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Abstract

The aim of this study was to search for mutants that are resistant to the novel insecticide
imidacloprid. All resistance was found mapped to the historic DDT-R locus at
chromosome 2 position 64.5 cM and there we show that resistance is associated with a
single cytochrome P450 gene, Cyp6g!. This gene is over-transcribed in resistant strains
and confers cross-resistance to a wide range of insecticide classes. Cyp6gl was over-
expressed throughout the entire lifecycle of the resistant insect. Micro-arrays and
transgenic Drosophila lines were generated to prove that the up-regulation of Cyp6g/
alone is sufficient to confer resistance to DDT and neonicotinoids. Further work was
carried out on a range of strains with differing P450 expression profiles to investigate
how different P450s confer differing levels of resistance to DDT, malathion and

imidacloprid.
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Ch 1. Introduction

1.1 Drosophila melanogaster as a model insect for studying insecticide

resistance.

In a study of insecticide resistance, Drosophila melanogaster is not an obvious choice
for a model insect. It is not a pest species, apart from on grape vines and tomatoes, and
even then, it is not often directly challenged with pesticides. Drosophila is therefore not
a target insect when a new insecticide is designed. New compounds are chosen for their
activity against pest species such as Lepidoptera or Coleoptera and the results of

screening on Drosophila are often incidental or academic (Soderlund and Bloomquist,

1990).

However, D. melanogaster is undoubtedly the most important model insect for the
scientist. Of all the insects, Drosophila is the most understood and widely studied.
There are a huge number of phenotypic markers for the mapping of resistance and to
locate a resistant locus (Wilson, 1988). Almost a century of work has been carried out
turning Drosophila into one of the most important genetic tools available to a scientist
studying resistance to insecticides. With Drosophila, it is possible to use tried and tested
methods to generate mutants. Either using EMS to generate point mutations for
investigating receptor mutants or using x-rays to generate chromosomal rearrangements
for the study of gene duplications and rearrangement (Ashburner, 1989; Daborn et al.,
2001; Daborn et al., 2000; Kikkawa, 1964). Insects that are selected for resistance to a
compound can then have resistance mapped to a specific locus (Roush and McKenzie,
1987; Soderlund and Bloomquist, 1990). From this information, the complete genome
can be used to identify candidate genes that confer resistance (Celniker et al., 2002;
Hoskins et al., 2002; Myers et al., 2000). A series of modern techniques can then be
employed to identify differences in gene sequence or transcription pattern and the exact
nature of a resistance mechanism can be characterised (Miyo et al., 2001). It should also
be remembered that by using these techniques the gene of interest is cloned solely on
the positional localisation of the resistant phenotype. Therefore, no prior assumptions

about the cause of resistance can cloud experimental design (ffrench-Constant et al.,

1992).



D. melanogaster has long been the model organism for geneticists from the early days
of genetics at the beginning of the last century. They are easy to rear on a diet of treacle,
oatmeal and a little yeast. They produce large numbers of offspring and have a simple
and short lifecycle of 14 days. They are also small so large numbers of strains can be
kept in a relatively small space (Ashburner, 1989). D. melanogaster has a small number
of chromosomes and this makes the mapping of genotypes easier than for species with a

large chromosome number (ffrench-Constant and Rocheleau, 1992).

Of course using D. melanogaster as a model species in the study of insecticide
resistance relies on the existence in the pest species of homologues of the genes
identified in Drosophila. A good example is the kdr gene. The kdr phenotype has now
been seen in a large range if species and orders of insects and in all cases the same small
number of mutations to sodium channels have been seen (Zlotkin, 1999). It is also
common in the case of metabolic mutants that a series of homologues to either one gene
or a series of closely related genes will confer resistance in the same way, such as
Cypb6al in Musca domestica and Cyp6a2 in D. melanogaster (Dunkov et al., 1997). In
this case, two homologues give the same resistance profile, and even have homologous

mechanisms for the over-transcription of the gene (Sabourault et al., 2001).

1.2 Insecticide Resistance

The World Health Organisation defined resistance as: “Development of an ability in a
strain of an organism to tolerate doses of a toxicant that would prove lethal to the
majority of individuals in a normal (susceptible) population of the species.” (Zlotkin,

1999).

Since the beginnings of agriculture mankind has been trying to contain and control pest
species of insects on crops and livestock and for even longer we have tried to control
those insects choosing to colonise our own body (Dent, 1991; Smith and Scott, 1997).
Traditionally this involved the use of biological controls, either plant products or other
animals to try to kill pests, or the use of inorganic chemicals such as arsenical
compounds as a means of controlling lice. The insecticidal properties of plants such as
pyrethrum have also been used as a means of controlling pests. During the industrial
revolution, agriculture became more intense as more food had to be grown by fewer

people but on the same area of land and support a more urban populace. This led to



introduction of early chemical mixtures such as lead arsenate as an insecticide. At the
end of the 19" century, arthropods were recognised as possible vectors of human
diseases. In 1939, the insecticidal properties of DDT were recognised. It took until the
late 1940s for the first cases of insecticide resistance to be reported (Soderlund and

Bloomquist, 1990).

Insecticide resistance is not a phenomenon that should be regarded as either novel or
new. Insects and plants have been in a constant arms battle for eons. Plants have
evolved to produce a range of toxic compounds (the most famous in our modern lives is
probably nicotine) and insects have therefore been driven to evolve new forms of
resistance to these compounds (Feyereisen, 1999). There are many examples of a plant
evolving a compound and then insects evolving to be able to feed on that plant and so
out-compete competitors by being able to survive in a niche environment. Examples of
this include the over-expression of the cytochrome P450 CYP4M3 in Manduca sexta
(Snyder et al., 1995). This enables the insect to survive in the presence of nicotine and
therefore is possibly, why this particular Lepidoptera is capable of living on plants that
produce such a potent natural pesticide. There are also cases of P450s being involved in
some species of drosophilids being able to survive on cacti producing isoquinoline
alkaloids (Fogleman, 2000). Similar resistance can be conferred upon D. melanogaster,
which is normally susceptible to these chemicals, by inducing P450s with
Phenobarbital. