of Lg. The expression d@YP6AA7CYP9J34CYP9J40andCYPOM10n Cx.
guinquefasciatufollowing treatment wittpermethrin at the respéat LCso concentrations
(0.007ppm, 0.07ppm, and 20ppm for thead, HAMCF®, and HAMCG?® strains, respectively)
were analyzed 12, 24, 48, and 72h after the permethrin treatment. The relative level of gene
expression shown along the Y axis representsati@ of the gene expression in each treatment
in comparison with that in acetone treated control mosquitoes. The experiments were repeated
three times. The results are shown as the meak.
Discussion

In many cases, increased levels of Pg&0e expression (i.e., the overexpression of P450

genes) are known to result in increased levels of total P450s and the P450 activities that are
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responsible for insecticide resistance (Caghal, 1992; Liu and Scott, 1997; Festu@tiselli
et al.,200; Feyereisen, 2005; Zhu et al., 2008). Both constitutively increased expression
(overexpression) and induction of P450s are thought to be responsible for increased levels of
detoxification of insecticides (Pavek and Dvorak, 2008). Multiple P450 genemé¢haduced in
insects in response to host plant allelochemicals or secondary products have been extensively
studied and are fairly well documented in terms of their function in the adaptation of insects in
Aanipmaant warfareo ( G® andiatheozvoktiomof ifkecks and plants1 9 9
(Li et al., 2004). In contrask450 gene induction in response to insecticide resistance is less well
understood.

Our previous research has indicated that resistance in HAmQGQui&e
guinquefasciatumaosquito strain used in this researcbuld be partially suppressed by
piperonyl butoxide (PBO), an inhibitor of cytochrome P450s (Xu et al., 2005). Further study
identified several P450 EST sequences that were overexpressed in resistant HAmCq mosquitoes
(Liu et al., 2007). Nevertheless, until now no individual P450 genes have been isolated and
characterized in the HAmCq mosquitoes as being responsible for resistance. In the current study,
we isolated and sequenced 4 P450 cDNASPE6AATCYP9J40CYP9J34ard CYPIM10Q from
mosquitoes . Besid€3YPOM1Q the overexpression of which has been reported in a resistant
Culexmosquito strain in Japan (Komagata et al., 2010), the other three P450 genes have not
previously been reported @ulexmosquitoes in terms afisecticide resistance.

In this study, both the constitutive overexpression of these P450 genes and the induction
of the P450 genes in response to a challenge with insecticides in resistant mosguiéoes,
quinquefasciatus/ere characterizedlear corelations were found between the levels of P450

gene expression or induction and the levels of permethrin resistance or susceptibility among the

114



susceptible $.ab strain, the field parental (low resistant) strain HAfCgnd the highly

resistant HAmC® strain, the permethrin selected offspring of HAnf€.Because insecticide
resistance is generally assumed to be sadeptive phenomenon, where prior to insecticide
exposure rare individuals carrying an altered (varied) genome already exist thus all@ewving th
survival of those carrying the genetic variance after insecticide selection, we expected that the
number of individuals carrying the resistance genes or alleles should increase in a population
following selection and become predominate in the populafioa.approach adopted for this

study, which compared450 gene expression and induction among different mosquito

populations and between the parental field population, HAM)@ad its permethrin selected
offspring, HAMCG§?®, for different levels of insedtide resistance highlighted the importance of

P450 genes in resistance by detecting changes in their expression within each population
following permethrin selection. We restricted the induction response to permethrin treatment
because it is the insectie@dhat these mosquitoes are resistant to. We found that the
overexpression levels of 4 P450 gen@¥P6AA7TCYP9J40CYP9J34andCYPIOM10 in all

three mosquito populations was closely correlated to their levels of resistance and were higher in
8" generaibn permethrirselected mosquitoes, HAMEY compared to the parent strain

HAmMCA®®. Furthermore, we also found that the induction level8\4%°6AA7CYP9J34and

CYP9M10 but notCYP9J40in the mosquito populations correlated with their levels of

resistage and were again higher in HAm&gqompared to HAMCH. Our study strongly

indicates that the overexpressed P450 genes are more strongly induced when the mosquitoes are
exposed to insecticides, which, in turn, increase the overall expression levelsijptierR450

genes in resistant mosquitoes. We also observed that P450 gene induction in mosquitoes follows

a resistancspecific pattern; similar results have been report&rasophila melanogastd4?2],
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where the expression GfYP6glandCYP12dlwere indiced in the DDT resistant strains post
exposure to DDT. Recent studies by Zhu et al. (2008a; 2008b) indicated that several P450 genes
were upregulated in insecticide resistant house flies through a similar induction mechanism,
Taken together, these stusligrongly suggest a common mechanism for P450 induction in
response to detoxificatiemediated insecticide resistance in a number of different insect species.
Conclusions

This study provides direct evidence that four P450 g&héB6AAT7CYP9JI0,
CYP9J34andCYP9M10Qare upregulated in insecticide resistant mosquitoes through
constitutive overexpression and/or induction mechanisms. As this was found only in resistant
mosquitoes, and was markedly higher in the permethrin selected highlgnemisisquitoes, this
strongly suggests the functional importance of these four P450 genes in the increased
detoxification of insecticides in resistabtilexmosquitoes. Both P450 induction and constitutive
overexpression may be-tesponsible for detoxifation of insecticides, evolutionary insecticide
selection, and the ability of insects to adapt to changing environments.
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Chapter 6 Multiple Mutations and Mutation Combinations in the Sodium Channel of
Permethrin Resistant Mosquitoes,Culex quinquefasciatus

Abstract

A previous study identified 3 nonsynonymous and 6 synonymmuiations in the entire
mosquito sodium channel Glulex quinquefasciatyushe prevalence of which were strongly
correlated with levels of resistance and increased dramatically following insecticide selection.
However, it is unclear whether this is unigoehis specific resistant population or is a common
mechanism in field mosquito populations in response to insecticide pressure. The current study
therefore further characterized these mutations and their combinations in other field and
permethrin seleetd Culexmosquitoes, findinghat theco-existence of all 9 mutations was
indeed correlated with the high levels of permethrin resistance in mosquitoes. Comparison of
mutation combinations revealed several common mutation combinations presented across
different filed and permethrin selected populations in response to high levels of insecticide
resistance, demonstrating thia¢ co-existence of multiple mutations is a common event in
response to insecticide resistance across diff@enguinquefasciatusmosquito populations.
Key words: Mosquito vector; nonsynonymous/synonymous mutations; evolution, insecticide
resistance; sodium channel; target protein

Vector control of mosquitoes with insecticides is an important part of the current

globalstrategy to control mosquiassociated diseases. However, the widespread growth of

resistance to insecticides in mosquitoes, especially to pyrethroids, is rapidly becoming a global

problem [1]. The voltage gat e dstesmardthapmmacyh annel
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target of both pyrethroids and DDT, but modifications in the structure of the sodium channels
due to point mutations or substitutions resulting from single nucleotide polymorphisms [SNP]
results in insensitivity to both these inseid&s in the sodium channels via a reduction in or an
elimination of the binding affinity of the insecticides to proteins, thus diminishing the toxic
effects of the insecticides and resulting in the development of insecticide resi&t&hce [
Among thesddr mutations, the substitution of leucine by phenylalanine [L to F], histidine [L to
H], or serine [L to S] in the'8segment of domain Il (11S6) has been clearly associated with
resistance to pyrethroids and DDT in many insect species, including mesq@itdl ], while
otherkdr mutations appeared to be unique to specific specibi [Bystematian vitro site-
directed mutagenesis in insect sodium channel genes has revealed multiple regions in the sodium
channels that contribute to the binding and actibpyrethroids [12,13], suggesting that the
interactions of multiple mutations may pl ay
to insecticides.

A recent analysis of all the naturally occurring mutations, both nonsynonymous and
synonymousnutations, and the mutation combinations in the e@liiex quinquefasciatus
sodium channel ahefield parental population and its permethrin selected offspring has
revealed, for the first time, the -@xistence of multiple sodium channel mutations hBot
nonsynonymous and synonymous mutations were observed in resistant mosquitoes and found to
be important factors contributing to high levels of resistance [14], with the prevalence of
mutations in the resistant mosquito sodium channels increasing drdipéoib@aving
permethrin selection. However, it is unclear whether this is unique to this specific resistant
population or if it is common t&x. quinquefasciatulseld populations subjected to insecticide

pressure and hence the development of insectiegistance. The current study therefore sought
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to further investigate these mutations and their combination in other field collected and
permethrin selecte@x. quinquefasciatusiosquito populations. The -@xcurrence of both
nonsynonymous and synonymausitations in insecticideesistant mosquitoes and their
inheritance following insecticide selection were characterized argp#wfic thresholds for the
insecticide concentrations at which particular mutations or mutation combinations occur in
differentmosquito populations or groups were testdte study provides valuable information
confirming that theeo-existenceof all 9 mutationshboth nonsynonymousnd synonymous, were
indeed presented in resistant mosquitoes across different populations.
Results
Expression frequency of 9 mutations in pyrethroid resistant mosq@toegiinquefasciatus

We investigated the expression frequency of all 9 mutations, 3 nonsynonym&igs (A
L%%F, and WP"R) and 6 synonymous {t2, G*, AL D24 P29 and G™3), identified in an
earlier study involving a differer@x. quinquefasciatusopulation(Fig. 6.1, [14]) in the sodium
channels of the field parental population MAnT€and its & generation permethrin selected
highly resistant offspring MAMCY. The SNPs at the mutation sites were examined in 60 adult
individuals from each of the MAmCE§and MAMCE® mosquito populations. All tested
individuals in both populations showed expression of the polymorphic T325 allele at the codon
A'S (Table 6.1), multing in the substitution alanine to seriné™8). Interestingly, in the
susceptible S.ab population, 65% of the tested individuals expressed the susceptible allele
G325, generating a codon encoding alanine, 35% expressed both the G325 and T32&rallele
none expressed the polymorphic T3#88le (Table 6.1). A strong correlation between the
prevalence of polymorphic allelic expression of A2946T and T4717C at the cotfdRsnd

WY'R, respectively, and the levels of pyrethroid resistance i@uhexmosquitoes were
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identified. While all tested individuals in the susceptiblead population expressed the
susceptible alleles A2946 and T4717, producing codons encoding leutifefid tryptophan
(W™"3, respectively (Table 6.1), all tested inidivals in the highly resistant MAMEY

population expressed polymorphic allele T2946, producing a substitution codon encoding
phenylalanine (¥, and 92% also expressed polymorphic allele C4717, generating a substitute
codon encoding arginine t®3. The intermediate resistance population, MAM€ghowed an
intermediate level of allelic expression for SNPs of T2946A and T4717C (Table 6.1). These
results suggest that th&tF and W>'R mutations are highly likely to be involved in the

mo s qui t dedlewwls @ pyethraid resistance, and that individual mosquitoes with these
polymorphic alleles are indeed selected by permethrin application. This result confirms the
findings reported by Xu et al. [14] in their study of sodium channel mutations thearesistant

Cx. quinquefasciatunosquito population.

| | Lss2L I 111 IV Gi1733G6
(L884L) (G1754G)
0. NN, . N
L982F
1014 ]
12| 13| (4] |5 6| 1(12| 3] 14]|5] (L F)12345 6| 1{12| 13| (4] (3 6

VAY) VAF: VAY

G891G
(G923G) A12414 P1249P W1573R
HN—"  41b0s “i2624) \ @270m ol 60-
(4995) D1245D

(D1266D)
Figure 6.1. Graphic representation of the locations of synonymous and nonsynonymous
mutations in th€€x. quinquefasciatusodium channel. Nonsynonymous mutations are indicated

by solid dots and thelocations are underlined. Synonymous mutations are indicated by open
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tetragons and their locations are in italics. Positions of the mutations are numbered according to
amino acid sequences Gk. quinquefasciatu@ccession numbers: JN695777, IN695778,
JN695779); the corresponding positions in the house fly Vsscl sodium channel protein are
shown in parentheses. The domain locations of the mutations are assigned according to the
sodium channel amino acid sequences in housé fifes

Table 6.1Non-synorymous andgynonymous mutations in the sodium channélxf

quinquefasciatus

Mutation  Strain n*  Phenotypé Codong (Frequency [%] + SE)

A109S  Slab 60 Susceptible GCA (65+5.0) GI/TCA(35#5.0) TCA (0)
MAmMCq®® 60 10-fold GCA (0) GI/TCA (0) TCA (100)
MAmMCqg®® 60 570fold GCA (0) GITCA (0) TCA (100)

L982F SlLab 60 Susceptible TTA (100) TTA/T (0) TTT (0)
MAmMCq®® 60 10-fold TTA (22+3.0) TTA/T (5246.0) TTT (26 £7.5)
MAmMCq®® 60 570fold TTA (0) TTA/T (0) TTT (100)

W1573R S-Lab 60 Susceptible TGG (100) T/CGG (0) CGG (0)
MAmMCg®® 60 10-fold TGG (72+ 10.5) T/ICGG (25 +8.5) CGG (3.0 +3.0)
MAmMCq®® 60 570fold TGG (0) T/CGG (8 #5.5) CGG (92 +6.0)

L852L" SlLab 60 Susceptible CTG (100) CTG/A (0) CTA (0)

MAmMCq®® 60 10fold resistance CTG (27+10) CTG/A (38+7.5) CTA (35+5)
MAmMCq®® 60 570fold resistanceCTG (0) CTGIA (6.5+2.8) CTA (93.5+2.9)
G891G  Slab 60 Susceptible GGC (100) GGC/A (0) GGA (0)

MAmMCq®® 60 10fold resistance GGC (28+10) GGC/A (42+7.5) CTA (30+10)
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MAmMCq®® 60 570-fold GGC (0) GGCIA (5+5) CTA (9545)
A1241A°  Slab 60 Susceptible GCA (100) GCA/G (0) GCG (0)
MAmMCQq®® 60 10-fold resistance GCA (2+3) GCA/G (18+2.9) GCG (80+5.5)
MAmMCq®® 60 570fold GCA (0) GCA/G (0) GCG (100)
D12450° S-Lab 60 Susceptible GAC (100) GAC/T (0) GAT (0)
MAmMCq®® 60 10-fold resistance GAC (38+7.5) GAC/T (45+8.5)  GAT (17+5.5)
MAmMCq®® 60 570fold GAC (0) GACIT (845.5) GAT (9245.5)
P1249P Slab 60 Susceptible CCG (100) CCG/A (0) CCA (0)

MAmMCq®® 60 10-fold resistance CCG (37+5.5) CCG/A (42+5.5) CCA (21+5.5)

MAmMCq®® 60 570fold CCG (0) CCG/A (5.0+5.0) CCA (9545.0)
G1733G S-lab 60 Susceptible GGA (48+12.5) GGA/G (52+12.5) GGG (0)

MAmMCq®® 60 10-fold resistance GGA (0) GGA/G (5+5.0) GGG (9545.0)

MAmMCq®® 60 570fold resistase GGA (0) GGA/G (0) GGG (100)

GO represents the parental insects collected directly from the fieldép@&ents the"
generation of permethriselected MAMC{° offspring;Values represent mean + SE for the
three replications of frequency (%) analyser each mutation.
* The total number of tested insects (three replicates for each of 10 males and 10 females)
t Data from [28]
{The nucleotide polymorphisms are underlined
$ Non-synonymous mtations
# Synonymous mtations

The SNP determination also ealed strong correlations between the frequency of

polymorphic expression at thesgnonymous codon sitesd the levels of susceptibility and
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resistance iltx. quinquefasciatu@able 6.1). All thesynonymousucleotide polymorphisms,
as with the nosynorymouspolymorphisms, showed a stroagsociation betwedhe prevalence
of polymorphic codon usage and the evolution of permethrin selection (Table 6.1). Non
nucleotide substitutions at tsgnonymous codon sitelsesides &G, were detected in-&b
mogyuitoes; higher frequencies of the polymorphic expression were detected in M&rafd,
relatively low frequencies were detected in MANTE(Table 6.1). Only the polymorphisms of
A3723G and A5199G at the codon¥#A and G"*G showed relatively high fregncies (80%
and 95%, respectively) of the polymorphic expression in MARICERble 6.}, suggesting that
synonymous polymorphisms A3723G at the coddfi ‘A and A5199G at the codon'GG may
evolve in the earliest stage of permethrin selection.
Correlaton of polymorphic allele frequencies with the tolerance of mosquitoes to permethrin

To examine whether the mutation frequency/occurrence is related to increased levels of
resistance or increased levels of tolerance of mosquitoes to certagnto@tions of permethrin,
and to characterize the permethrin concentration threshold that causes a particular mutation to
occur in the mosquitoes and/or the differences in the timing of the occurrence of nonsynonymous
and synonymous mutationse examind the prevalence of each sodium channel mutation and
correlated the results withtheo s qui t oes 6 t ol erance to imertain
MAmMCq®® and its permethrin selected offspring MAnfC.dwWe treated mosquito larvae of each
population withdifferent concentration of permethrin (Table 6.2) and assembled them into four
groups (1 to 4) of each mosquito strain based on their similar levels of tolerance to permethrin
(low to high, respectively). The results showed that all individuals in aidegbups across the
field parental and permethrin selected offspring populations were homozygous for polymorphic

allele T325 at the codon'®S (Fig. 6.2, Table 6.3). In addition, with the exception of groups 1



and 2 in MAMCG®, which had the lowest levebf tolerance to permethrin and showed
heterozygous individuals for polymorphic allele G5199 at codBi'G, all individuals in the

tested groups across both the field parental and permethrin selected offspring populations were
homozygous for the mutatipwhich is consistent with the suggestion th&t’® and G"*% may
evolve in the earliest stage of permethrin resistance. A significantly different distribution of the
frequency of polymorphisms for the remainder of the 7 nonsynonymous and synonymous
mutations was found among different groups of mosquito populations (Figs. 6.2 and 6.3).
Correlating the mutation prevalence with the level of tolerance to permethrin revealed the direct
relevance of these 7 mutations to permethrin selection and resistahge®svblomozygous

AZ873 T2946 53723 73735 and A"*"began to appear in group 2 of

polymorphic alleles A
MAmMCG®?, with a tolerance to permethrin concentrations between 0.003 and 0.01 ppm (Table
6.2), suggesting that thepolymorphisms may be nesnsible for the initiation of moderate

levels of permethrin resistance. The most noticeable mutation is the nonsynonyitqus C
which emerged starting from group 4MAMCq®° and exhibited tolerance to permethrin

concentrations of more than b§£>0.1 ppn), suggesting that this polymorphism may be the

most important for the initiation of high levels of resistance.
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Table 6.2 Permethrin treatment of field and permethratestedCulexmosquitoes

Permethrin Treatments*

LCyoTreatment LCso Treatment LCgqo Treatment

nt | tLCyio | 1% Group n® | tLCso | 2" Groups | n' ngo 3 Groups 4"
Strains PPM | (collect PPM | (collect PPM (collect Groups
dead dead dead (collect

mosquitoes) mosquitoes) mosquitoes) alive
mosquito

es)

MAmMCq®® | ~1500| 0.003| MAmMCq®’- | ~13| 0.01 | MAmCq“® | ~80| 0.1 | MAMCq""™- | MAMCq
<LCyo 00 LC1050 0 LCs000 0.

>LCgo

MAmMCq®® | ~1500| 0.3 | MAMCq®®> | ~13| 1 MAMCq®® | ~80| 10 | MAMCq®>- | MAmMCq
<LCyo 00 LC1050 0 LCs000 ®0.>LCqo

*Each treatment was performed 3 times

fThe concentrations of permethrin administerethese mosquitoes was as identified previously

[28]

t Thenumber of early % instar larvae used at the beginning of the permethrin treatment @ith

The mosquitoesurviving permethrin treatment withC1,10 h after treatment

The mosquitoesurviving permethrin treatment withCs, 10 h after treatment
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Figure 6.2Distribution of frequencies dlleles at each of the mutation sites in each of the
mosquito groups that are sensitive to or tolerant of diffex@ntentrations of permethrin (L§

LCso, and LGo) in MAMCA® field parental populations and thelf §eneration permethrin
selected offspring, MAMCY. The frequency of allele expression shown along the Y axis is the
percentage of the mosquitoes (n = 40) carrying the homozygous or heterozajigle(s) of the
mutation. Mosquito groups are shown along the X axis; 1, 2, 3, and 4 represent the groups in
MAmMCq®° that were dead under Lgoncentration treatment, betweensb&nd LG, between

LCspand LGo and alive above L&, respectively; an8, 6, 7, and 8 represent the groups in
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MAmMCq®® that are dead under L§; between LG and LGy, between L& and LGy, and alive
above LGyconcentration treatment, respectively.
Table 6.3. Cenccurrence of thiedr mutations in the MAMCq groups with déffence levels of tolerance to

permethrin

Polymorphisms at Amino Acid Mutation Sites

A109 | L852 | G891 | L982 | Al24 | D124 | P124 | W157 | G173

S L G F 1A sD 9P 3R 3G
"Mosquito IN |¥F% (SE) |Gto |Gto |[Cto |Ato |Ato |[Cto |Gto |Tto |Ato
Groups T A A T G T A C G
MAmMCqG® 1 1 10 (7) T G C A A C G T AIG
3 7.5 (3.5) T G C A A C G T G
4 5 (0) T G C A AIG C G T G
8 7.5 (3.5) T G C A AIG CIT GA T G
10 7.5(3.5) T G C A G CIT GIA T G
12 20(7) T GIA CIA A AIG CIT GIA T G
13 35(7) T GIA CIA AT AG CIT GA T G
19 7.5(3.5) T GIA CIA AT G cIT A T G
2 2 2.5 (3.5) T G C A G C G T AIG
4 7.5 (3.5) T G C A AIG C G T G
5 125(35) T G C AT AG C G T G
6 12.593.5) T G C A G C G T G
9 10 (0) T G C AT G C G TIC G
13 2.5(3.5) T GIA CIA AT AG CIT GA T G
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MAmMCqG® 1
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30 5(0) T A A T G T A TIC G
31 425(105) T A A T G T A C G
2 24 75(3.5) T GIA A T G T GIA TIC G
25  7.5(3.5) T A A T G T G C G
28  15(7) T A ciA T G T A C G
29 10 (0) T GIA A T G T A C G
31 60(7) T A A T G T A C G
3 26 7.5(3.5) T A A T G T GIA TIC G
28  5(0) T A CIA T G T A C G
31 875(35) T A A T G T A C G
4 31 100 (0) T A A T G T A C G

*Group1 mosquitoes tolerated permethrin concentration of gi(i&., MAMCd’-<LC,, and
MAMCq®®-<LCy0); group 2 mosquitoes tolerated permethrin concentrations of betwagnll@; (i.e.,
MAMCG®%LC1os0, and MAMCE®-LC1050); group 3 mosquitoes tolerated perhrit concentrations

between LG- LCq (i.e., MAMCH’-LCs090, and MAMCE®-LCs000); and group 4 mosquitoes tolerated
permethrin concentrations >ggli.e., MAMCE*>LCq, and MAMC§®->LCy) (Table 6.2)

fN: The numbers indicate different combinationsha& mutations and were assigned by weighing the
numbers of the homozygous susceptible alleles, heterozygous, and homozygous resistance alleles in that
combination, so higher numbers indicate higher incidences of heterozygous and homozygous resistance
alleles.

tF: the frequency (%) with which each of the mutation combinations occurred in each group. A total of
40 individuals (two replicates for each of 2Didstar larvae) with all ten mutations in their sodium

channel cDNAs was analyzed.
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Figure 6.3. @tegorical plots othe sodium channel mutation combination pattermaasquito

groups that are sensitive to or tolerant of diffecamtcentrations of permethrin MAMCq™°

field parental populations and thelf §eneration permethrin selected offspriAMCA®®. The

Y axes depict categories of mutation combinations (indicated by the numbers correspond to
categories in Table 6.4) presented in each group (n = 40) of mosquitoes. On the X axes, mosquito
groups are shown with the number8 fepresenting theame groups of MAMCY and

MAmMCq®® as in Fig. 6.2.

Mutation combinationsf themosquitosodium channeh response to permethrin
application. To investigate tref f ect s of di fferent mutation conm
response to permethrandthe specific thresholds of permethrin concentrations at which
particular mutations or mutation combinations occur, we examinddetingency of particular
synonymous and/or nonsynonymous mutations thaiccar in the mosquito groups across

different populations. The sodium channel mutations were analyzed in a total of 40 individuals,
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which had all 9 mutations present in their full length sodium channel, in each of the mosquito
groups. A total of 31 mutation combinations were identified across tequito populations and
groups (Table 6.3, Fig. 6.3). Category #13 (double homozygous mutations and quintuple
heterozygous mutations®¥, g/&>>% c/£°"® a/g’?® c/t’® gld™’, G>*°% was the predominant
mutation combination in group 1 (the grougiwihe lowest tolerance to permethrin) of

MAmMCq®°. Categories #14 (triple homozygous mutations and quintuple heterozygous mutations;
T35 g/d>® /%™ a/f®® G'% ¢/t g/d™ G*'%) were the dominant combinations in group

2 of MAMC°. Thedifferences between categories #13 and #14 was the changes from
susceptible homozygous#°to heterozygous &¥°andfrom heterozygous ajtf>to

polymorphic homozygous 3> A similar transition pattern was identified in the dominant
mutation combiations of the consecutive mosquito groups with increased levels of tolerance to
permethrin. Category #15, for example, was the predominant mutation combination in groups 3
and 4 (triple homozygous mutations and sextuple heterozygous mutafiohg/d>>, c/&£°"®

a/t? G2 ¢/e™E g/1d™ ™ G199, which showed a single change from heterozygous
a/t***to polymorphic homozygous®1*® compared to category #14 in group 2. The occurrence

of category #31 (nonuple homozygous mutatior&, R?>°6 A2673 12946 3723 72735 A3747

C**"and G*% emerged in the group 4 mosquitoes of MAriBgith a low frequency of 5%,
suggesting that permethrin concentrations at 0.1 ppm may represent the threshold at which the
particular #31 nonuple homozygs mutations combination occurs in the field mosquito
population MAMCG®.

Comparing mutation combinations in permethrin selected offspring MAfh@ich

those in their field parental mosquitoes MAnf€revealed a clear shift in the mutation

combinationsn these populations from the majority being heterozygous mutation combinations,
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for example categories #14 and #15 in MAMi€do the majority being resistant homozygous
combinations like category #31 in MAMEY(Table 6.3, Fig. 6.3)Pairwise Goeman's Basian

scores [15] tested using the AssotesteR software package in R [16,17] révealiggificant
correlation between resistance levels of mosquito groups and their SNP combination frequencies
(Table6.4)A significant (P Qaléce®Bhe nonupla momozygous n i n
mutation combinations (category #31) was observed between the field parental strain and its
permethrin selected offspring (Table 6.4, Fig. 6.3). Nevertheless, in place of the combination
transition pattern for the predonaint mutation combinations identified in the field mosquito
population MAMCE®, category #31 (nonuple homozygous mutations) was the predominant
mutation combination across all four groups of the permethrin selected offspring MAMCq
significant shift inthe prevalence of this mutation combination was also observed in MAinCq
rising from 42.5% in group 1, the lowest level of tolerance to permethrin treatment, to 100% in

group 4, the highest level.
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Table 6.4. Pairwise Goeman's Bayesian scorevéhisés to check fororrelations between SNP
combination frequencies and permethrin resistance levels

MAmMCq®° MAmMCq®®
Group 1 2 3 4 1 2 3 4
MAmMCq~° 1 -
2 120 -
3 22" 90 -

xk xk *

4 760 450 200 -

Fk

MAmMCq®® 1 22000 1700° 1300° 600 -

Fk

2 25000 2000° 1600 800 30 -

R Kk *

3 27000 2200° 1800° 300 60 8.3 -

Kk K *k

4 2800° 2300° 1900° 1000° 90 18 1.8 -

*P<0.05; **P<0.001

AGoeman's Bayesian score test value based on 500 permutatiomarzoBayesian scores
represent a relative value for the comparison of paired samples. The higher the score, the more
significant the correlation between resistance level and the SNP combination frequencies for the
paired samples.

Discussion

Xu et al [14]characterized the mutations and mutation combinations over the entire sodium
channel of individual resista@ulexmosquitoesHAmCq®® and their & generation permethrin
selected offspringlAmCq®®, identifying a total of 9 mutations, 3 of which were

nonsynonymous and 6 synonymous. The prevalence of these corresponded closely to the

mosquitoesd | evel of permethrin selection, p e



However, it is wunclear whether Xaspecific al 060s r
resistant population or whether this is a common response in field populations of resistant
mosquitoes exposed to insecticide pressure. Our current study therefore further investigated all 9
of the mutations reported by Xu et al and their comtooms in individual mosquitoes of a field
population ofCx. quinquefasciatumosquitoes MAMCE’, collected from Mobile, Alabama,

~600 km away from the location where the original HAfmosquitoes studied by Xu et al.

were collected. Thkdr mutations oer the entire mosquito sodium channel were analyzed and

the mutation combinations in different mosquito groups categorized in terms of their levels of
tolerance to a range of permethrin concentrations within and among the populations of the field
parentaktrains and their permethrin selected offspring. The current study nad@mnlynstrated

that theco-existenceof all 9 mutationsboth nonsynonymouand synonymous, was presented in

the resistant mosquitoes cross the different field populations butatgdied common

mutation combinations that corresponded to high levels of insecticide resistance among the
mosquito populations studied. Interestingly, our results also suggetitabatexistence of

multiple mutationss a common feature in insectieidesistant mosquitoes.

Our study found a similar allelic expression pattern of the 9 mutatross the mosquito
populations testetb those reported by Xu et al. [14 clear shift of mutation combinations was
again detected from those with primatilgmozygous susceptible alleles, through those with
mostly heterozygous alleles, to those with all or nearly all homozygous polymorphic alleles at
the mutation sites, corresponding to the increasing tolerance of the mosquito groups to
permethrin treatmenta both field mosquito populations and their permethrin selected offspring.
Although both HAmCqg and MAmMCq exhibited their own specific mutation combinations, with a

total of 20 mutation combinations identified in the HAmCq mosquitoes [14] and 31 mutation
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combinations in the MAMCqg mosquitoes, these Gubexpopulations shared 13 categories of
mutation combinations (Table 6.5), the majority of which were the predominant mutation
combinations in the mosquito groups in either or both HAmCq and MAmMCqg mosquito
populations in response to certain concentration(s) of permethrin treatments. For example,
combination category FT3%, g/&>>% c/&£°"® a/f*® G*'% c/t"> g/@™"" G*'%°(Table 6.5) was

the predominant mutation combination in group 2 of botHiéhe parental mosquito populations
of HAMCd™ (category #8, [14]) and MAMCY (category #14). Interestingly, this combination
was also the dominant mutation combination in groups 3 and 4 of HAIn@kereas

combination category GT%°, g/&>® c/&®" a/t®*® G3'%3 c/f’® gla™’ tc*™, G*%°- was the
dominant combination in groups 3 and 4 of MANT€d he only difference between mutation
combination categories F and G is a switch from the susceptible homozygtus The
heterozygous t#¢” (Table 6.5). The first occurrence of combination category F was in the group
2 mosquitoes of both HAmCE§and MAMCE?, both of which have a tolerance to permethrin
concentrations of between 0.003 and 0.05 ppm, suggesting that the concentration r&ife of O
to 0.05 ppm represents a threshold, at which g &> c/£°"® a/t*® G2 c/t”° g/d™

G mutation combination occurs in field mosquito populations. Mutation combination category
M (nonuple homozygous mutations’?T A?>°6, A2678 12946 3723 72735 ASTAT A1 gnd G199
emerged in the group 4 mosquitoes of both HAff@md MAMCE® with very low frequencies

of 2.5 and 5%, respectively, suggesting that permethrin concentrations between 0.1 and 0.2 ppm
may represent the thresdl at which the particular individuals with the mutation combination of
T3 p56 p2073 2946 (3723 12135 ASTAT AL and G could be selected from in field

mosquito populations. These results strongly suggest that the same or similar mutation

combinations are present in different field population€xfquinquefasciatusmosquitoes and



are responsible for similar levels of resistance, revealing the importance and common features of
these combinations in the development of insecticide resestariield mosquito populations.
Table 6.5. The 13 common mutation combinations of sodium channels in the mosquito popul&ions of

quinquefasciatus

Mutation Polymorphisms at Amino Acid Mutation Sites
Combinatio A109S | L852L | G891 | L982F | Al241 | D1245 | P1249 | W157 | G1733
n G A D P 3R G

Category N'|N°|[GtoT|GtoA|CtoA|AtoT |AtoG [CtoT|[GtoA|TtoC |AtoG

A 1 2 7T G C A G C G T AIG
B 2 6 T G C A G C G T G
C 3 8 T G C A AIG CIT G/A T G
D 4 10 T G C A G CIT G/A T G
E 5 18 T G/A C/IA AIT AIG C/IT G/A T G
F 8 14 T G/A C/IA AIT G C/IT G/A T G
G 9 15 T G/A C/IA AIT G C/IT G/A T/C G
H 13 24 T G/A A T G T G/A T/C G
I 14 25 T A A T G T G C G
G 15 26 T A A T G T G/A T/C G
K 18 29 T G/A A T G T A C G
L 19 30 T A A T G T A T/C G
M 20 31 T A A T G T A C G

N*: The numeral indicates the category of mutation combination(s) in the HAmCq mosquitoes

[14]
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N% The numeral indicates the category of mutation combination(s) in the MAMCq mosquitoes.
Table 6.6. Oligonucleotide primenssed for amplifying the sodium chame®NA fragments

and SNP (single nucleotide polymorphism) determination.

Primer name Function Pri mer sequence (5 PrimerlLocation

(nt)

KDR S16 cDNA fragment 1 and full TGTTGGCCATATAGACAATGACCGA -17to8
length amplification

GTAATACTGACAATCCCTGAACGC 2584 to 1561
KDR AS34  cDNA fragment 1

amplificatio

PG_KDR S4 cDNA fragment 2 GCGGTAACTACTTCTTCACGGC 2414 to 2435
amplification

KDR ASO2 cDNA fragment 2 CCAKCCYTTRAAKGTGGCYACTTG 4411 to 4434
amplification

KDR S03 cDNA fragment 3 TGAACTTYGACCACGTGGGG 4370 to 4389
amplificatio

KDR AS09 cDNA fragment 3 and full GCTTCTGAATCTGAATCAGAGGGAG 6290 to 6266

length amplification

Cx_SNP 2  SNaP determination GCCACCGTAGTGATAGGAAATTT 2923 to 2945
Cx_SNP 4 SNaP determinain CTCGAGGATATTGACGCTTTTTAC 301 to 324

Cx_SNP 6  SNaP determination TGAAGGCCATTCCGCGGCCCAAG 4693 t0 4716
Cx_SNP 12 SNaP determination CTTTCGCTGCTCGAGCTCGGTCT 3532 to 2555
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Cx_SNP 13

Cx_SNP 14
Cx_SNP 15
Cx_SNP 16

Cx_SNP 18

SNaP determination

SNaP @termination

SNaP determination

SNaP determination

SNaP determination

TCCATCATGGGCCGAACGATGGG

AACTGCTACAAGCGGTTCCCGGC

GGTTCCCGGCRCTGGCCGGCGA

TGGCCGGCGAYGACGACGCGCC

ATGTTCATCTTCGCCATCTTCGG

2649 to 2672

3699 to 3722

3713 to 3734

3725 to 3746

5176 to 5198

Compaing mutation combinations in the permethrin selected offspring HATh[4]

and MAMC{® with those of their field parental mosquitoes HAM€and MAMCEP revealed

a clear shift from the majority being heterozygous mutation combinations, for examplemutati

combination categories F and/or G (Table 6.5), in HAfff@gd MAMCE?, to the majority

being homozygous mutation combinations, such as mutation combination category M in both

HAMCA®® [14] and MAMCE®. This clearcut pattern of mutation combination wasserved

following permethrin selection across all the different mosquito populations. Although mutation

combination category Mias the major mutation combination in all 4 groups of both HAiCq

and MAMCG®, a significant shift in the prevalence of this atign combination was also

observed, rising from 12.5% in group 1 with the lowest level of tolerance to permethrin

treatment, to 62.5% in group 4 with the highest level of tolerance, in HAfC4] but from

42.5% in group 1 to 100% in group 4 mosquitoeMAmMCq®®. The strong correlation between

the frequency of the mutation combination and its association with permethrin selection and

tolerance to permethrin treatment confirmed that not only are these mutatiselecied by

permethrin, but the combinat of all 9 mutations is also involved in the high levels of

resistance.

142



Insecticide resistance is generally assumed to be-adagtive phenomenon in which
prior to insecticide exposure rare individuals carrying an altered (varied) genome already exist,
allowing those carrying the genetic variance to survive insecticide selection [18]. Accordingly,
the proportion of individuals carrying the resistance genes, polymorphisms or alleles should
increase in a population following selection through inheritamceeventually become
predominate in a population subjected to prolonged exposure to insecticides. Indeed, both this
study and the previous work by Xu et al. [14] show a clear permethrin selection force favoring
individuals carrying the polymorphic alleldSor instance, 0.6 to 1.3% individuals carrying all
nine mutations were present in the field populations of both HAth&@w MAMCE?®, but after
a few generation of permethrin selection in the laboratory individuals carrying all 9 mutations
increased to 34% and 72.5% in the populations of HAnf&and MAMCG®, respectively.

The synergistic effects of tlmm-existence oinsect sodium channel mutations on
insecticide resistance have been previously reported by several research groups. Possibly the
most notale of these is theo-presence of the methionine (M) to threonine (T) mutation
(M918T), termed asuperkdr mutation,in thelinker connecting 1S4 and 11SWith the L to F
(L1014F) mutation in 1IS6 of the sodium channesuperkdr house flies, which éxbit higher
levels of resistance to DDT and pyrethroids tkdnhouse flies, where only the L1014F
mutation is observed [3,4, Besides the cexistence of th€1014F and M918T mutations in
superkdr house flies, the same combination oftdMT and L-to-F mutations has also been
observed in other insect species, nantgmatobia irritang19], Thrips tabaci20], andMyzus
persicag21], all of whichhave been found to exhibit relatively hitgvel resistance to
pyrethroids However, these three specpmas mosquitoes are the only ones wherestiper kdr

mutation has been reported. In other insect species, rathéh#&iro-T super kdmutation,
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there is some evidence to suggest that additional sodium channel mutati@osethiat with the
L-to-F mutation are associated with high levels of resistaBés.[Although the M to Tsuper
kdr mutationin thelinker connecting 11IS4 and IISas not identified in the sodium channel
sequences of any of the individual mosquitoes in either the current sttioyearlier study by
Xu et al. [14], the synonymous polymorphism of C2673A at cd@&I'G (corresponding to &°
of the house fly Vsscl sodium channel protein) resulting from a single nucleotide polymorphism
(SNP) of cytosine to adenine at nt 2673 (C26)/&Aas found in all the field parental and
permethrin selected mosquito individuals tested. The synonymous &8tfanis locatedn the
linker connecting 11S4 and 11IS&iye amino acids downstream from the methionine residue
(corresponding to the positiard the M918T mutation in the house fly Vsscl sodium channel
protein (Fig.6.1, [7,22]). Our results also showed that not only was the C2673A synonymous
polymorphism almost always linked with th&fF mutation (corresponding to the position of
the L1014F mtation in house fly Vsscl) in resistabalexmosquitoes, but also that they-co
presented together with other mutations in resistant mosquitoes.
Conclusion

Our data, taken together with the data reported previously by Xu et al. [14], combine to
make a strong case linking the incidence of thesgn®nymous and nonsynonymous mutations
with the levels of permethrin resistancedr. quinquefasciatusiosquito populations. Future
research should focus on investigating the function and functionadétitar of these mutations
in the sodium channel in terms of how they ma
particularly with regard to its gating properties and the binding configurations of the sodium

channel to insecticides. The precise rakthe synonymous mutations in the various sodium
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channel functions should also be examined in ternpsatéin secondary structure formation
[23] andprotein folding R4], as identified in other living systems.
Materials and Methods
Mosquito strains

Three strains of mosqui®x. quinquefasciatusere studied: MAMCY, the field parental
resistant strain collected from Mobile county, Alabama, USA [25]; MARiCihe &' generation
offspring of laboratory permetheselected MAMCE®; and SLab, aninsecticidesusceptible
strain
Permethrin treatment

Preliminary concentration ranges for larvae were utilized to generate concentration

ranges of LGy, LCsp, and LGpfor each mosquito strain (Table 6.3) and then used to treat each of
the Culexstrains MAMCq®® and MAMC{®, generating 8 larval groups with different levels of
resistance to the permethrin insecticiBeefly, ~15004" instar larvae of eacBulexstrain were
treatedwith permethrin at their respective Ldtoncentrations. Elg hours after this treatment,
the dead mosquitoes were collected as group 1 of each mosquito population (i.e., fiAmCq
<LCio, of MAMC*®-<LC30). The surviving mosquitoes were then exposed to permethgn LC
concentrations. Eight hours after this treattntire dead mosquitoes were collected as group 2
of each mosquito population (MAMEYHLC1o50, or MAMCH -LC1050). The surviving
mosquitoes from the permethrin ifZoncentration treatment were then exposed to permethrin
LCgq concentrations. Eight hourfter treatment, the dead and surviving mosquitoes were
separately collected as group 3 (MANTE4.Cso.00, or MAMCH®-LCs090) and group 4
(MAMCG®%->L.Cgo or MAMCA*->LCq). Each treatment was repeated 2 tineshis study, the

criterion applied was that gnindividuals that had all 9 mutations could be utilized for the
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analyses. Data from a total of 40 individual mosquitoes that met this criterion in each of the 8
groups was collected and analyzed.
Nucleotide polymorphismSNP)determination fothe nuéeotide polymorphisms i€x.
quinquefasciatus

SNP determinations utilizing an ABI Prism SNaPshot Multiplex Kit were analyzed on an
ABI Prism® 3100 Genetic Analyzer using Genemapper software according to the
manufactur er 6s i liedsBiosystens,i[9f). Tctal RNAKVWRre Axfracted from a
pool of adult mosquitoes for each of the populations. Two replications were performed for each
experiment and a total of 40 individud! istar larvae were used for each of permethrin treated
groupswith 20 for each replication. The first strand cDNAs were synthesized from each
individual mosquito using the oligo(dT) primer as follows. Three PCR primer pairs, KDR S16
/KDR AS34, PG_KDR S4/KDR AS02, and KDR S03/KDR ASQ9 (Table 6.6) were designed
accordng to the specific sequences of the full lengtliexsodium channel cDNAs ([14],
accession numberdN695777, IN695778, and JN695779) to amplify three sodium channel
cDNA fragments from each of the individual mosquitoes with polymorphisms. For each PCR
reaction, the cDNA template and primer pair were heated to 94°C for 2 min, followed by 40
cycles of PCR reaction (94°C for 45 s, 60°C for 45 s and 72°C for 3 min) and a final extension of
72°C for 10 min. PCR products were then used as the templates 8MXEhdetermination. Each
PCR reaction was performed 3 times on the cDNA of each of a total of 40 indivitinatar
larvae (20 for each experimental replication) from each of the mosquito groups and for 60
individual 3 day old adults (10 males and 1M&es for each experimental replication) from
each mosquito population. The PCR products also served as the replication for the SNP

determination of each polymorphism. Three replications of the SNP determination were carried
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out with different preparatiorsf the PCR templates. To confirm that the PCR products used for
the SNP determination were, in faletlr cDNA fragments, PCR products of each mosquito
sample were sequenced at least once each. The alleles at the polymorphism site of each mutation
wereanhyzed using Genemapper software according
described by Xu et al. [26,27]. The frequency (prevalence) of polymorphic allelic expression for
each of the mutations between and among the groups or populations okthetoes was also
measured.
Data analysis

The statistically significant difference of the frequency of each@hucleotide
polymorphisms between and among the mosquito samplesalcagated using a Studenttest
for all 2.samplecomparisons and a otveay analysis of variance (ANOVA) for multiple sample
comparisons (SAS v9.1 software); avalu®ef0 . 05 was considered stati:
Pairwise Goeman's Bayesian scores [15] were testeibfuficant correlations betwee
resistance levels and SNP combination frequencies of the paired sasiptethe AssotesteR
package in R [16] based on the recommendations for analyzing multiple SNPs in a given gene
[17]. Data were stratified by group within each generation, with Sikbmations representing
the cases. A total of 500 permutations were conducted for each pairwise comparison.
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Chapter 7 Multiple Sodium Channel Variants in the Mosquito Culex quinquefasciatus

Abstract

Voltagegated sodium chameis are the target sites of b@DT and pyrethroid
insecticidesThe importance of alternative splicing as a key mechanism governing the structural
and functional diversity of sodium channels and the resulting development of insecticide and
acaricide resitance is widely recognized, as shown by the extenssearch on characterizing
alternative splicing and variants of sodium chaniretaedically and agriculturally important
insect species. Here we present the first comparative studylople varians of the sodium
channel gene in the mosquffwlex quinquefasciatud he variants were classified into two
categories, CxN& and CxNaS based on thedistinguishingsequencsizes of ~6.5 kb and ~4.0
kbs, respectively, andenerated via major extensiviéeanative splicing with minor small
deletions/ insertions isusceptible $.ab, low resistant HAMmCY, and highly resistant
HAmMCA® Culexstrains FouralternativeCxNaL splice variantsvere identified, including three
full length variants withthree opibnal exons (2, 5, and 21i) and one witHiamestop codons.
Large, multiexonalternative splices were identified in the CxNaategory. All CxN&5
splicing variants in the-8ab andHAMCq strains containeth-frame stop codons, suggesting
that any esulting proteins would be truncated. TH®60 to ~3008old lower expression of
thesesplice variants with stop codons compared withGRBlaL splicing variants may support
the lower importance of these variantsSihab andHAMC . Interestinglytwo alternative
splicing variants o€xNaS in HAmCq®® includedentireORFs bulacked exons 5 t0o18 and

these two variants haduch higher expression levétsHAMCG®® thanin S-Lab andHAMCq™.
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These results provide a functional basis for further charactgriw alternative splicing of a
voltagegated sodium channel contributes to diversity in neuronal signaling in mosquitoes in
response to insecticides, and possibly indicatesolkeof these variants in the development of
insecticide resistance.
Key words: Sodium channel, transcript variants, alternative splicing, insecticide resistarer,
qguinquefasciatus
Introduction

The targets for insecticides wataghgatads DDT an
sodium channel@Bloomquist 1996Narahashi 1996Soderlund 2006 whichare responsible for
the rising phase of action potentials in the membranes of neurons and most electrically excitable
cells (Catterall 2000Ryrethroids and DDT deliver their toxic, insecticidal effects primarily by
binding to the sodium channel, thus altering its gating properties and keeping the sodium channel
open for unusually long times, thereby causing a prolonged flow of sodium current that initiates
repetitive discharges and prevents the repolarization phastiaf potentials (Narahashi 1988,
2000,Catterall 200D The common feature found in sodium channels is that relagwedy
changegsuch as point mutations or substitutions, short sequence insertions or deletions, or
alternative splicingjn the struatire of these channels significantly affect their behavior and are
sufficient to change neuronal firing, resulting in different phenotyjdeslifications of the insect
sodium channel structure can cause insensitivity of the channels to DDT and pyretlaraids v
reduction in or an elimination of the binding affinity of the insecticides to proteins (Narahashi
1988, 2000), and hence result in the development of insecticide resistance.

In mammalian systems, molecular characterization of voladed sodium chauel

genes has revealed the existence of multiple géteisiéret al. 2010, Catterall 2000, Goldin
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2002): en paralogous voltaggated sodium channel genes have been identified in humans
(Goldin 2001) 8 in zebra fish (Novak et al. 2006); and 6 in eledish (Lopreato et al. 2001).
Several invertebratgpeciedave also been found to includeltiple sodium channel genes in
their genome; for example, four sodium channel genes have been charactddizedan
medicinalis(leech) and two ifHolocynthia oretzi(ascidia) Blackshaw et al. 2003yagahora et
al. 2002 Okamura et al. 2002Compared to the fairly well defined multiple vertebrate sodium
channel genes, it appears that a single sodium channefhgeinas been well characterized in
many insecspecieshomologougo para (currentlyDmNa,) of Drosophila melanogaste(Shao
et al. 2009) encodes the equivalent ofWksibunit of the mammalian sodium chann@#hile
mammals rely on the selective expression of at least temegiffeodium channel genes in
various tissues to achieve sodium channel diversity (Goldin et al., 2000), insects may produce a
range of diverse sodium channels with different functional and pharmacological properties from
a single sodium channel by exteresadternative splicing (Davies et al. 2007, Dong 2007, Olson
et al. 2008, Lin et al. 2009).

Because of the importance of alternative splicing as a key mechanism for generating
structuraland functional diversity in sodium channela et al. 2002)ollowing the first
discovery of the existence of alternative splicing ofglae sodium channejene from
Drosophila melanogastdi.oughney et al. 1989glternative splicing events were subsequently
characterizeth many medically or agricultural importamisect and arachnid pest species
(Loughney et al. 1989, Thackerayadd net zky 1995, O6Dowd et al
Leeet al.2002, Tan et al. 2002, Davies et al. 2007, Sonodo et al. 2008, Shao et al. 2009, Wang et
al. 2003). As yet, however, thenave been no reports alternative splicing irfCulex

quinquefasciatysanimportant mosquito vector of human pathogens such as St. Louis
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encephalitis viru¢SLEV), West Nile virugWNV), and the parasiti¢/uchereria bancrofti
nematoden many urban setigs throughout theropical and temperate regions of the world
(Sardelis et al. 200Dpnes et al. 200Arensburger et al. 20)0Here we present the first
comparative study of full length sequences of the-pattaologue sodium channel genes from
the Culex quinquefasciatuwiosquito and examine multiple variants obtained through the
mechanism of alternative splicing.
Materials and methods
Mosquito strains

Three strains of mosquitox. quinquefasciatusere studied. $ab is an insecticide
suscefible strain provided by Dr. Laura Harrington (Cornell University). HAfUg a low
insecticide resistant strain with a-fiddd level of resistance to permethrin compared with the
laboratory susceptible-sab strain (Xu et al. 2006). It was originally mited from Huntsville,
Alabama, in 2002 and established in our laboratory without further exposure to insecticides (Liu
et al. 2004). The HAmCH strain is the 8 generation of permethriselected HAMCH
offspring and has a 2,760Id level of resistane (Xu et al. 2006, Li and Liu 2010). All
mosquitoes were reared at 25€2inder a photoperiod of 12:12 (L:D) h.
Amplification of the full length of sodium channel transcrippt€x. quinquefasciatus
For each of the three mosquito populations, total RNA exracted fronthe 4" instar larvae
and different tissues (headhorax, and abdomen) frof3 dayold adult females before blood
feeding using the acidic guanidine thiocyanaitenotchloroform method (Liu and Scott 1997).
MRNAs were isolated using QbtexdT suspension (QIAGEN).he full length of theCx.
guinquefasciatusodium channel cDNA was subsequently isolated from each aidkquitoes

populations by RIPCR using the Expand Long Range, dNTPack kit (Roche) with a specific

15¢



primer pair, KDR S1TGTTGGCCATATAGACAATGACCGA) /KDR AS09
(GCTTCTGAATCTGAATCAGAGGGAG) (Table 7.1), synt
and 30 end s equsduwneslannagénest(Xuet alp20X2acession @umbers:
JN695777, IN695778, and JN695779). The IP&Rtion was conducted following a PCR cycle

of 92°C for 2 min, 10 cycles of 92°C for 10 s, 55°C for 15 s, and 68°C for 6 min, and 35 cycles

of 92°C for 10 s, 55°C for 15 s, and 68°C for 6 min and 20 s, with a final extension of 68°C for

10 min. All PCR poducts were cloned into PCGR2.1 Original TA cloning vector (Invitrogen)

and sequenced. Cloning and sequence anatyseslium channel cDNA fragmenigere

repeated at least two times for each mosquito strain with different preparations of RNAs and
MRNASs.The inserts oCulexsodium channel clones were sequenced and analyzed.

Table 7.10ligonucleotide primers used in gRPICR reactions for amplifying sodium channel

variants
Mosquito
Varaints Formard primer Reverse primer
population
56
56 AATCAGCTGTAAAAGT
S-Lab CxNalL,1 AGCTCGTAGTACCCTGAATGTTCT
36
36
56
56 CACTGCAAAAGCCCGT
CxNalL,2 ATAGTATACTGGAACGATGATTG
36
CA 360
56
56 ACAAGGGCAAGAAGAA
CxNaL,3 CTTTATACTGGCAGTGTCATCGTC
36
36
CxNaS;1 56 ATCGATATCT GATGAGTAT 56
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HAMCA®®

HAMC®

CxNaL.,4

CxNaL,5

CxNal,6

CxNaS,2

CxNaS,3

CxNaL,7

CxN&L,8

CxNaS/4

50

560

560

(62}
o

50

506

56

56

GGTCGGAAGAAAAAGA

360

GCCAAAAAAAGTACTA

30

TTCATCCTCGTCCTCATCGTCGTA

30

560

TATCCTTTCCTTTACTAACTACTA

50

30

TCCCGTCTGCTTGI

560

AGCACAACCATCTCAG TCGTCGTCGAGTTCTTCGTCAAT

30

560

CAAAAGTTCGACATGA TGAAGAACGACATCCCGAAGATG

30

560

TACTACATGGACAGGA CAGGTTTATGAGCGAGAGCATCA

TCGAGTGTTCAAGCT.

50

30

AATGCAGAGCACAA

30

560

TTCCAGTATACTRATAEG TTGGTGTCGACGTAGGACATGTT

TCCAAGGTGATAGGCA

560

30

TCAATTCCTAGGTC

30




50
CxNaS5 50 ACTACTACGAATGTCT TGTACTAAAATATAAATAGCTAC

G 360

Quantitative reatime PCR (QRTPCR)

The total RNA (0.51g/sample) from each mosquito sample was revieesescribed
using SuperScript Il reverse transcriptase (S
cDNAs was measured using a spectrophotometer prior teR{ER, which was performed with
the SYER Green master mix Kit and ABI 7500 Real Time PCR system (Applied Biosystems).
EachgRTPCR reaction (25 ¢l final vol unel) ocfont ain
cDNA, and a sodium channel transcript specific primer pair designed according to dseh of t
sodium transcript or allele sequencé&alfle7.1 shows the accession number for each of the
sodium channel transcripts or alleles) at a final concentratiorbef 1. Al | sampl es, i
the ofhedpl at ed negative control, were perfor me
of a melting step of 50°C for 2 min then 95°C for 10 min, followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min. Specificity of the PCR reactions was asseasetheiting curve
analysisfor each PCR reaction using Dissociation Curves software (Wittwer et al. 1997).
Relative expression levels for the sodium channel transcripts were calculated B#hé 2
method using SDS RQ software (Livak and Schmittgen 2001).18S ribosome RNA gene, an
endogenous control, was used to normalize the expression of target genes (Liu et al. 2007, Aerts
et al. 2004, Zhu and Liu 2008, Zhu et al. 2008). Preliminary-BRR experiments with a
primer pair (Table 7.1) designed accoglio the sequences of the 18S ribosome RNA gene had

revealed that the expression of this gene remained constant among all 3 mosquito strains, so the
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18S ribosome RNA gene was used for internal normalization in theP§FR assays. Each
experiment was repesl three to four times with different preparations of RNA samples. The
statistical significance of the gene expressions was calculated using a Stieshfsr all 2
sample comparisons and a emay analysis of variance (ANOVA) for multiple sample
conparisons (SAS v9.1 software); avalueP@¥0 . 05 was consi dered stati:
Significant overexpression was determined using acutf v a | -fold changjeim O 2
expression (Strode et al. 2008).
Results
Generation of sodium channel transcript€in quinquefasciatus

To examine the number of transcripts of the ggpe sodium channel genethe
genome ofculexmosquitoesRNAs isolated from $.ab, HAmCF°® and HAMC§® were
subjected to PCR amplificatiarsing a primer pair: KDR S16
(TGTTGGCCATATAGACAATGACCGA)/KDR AS09
(GCTTCTGAATCTGAATCAGAGGGAG), synthesized based
sequences of the putatisedium channajenes (Table 7.1) (Li et al. 201d)wo distinct
molecularsizesof sodium channel cDNAwith ~6.5 and ~4&b weregenerated by PCR
amplificationfrom each of théhree mosquito strains, namely susceptibl&B), intermediate
(HAMC®), and highly resistant (HAMCE), when only a single primer pakDR S16 KDR
AS09was usedFig. 7.1) The PCR products of both thé.5 and ~4.&b fragments from each
strain were then cloned and sequenced. Sequence analysis of insertions of clon@$ Wih ~
and~4.0 kbPCR amplified products from each strain indicated that all the cDNA clones were
indeed the sodium channel geneserestingly,nucleotde sequence analysis of these sodium

channel transcripts revealed the existence of multiple variants in eaétbaind ~4.&b PCR



amplification products in each mosquito strains. These variants were then assigned to two

categories, CxN& and CxNaS, ased on their sizes 66.5 and ~4.&b, respectively.

ladder
S-Lab

=
—
—

8,000 bp —>
5,000 bp —>

2,000 bp —>

Figure 7.1 Polymerase chain reaction (PCR) amplificatiopafa-type sodium channel
transcripts from genomic RNAs Giulexmosquitoes. Sodium channel cDNA transcripts
amplified from RNAs isolatettom SLab, HAmMCgGO and HAmCgG8 mosquito strains were
subjected to PCR amplification using a primer pair: KDR S16
(TGTTGGCCATATAGACAATGACCGA)/KDR AS09
(GCTTCTGAATCTGAATCAGAGGGAG), synthesized base
sequences of the putatisedium channel genes.

The CxNaL PCR products included three cDNA sequences of the sodium channel,
CxNaL,1, CxNaL,2, and CxNaL.,3, in the SLab strain, with molecular sequence sizes of
6246, 6273, and 6234 bps, respectively (Fig. 7.2); three sodiumedreddNA sequences,
CxNaL,4, and CxNaL,5 and CxNaL,6, in the HAMC§® strain, with 6276, 6285, and 6063

bps, respectively (Fig. 7.3); and two cDNA sequenCe®jaL,7 and CxNaL,8, in the

16C



HAmMCA® strain, with 6267 and 6273 bps, respectively (Fig. 7M¥ohtrast, the CxN& PCR
products contained only one cDNA sequence of the sodium channéhin, SxNaS,1, with a
molecular size of 3891 bps (Fig. 7.2); two cDNA sequences in HACgNaS,2 and CxNa
S/3, with molecular sizes of 3615 and 3417 bpspeztively (Fig. 7.3); and two sodium channel
cDNA sequences in HAmMCH CxNaS,4 andCxNaS,5, with 4068 and 3987 bps, respectively
(Fig. 7.4).This discovery provides strong evidence supporting the existence of multiple
transcripts of the sodium chanmgne in the mosquitGx. quinquefasciatugs we previously

suggested (Xu et al. 2011).
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CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S, 1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L.,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.,3

MTEDLDSISEEERSLFRPFTRESLLVIEERTIANEQAKQRELEKKRAEGETGEGRKKKKKE
MTEDLDSISEEERSLFRPFTRESLLVIEERIANEQAKQRELEKKRAEGETVPGRKEKEKKKE
MTDDLDSISEEERSLEFRPFTRESLLVIEERIANEQAKQRELEKKRAEGETGEGRKKKEKKE
MTDDLDRYLRE-RSLFRPFTRESLLVIEERTIANEQAKQRELEKKRAEGE———————————
exon3

ERYDDEDEDEGPQPDSTLEQGVPIPVRMQGSFPPELASTPLEDIDAFYANIK FVVVSKG
TRYDDEDEDEGPQPDSTLEQGVPIPVRMOGSFPPELASTPLEDIDAFYANIKTEVVVSKG
IRYDDEDEDEGPQPDSTLEQGVPIPVRMQOGSEFPPELASTPLEDIDAFYANIKTEVVVSKG
IRYDDEDEDEGPOQPDSTLEQGVPIPVRMOGSFPPELASTPLEDIDAFYANIKTFEFVVVSKG

exon4 IS1 -
KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLEFSFFITITTILGNCILMIMPSTPTVEST
KDIFRFSATNALYVLDPFNPIRRVATIYILVHPLEFSFFITITTILGNCILMIMPSTPTVEST
KDIFRFSATNASYVLDPFNPIRRVAIYILVHPLESFFIITTILGNCILMIMPSTPTVEST
KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFFITITTILGNCILMITIPSTPTVEST

1S2 exon5S 1S3 =

E%IFTGIYTFESAVKVMARGFILQPFTYLRDAWNWLDFVVIALAYVTMGIDLGNLAALRT
rF--------------—— === YVTMGIDLGNLAALRT
EVIFTGIYTFDQL*SDGARFHITTVYLS*-RCMELVGLRSNSISICNYGYRFG*SRCIEN

exon6 1S4 ISS
FRVLRAPKTVAIVPEKT IVGAVIESVKNLRDVITILTMESLSVFALMGLOIYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVKNLRDVIILTMEFSLSAFALMGLOIYMGVLTQKC
IQGTTSSQNSGHRSRSQDHRRRCHRVRKESQRCDNFNNVEVVGVCENGAADLHGRADAKV

exon7 exon8
IKEFPTDGSWGNLTHENWERHHSNDSNWYFSETGDT PLCGNSSGAG&CEEGYVCLQGFGD

TKEFPTDGSWGNLTHENWERHHSNDSNWYFSETGDTPVCGNSSGAGQCEEGYVCLQGFGD
HQGVPDGRLVGQBPRELGAAPFERFQLVL FRNRGHAPLR-QFVGCWPM*GRICMFTRFWR
exon9 1P - 1S6
NPNYGYTSFDTFGWAFLSAFRLMTQDYWENLYQLVLRSAGPWHMLFFIVIIFLGSFYLVN
NPNYGYTSEFDTFGWAFLSAFRLMTODYWENLYQLVLRSAGPWHMLFEFIVIIFLGSEFYLVN
*SKLRVYKF*YFRMGITICLSSHDPGLLGDLYQLVLRSAGPWHMLFFIVIIFLGSEFYLVN

exonl0
LILAIVAMSYDELQKRAEEEEAARE EALREAE EAAAAKQAKLEAHAAAAAAAANPETIAKS
LILAIVAMSYDELQKRAEEEEAAEEEALREAEEAAAAKQAKLEAHAAAAAARAAANPEIAKS
LILAIVAMSYDELQKRAEEEEAAEEEALREAEEAAAAKQAKLEAHAAAAAARAAANPE IAKS

exonll
PSDEFSCHSCELEVGQEKGNDDNNKEKMSIRSEGLE SkSLSLPGS PENLRRGSRGSHQETTI
PSDEFSCHSYELFVGQEKGNDDNNKEKMSIRSEGLE SK«,ZS LSLPGSPENLRRGSRGSHQFETI
PSDESCHSYELFVGQEKGNDDNNKEKMSIRSEGLESASLSLPGSPLNLRRGSRGSHQFEFTI

exonl2
RNGRGRFVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEEN&SRHSSYTSHQSRI
RNGRGRFVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEENE?RHSSYTSHQSRI
RNGRGREVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEENGSRHSSYTSHQSRT
exonl3
SYTSHGDLLGGMTKESRLRSRTQRNTNHSIVPPANMAASAASVTGAGSGAPNMPYVDTNP
SYTSHGDLLGGMTKESRLRSRTQRNTDHSIVPPANMAASAASVTGAGSGAPNMSYVDTNH
SYTSHGDLLGGMTKESRLRSRTQRNTNHSIVPPARTWRPRRRR*RVPARAR-PTCPTSTP

exonl4 exonl5

KGQQRD'FDQSQDYT DDAGKIKHNDNPFIEPSQT QTVVDMKBVMVLND ITEQAAGRHSRAS
KGOQORDFDQOSQDYTDHAGT IKHNDNPEIEPSQTOTVVDMKDVMVLNDITEQAAGRHSRAS
TTRASSATLISPKTTQIMLVK*NTTTILSSSPLKPKP*¥KT*WC*NDIIEQAAGRHSRAS

exonlé6 11S1
DHGE DDDEDGPTFKHKAAEFGMRMIDIFCVWDCCWVWLKFQEWVSFIVFDPEFVELFITRC
DHGE%:)DDE‘.DGPTFKDKAVEFGMRMI DIFCVWDCCWVWLKFQEWVSFIVFDPFVELFITLC
DHGEDDDEDGPTFKDKAVEFGMRMIDIFCVWDCCWVWLKFQEWVSFIVFDPEFVELFITLC
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60
60
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120
120
120
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180
180
180
168

240
197
239
169

300
257
299

360
317
359

420
377
419

480
437
479
178

540
522
539

600
594
599

660
654
658

720
714
720

780
782
780



CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-1.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L.2
CxNa-1.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-1L.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L.2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2

11S2 exonl?7

IVVNTLFMALDHHDMNPDMERALKS GNY%'FTAT FATEATMKLIAMSPKWYFQEGWNIFDE

IVVNTLFMALDHHDMNPDMERALKSGNYFEFTATFATEATMKLIAMKPOSDVLCOETVREH
IVVNTLFMALDHHDMNPDMERALKSGNYFFTATFATEATMKLIAMSPEKWY FOQEGWNIFDE

11S3 . 1184 exonl8 1IS5
IIVALSLLELGLEGVQGLSVLRSFRLLRVEFKLAKSWPTLNLLISIMGRTMGALGNLTEVL
FRFHHR&LELRVWRAFR&;RLRSFRLLRVFKLAKSWPTLNLLISIMGRTMGALGNLTFVL
ITIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPTLNLLISIMGRTVGALGNLTFVL

Exonl ITP
CIIIFIFAVMGMQLFGKNYI&NVDRFPDKDLPRWN?TDFMHSFMIVFRVLCGEWIESMWD
CITIFIFAVMGMOLFGKNYIDNVDRFPDKDLPRWNETDFMHSFMIVFRVLCGEWIESMWD
CIIIFIFAVMGMQLFGKNYTDNVDREFPDEKDLPRWNETDFMHSFMIVEFRVLCGEWIESMWD
———————————————————— QRGPLPGQGPATVELHRLHALIHDRVPGAVRRVDRIHVGL
11S6
CMLVGDVSCIPFFLATVVIGNLVVLNLFLALLLSNEGSSSLSAPTADNETNKIAEAFNWT
CMLVGDVSCIPFFLATVVIGNLVVLNLFLALLLSNFEGSSSLSAPTADNETNKIAEAFNRT
CMLVGDVSCIPFFLATVVIGNLVVLNLFLALLCPTVGSSSLSAPTADNETNKIAEAFNRI
HAGGRRVLHSLSSGHRSDRKFSRS*PFPSLAFVOLWFLEFVGAHSROQRNAQDRRGVQPDI
exon20 exon2li
SRFSNWIKANIAAALKFVKNKLTSQIASVQPA&KGVCPCISAEHGENELELTPDDILADG
SRESNWIKANIAAALKEVEKNKLTSQIASVQPAGKGVCPCISAEHGENELELTPDDILADG
SRFSNWIKANIAAALKFVKNKLTRQIASVQPAGEQDNHLSWIWKRRAW&;AGINSR*HPG
ALLQLDQGEHRGRAQVREKQVNKPDCVRAARR-——————— AAFHGENELELTPDDILADG
exon2lii exon22

LLKKGVKEHNQLEVAIGDGMEFTIﬁEDLKNKGKKNKQLMNNSKVIGNSISNHQDNKLEHE
LLKKGVKEHNQLEVAIGDGMEFTIHGDLKNKGKKNKQLMNNSKVIGNSISNHQDNKLEHE
RRAAEKGRQGAQPAGGGDRRRDGVYDTRRPQEQGQEEQAADEQFQGDRQF?&BTES*GHV
LLKKGVKEHNQLEVATIGDGMEFTIHGDLKHKGKKNKQLMNNSK-————-————————————

exon23
LNHRGMS LQBD DTASIKSYGSHEKNRPFKDESHEKGSAETLEGEEKRDASKEDLGI DEELDD

LNHRGMSLODDDTASTIKSYGSHKNRPFKDESHKGSAETLEGEEKRDASKEDLGIDEELDD
LTGRK.MPMAGR*HCQYKVLWQSQEPPLQGRKPQGQCRNAGGRRKARRQQGGPRN*RRTRR
————————— DDDTASIKSYGSHEKNRPFKDESHKGSAETLEGEEKRDASKEDLGIDEDLDD
exon24
ECEGEEGPLDGEMI THAEEDEVIEDAPADCEFPDNCYKRFPALAGDDDAPFWQGWGNLRLK
FECEGEEGPLDGEMITHAEEDEVIEDAPADCFPDNCYKRFPALAGDDDAPFWQGRGNLRLEK
RVRG*-GGSS GRGNDHPRGRGRGDRGRAGRLLPG/{_.lII.QAVPGTGRRRRRAVLAGLGQPAAQ
ECEGEEGPLDGEMIIHAEEDEVIEDAPADSEFPDNCYKRFPALAGDDDAPFWQGWGNLRLK
TTIS1 exon2s 1TIS2

TFOQLIENKYFETAVITMI LLSSLALALEDVHLPHRPILQDVLYYMDRIFTVI FFLEMLIK

TFQLIENKYFETAVITMILLSSLALALEDVHLPHRPILOQDVLYYMDRIFTVIFFLEMLIK

DVPADREQVL AVITMILLSSLALALEDVHLPHRPILQDVEPYYMDRIFTVIFFLEMLIK

TFQLIENKY AVITMILLSSLALALEDVHLPHRPILODVLYYMDRIFTVIFFLEMLIK
1S3 exon26 1S4

WEEEEFRVYFTNAWCWLDFIIVMVSLINFVASLCGAGGIQAFKTMRTLRALRPLRAMSRM
WLALGFRVYFTNAWCWLDFIIVMVSLINFVASLCGAGGIQAFKTMRTLRALRPLRAMSRM
WLALGFRVYFTNAWCWLDFIIVMVSLINFVASLCGAGGIQAFKTMRTLRALRPLRAMSRM
WLALGFRVYFTDAWCWLDFIIVMVSLINFVASLCGAGGIQAFKTMRTLRALRPLRAMSRM
-— exon27 IT1S5

QGMR&VVNALVQAIPSIFNVLLVCLIFWLIFAMMGVQLFAGKYFKEVDTNKTTLSHEIIP
QGMRVVVNALVQAIPSTEFNVLLVCLIFWLIFAIMGVQLFAGKYFKCVDTNKTTLSHEILP
QGMRVVVNALVQAIPSIFNVLLVCLIFWLIFAIMGVQLFAGKYFKCVDTNKTTLSHEIIP
QGMRVVVNALVQAIPSIFNVLLVCLIFWLIFAIMGVOLFAGKYFKCVDTNKTTLSHEIIP

exon28 "IP
DVNACIAENYTWENSPMNFDHVGKAYLCHFOVATFRGWIQIMNDA I DSRD L GKQP IRETN
DVNACIAENYTWENSPMNFDHVGKAYLCLFQVATFKGWIQIMNDAIDSRDIGKQPIRETN
DVNACIAENYTWENS PMNFDHVGKAYLCVEQOVATFKGWIQIMNDAIDSRDIGKQPIRETN
DVNACIAENYT%%?EEMNFDHVGKAYLCLFQVAPFKGWIQIMNDAIDSRDIGKQPIRETN
Exon29

IYMYLYFEVEFIIFGSEETLNLE LGV IIDNEFNEQKKKAGGSLEMFMTEDQKKY YNAMKEMG
IYMYLYFVFFIIFGSFFTLNLFIGVIIDNFNEQKKKAGGSLEMFMTEDQKKY YNAMKKMG
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840
842
840

900
907
900

960
967
960
209

1020
1027
1020
269

1080
1087
1081
321

1140
1147
1150
364

1200
1207
1215
415

1260
1267
1275
475

1320
1327
1336
535

1380
1387
1396
595

1440
1447
1456
655

1500
1507
1516
715

1560
1567



CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L.,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-1.,2
CxNa-L,3
CxNa-S,1

CxNa-L,1
CxNa-L,2
CxNa-1.,3
CxNa-S,1

Figure 7.2 Alignment of deduced amino acid transcript sequences gqfateetype sodium
channel transcripts (GXa) in SLab Culexmosquitoes. Transmembrangsents are indicated

on the line over the sequence. Exons are indicated above the sequence with solid triangle

IYMYLYEFVEFFIIFGSFETLNLEFIGVIIDNENEQKKKAGGSLEMFMTEDQKKY YNAMKEKMG
IYMYLYEVEFFIIFGSEEFTLNLEIGVIIDNEFNEQKKKAGGSLEMEFMTEDQKKY YNAMKEKMG
VSi1 exon30
SKKPLKATI PRPKV\TRPQAIVFE ICTNKKFDMIIMLFMGFNMLTMTLDHYKQTETEFSAVLDY
SKKPLKATPRPKWRPOATITVFEICTNKKFDMIIMLFIGFNMLTMTLDHYRKQTETEFSAVLDY
SKKPLKATIPRPKWRPOQAIVFEICTNKKFDMIIMLFIGFNMLTMTLDHYKQTETEFSAVLDY
SKKPLKAIPRPKWRPQAIVFEICTNKKFDMISMLFIGFNMLTKTLDHYKQTETEFSAVLDY
IVS2 1VS3
INMIFICIFSSECLMRKIFALRYHYFIEPWNLEDEVVVILSILGLVLSDLIEKYFVSPTLL
ILNMIFICIFSSECLMKIFALRYHYFIEPWNLEDEVVVILSILGLVLSDLIERKYEVSPTLL
LNMIFICIFSSECLMKIFALRYHYFIEPGNLFDFVVVILSILGLVLSDLIESTSSRRE&V
LNMIFICIFSSECLMKIFALRYHYFIEPWNLFDEFVVVILSILGLVLSDLIEKYFVSPTLL
T1VS4 exon31 TVSS

RVVRVAKVGRVLRLVKGAKGIRTLLFALAMSLPALFNICLLLFLVMFIFATIFGMSEFFMHV
RVVRVAKVGRVLRLVQGPRASGTLLFALAMSLPALFNICLLLFLVMFIFAIFGMSEFFMHV
WCAWPRSVGCCVSSRA GRCCLRWPCRCRRCSTSVCCCSW*CSSSPSSECRSSCT*——
RVVRVAKVGRVLRLVKGAKGIRTLLFALAMSLPALFNICLLLEFLVMFIFAIFGMSFFMHV
IVvP exon32
KDKSGLDDVYNFKTFGQSMILLFS&STSAGWDGVLDGIINEEDCLPPDDDKGYPGNCGSA
KDKSGLDDVYNFKTFGOSMILLFQOQMSTSAGWDGVLDGIINEEDCLPPDNDKGYPGNCGSA
RTRAGWTTCTTSRRSARA*SCCFRCQRLRGGTVRWMVSSTRRTACRRITTRVTPGTAGE@
KDKSGLGDVYNFKTFGQSMILLEFQMSTSAGWDGVLDGIINEEDCLPPDNDKGYPGNCGSA
1VSé exon33
TIGITYLLAYLVISFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYYEIWQQFDPDG
TIGITYLLAYLVISFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYYEIWQQFDPDG
SRTCWHIWSSVS*SLSTCTSLSFSRITRRPRRTCRRV*——RTTRSTTCTTRLWQQEFDPDG
TIGITYLLAYLVISFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYCEIWQQFDPDG

TOYIRYDQLSDFLDVLEPPLOTHKPNKYKIISMDIPICRGDMMECVDILDALTKDEFARK
TOYIRYDQLSDLLERAGTACREFTNPNKYKIISMDIPICRGDMMFCVDILDALAKDFFARK
TQYEYXI%PAVGLFRRAGT%BSQTERVQDHLDGHSDLRR ————————— RHDVLRGHSGRA
TOYIRYDQLSDFLDVLEPPLOTHKPNKYKIISMDIPICRGDMMFCVDILDALTKDEFEFARK

GNPIEDSAEMGEVQQRPDEVGYEPVSSTLWRQREEYCARLIQHAYRNFKERGGVGGGGGG
GNPIEDSAEMGEVQQORPDEVGYEPVSSTLWROQREEYCARLIQHAYRNFKERGGVGGGGGG
DEGLLRAEGPPDRGQCRDG*— —GPAAAGRGRLRAVDVVAPTGFB‘JLRAVDTARVPEL*GT
GNPIEDSAEMGEVQORPDEVGYEPVSSTLWROREEYCARLIQHAYRNEFKERGGVGGGGGG

GGGGGGGGGEGAGDDTDADACDNEPGIGSPGAVSGGGGSIAGGGSQANLGPPSPKESPDG
GGGGGGGGGEGAGDDTDADACDNEPGIGGPGAVSGGGGSIAGGGEFQANLGAPPPKESPDG
RRCWWRRRRWRWWRRRWWRRCRR*HRRRCL**RARDRESRRG—-—-—QRRWPQHRGRRLP--
GGGGGGGGGEGAGDDTDADACDNEPGIGSPGAVSGGGGSIAGGGSQANLGPPSPKESPDG

NNDPQGRQTAVLVESDGEFVTKNGHRVVIHSRSPSITSRSADV* 2082
NNDPOGRQTAVLVESDGEVTKNGHRVVIHSRSPSITSRSADV* 2091
—GSPRAAVTQRIARWOSSRSSNGR-———PSRK*WICN¥* 2078
NNDPQGRQTAVLVESDGFVTKNGHRVVIHSRSPSITSRSADV* 1297

1576
775

1620
1627
1636
835

1680
1687
1697
895

1740
1748
1756
955

1800
1808
1819
1015

1860
1868
1877
1075

1920
1929
1930
1135

1980
1989
1989
1195

2040
2049
2044
1255

symbols to indicate the boundaries between exons. The differences in the aa sequences are

indicated by shading. A stop codon is marked by amiskt€).1i ndi cat es
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indicates insertions with the sequences of ol
®3: GAIIl VPVYYANL; o4:*1; o®5: VSVYYFPT; @6: GP
l10: *HCQY, pl11: *; pl2: G; p¥3: RR; qpB4: AR; qpDd

p20: **
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CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L.5
CxNa-L.6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S,3

CxNa-L. 4
CxNa-L,5
CxNa-L.,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L.5
CxNa-L.,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L.5
CxNa-L.,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.,6
CxNa-§8,2
CxNa-S,3

CxNa-L.4
CxNa-L.5
CxNa-L,6
CxNa-S,2
CxNa-S.3

CxNa-L.4
CxNa-L.,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S,3

exonl
MTEDLDSISEEERSLFRPEFTRESLLVIEERIANEQAKQRELEKKRAEGETGFGRKKKKRE
MTEDLDSISEEERSLFRPFTRESLLVIEERIANEQAKQRELEKKRAEGE——-—-—-—-—————-—
MTEDLDSISEEERSLFRPFTRESLLVIEERIANEQAKORELEKKRAEGE———————————
MTEDLDSISEEERSLFRPFTRESLLVIEERTIANEQAKQRELEKKRAEGE-———————————
MTEDLDSISEEERSLEFRPFTRESLLVIEERIANEQAKQRELEKKRAEGE-———————————

exon3
ERYDDEDEDEGPRADSTLEQGVPIPVRMQGSFPPELASTPLEDIDAFYSNIK&FVVVSKG
TRYDDEDEDEGPQPDSTLEQGVPIPVRMOGSFPPELASTPLEDIDAFYSNIKTEFVVVSKG
TRYDDEDEDEGPQPDSTLEQGVPIPVRMOQGSFPPELASTPLEDIDAFYSNIKTFEFVVVSKG
IRYDDEDEDEGPQPDSTLEQGVPIPVRMOGSFPPELASTPLEDIDAFYSNIKTEVVVSKG

exond IS1

KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFFIITTILGNCILMIMPSTPTVES;
KDIFRFSATNALYVLDPFNPIRRVAIYILVHPLFSFFIITTIRGNCILMIMPPTPTVEST
KDIFREFSATNALYVLDPEFNPIRRVAIYILVHPLFSEFFIITTILGNCILMIMPSTPTVEST
KDIFREFSATNALYVLDPFNPIRRVAIYILVHPLESFEFIITTILGNCILMIMPSTPTVEST

1S2 exonsS 1S3
EVIFTGIYTFESAVKVMARGFILQPFTYLRDAWNWLDFVVIALA&VTMGIDLGNLAALRT
EVIFTGIYTFESAVKVMARGFILOPFTYLRDAWNWLDEVVIALAYVTMGIDLGNLAALRT
EVIFTGIYTFESAVRKVMARGFILQPFTYLRDAWNWLDEVVIALAYVTMGIDLGNLAALRT
EVIFTGIYTFESAVEVMARGFILOQPFTYLRDAWNWLDEVVIALAYVTMGIDLGNLAALRT

1S4 exon6 IS5
FRVLRALKTVAIVEEEKTIVGAVIESVKNLRDVIILTMFSLSVFALMGLQIYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVKNLRDVIILTMESLSVFALMGLQIYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVKNLRDVIILTMESLSVFALMGLQIYMGVLTQKC
FRVLRALKTVAIVPGLKTIVGAVIESVKNLRDVIILTMFSLSVEALMGLOIYMGVLTQKC

exon7 exon8
IKEFPTDGSWGNLTHENWERHHSNS%NWYFSETGDTPLCGNSSGAGbCEEGYVCLQGFGD
IKEFPTDGSWGNLTHENWERHHSNDSNWYFSETGDTPLCGNSSGAGQCEEGYVCLQGFEGD
IKEFPTDGSWGNLTHENWERHHSNDSNWYEFSETGDTPLCGNSSGAGQCEEGYVCLQGEGD
IKEFPTDGSWGNLTHENWERHHSNDSNWYFSETGDTPLCGNSSGAGQCEEGYVCLOGEGD

exon9 -
NPDYGYTSFDTFGWAFLSAFRLMTODYWENLYQLVLRSAGPWHMLFFIVIIFLGSEYLVN
NPNYGYTSEFDTFGWAFLSAFRLMTOQDYWENLYQLVLRSAGPWHMLEFEFIVIIFLGSEYLVN
NPNYGYTSEFDTFGWAFLSAFRLMTODYWENLYQLVLRSAGPWHMLFEFIVIIFLGSEYLVN
NPNYGYTSFDTFGWAFLSAFRLMTOQDYWENLYQLVLRSAGPWHMLFFIVIIFLGSEFYLVN

LILAIVAMSYDELQKRAEEEEAAEEEALR&AEEAAAAKQAKLEAHAAAAAAAANPEIAKS
LILAIVAMSYDELQKRAEEEEAAFEGALREAEEAAAAKQAKLEAHAAAAAANANPEIAKS
LILAIVAMSYDELQKRAEEEEAAEEEALREAEEAAAAKQAKLEAHAAAAAARAANPEIAKS
LILAIVAMSYDELQKKAFEEEAAEEEALREAEEAAAAKQAKLEAHAAAAAAAANPEIAKS

PSDFSCHSYELFVGQEKGNDDNNSEKMSIRSEGLESASLSLPGSPSNLRRGSRGSHQFTI
PSDESCHSYELFVGQEKGNDDNNKEKMSIRSEGLESASLSLPGSPENLRRGSRGSHQFETT
PSDFSCHSYELFVGOQEKGNDDNNKEKMSIRSEGLESASLSLPGSPENLRRGSRGSHQFTT
PSDFSCHSYELFVGOEKGNDDNNKEKMSIRSEGLESVSEITRTTAPTATAAGTAKARKVS

exonl2
v
RNGRGREVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEENGAIIVPVYYANLGS
RNGRGRFVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEENGAIIVPVYYANLGS
RNGRGRFVGVPGSDRKPLVLSTYLDAQEHLPYADDSNAVTPMSEENGATIIVPVYYANLGS

exonl3
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60
49
49
49
49

120
109
109
109

180
169
169
169

240
229
229
229

300
289
289
289

360
349
349
349

420
409
409
409

480
469
469
469

540
554
554
529

600
614
614



CxNa-L . 4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S.,3

CxNa-L.4
CxNa-L.5
CxNa-L.,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S.,3

CxNa-L.4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L.,5
CxNa-L.6
CxNa-S,2
CxNa-S.3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L.,5
CxNa-L,6
CxNa-S,2
CxNa-S.3

CxNa-L.4
CxNa-L,5
CxNa-L,6
CxNa-S,2
CxNa-S,3

CxNa-L.4
CxNa-L,5
CxNa-L.6
CxNa-S,2
CxNa-S.,3

RHSSYTSHQSRISYTSHGDLLGGMTKESRLRSRTQRNTNHSIVPPANMAASAASVTGAGS
RHSSYTSHQSRISYTSHGDLLGGMTKESRLRSRTOQRNTNHSIVPPANMAASAASVTGAGS
RHSSYTSHQSRISYASHGDLLGGMTKESRLRSRTQRNTNHSIVPPANVAASAASVTGAGS

exonl4
\
GAPNMSYVDTNHKGQQRDFDQSQDYTDDAGKIKHNDNPFIEPSQTQTVVDMKBVMVLNDI
GAPNMSYVDTNHKGQQORDFDOSQODYTDDAGKIKHNDNPFIEPSQTQTVVDMKDVMVLNDT
GAPNMSYVDTNHKGQQRDFDOSQDYTDDAGKIKHNDNPFIEPSQTQTVVDMKDVMVLNDT

exonlS exonl6
IEQAAGRHSRASDHGVSVYYFPT%DDDEDGPTFKDKAVEFGMRMIDIFCVWDCCWVWLKF
IEQAAGRHSRASDHGVSVYYFPTEDDDEDGPTEFKDKAVEFGMRMIGIFCVWDCCWVWLEKE
TEPAAGRHSRASDHGVSVYYFPTEDDDEDGPTEFKDKAVEFGMRMIDIEFCVWDCCWVIWLKE
——————————————————————— RTTTRTVRRSRTRRSSSGCG*STSSACGTAAGCGSKS
11S1 . 11S2
QEWGSFIVFDPFVELFITLCIVVNTLFMALDHHDMNPDMERATLKSGNYFFTATFATEATM
QEWVSFIVFDPFVELFITLCIVVNTLEFMALDHHDMNPDMERATLKSGNYFFTATFATEATM
QEWVSFIVFDPEFVELFITLCIVVNTLLMALDHHDMNPDMERALKSGNYFEFTATFAIEATM

SSRSGCPLSCSTRSSSCSSRSASWSTRCSWRSTTTT*TRTWSGRSRAVTTSSRRRSRGQOR

exonl? 11S3 . 1184

KLIAMSPKWYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVEFKLAKSWPTLN
KLIAMSPEKWYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVEFKLAKSWPTLN
KLTITAMSPRKWYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPTLN
R¥*¥S*SR*APSGTSRRKVGTFSISSSWPFRCSSSVXRAFRDCQYYVHSVCFECSS*QSRSPR
exonl8 1IS5 v
LLISITMGRTVGALGNLTEVLCITIIFIFAVMGMQLFGENYTDNVDRFPDKDLPRWNETDEFM
LPISIMGRTVGALGNLTSVLCIIIFIFAVMGMQLEGENYTDNVDRFPDKDLPRWNETDEM
LLISIMGRTMGALGNLTEVLCIIIFIFAVMGMOQLEFGGNYIDNVDREFPDKDLPRWNFADEFM
*TYSFPSWAERWAR*VI*RILCSALSSSSLP*WGCSCSARTTSTTWTASRTRTCHGGTLVT
1P Exonl ]IS&
HSFMIVFRVLCGEWIESMWDCMiVGDVSCIPFFLATVVIGNFVVLNLFLALLLSNFGSSS
HSFMIVFRVLCGEWIESMWDCMLVGDVSCIPFFLATVVIGNEVVLNLELALPLSIFGSSS
HSFMIVFRVLCGEWIESMWDCMLVGDVSCIPFFLATVVIGNVVVLNLFLALLLSNEFGSSS
SCTHS*SCSGCCAASGSNPCGTACWWATCPAFRSSWPP***ET*SEFLTES*PCFCPTPRV
exon20
LSAPTADNETNKIAEAFNRISRFSNWIKANIAAALKFVKNKLTSQIASVQP&EHGENERE
LSAPTADNETNKIAEAFNRISRESNWIKANIAAALKEVKNKLTSQIASVQPAD———————
LSAPTADNETNKIAEAFNRDIALLOLDOG-EHRGRAQVREKQVNKPDCVRAARR* —————
CRRPOPTTKRTRSPRRSTGYRASPTGSRRTSRPRSSS*KTS*QARLRPCSP-————-————
exon2lii v exon22
LTPDDILADGLLKKGVKEHNQLEVATIGDGMEFTIHGDLEKNEKGKKNKQLMNNSKVIGNSIS
————-DILADGLLKKGVKEHNQLEVATIGDGMEFTIHGDLEKNKGKKNKQLMNNSKVIGNSIS
AAQPSQLDMERRQRGMSMYICRAW*K*AGINSR*HPGRRE%GRQGAQPAGGGDRRRDGVY
——PDDILADGLLKKGVKEHNQLEVAIGDGMEFTIHGDPKNKGKEKNKQLMNNSK——=————
v exon23
NHODNKLEHELNHRGMSLODDDTASIKSYGSHKNRPFKDESHKGSAETLEGEEKRDASKE
NHODNKLEHELNHRGMSLODDDTASIKSYGSHEKNRPFKDESHKGSAETLEGEEKRDASKE
DTREQEQGQEEQAADEQFQGR*YHAYKVLWQSQESPLQGRKPQGQCRNAGGRRKARRQQG
——————————————————— DDDTASTIKSYGSHENRPFKDESHKGSAETLEGEEKRDASKE

exon24

167

660
674
c74

720
734
734

780
794
794

86
840
854
854
146
200
914
914
206
260
974
974
266
1020
1034
1034
326
1080
1087
1088
377
1140
1143
1150
428
1200

1203
1212

469
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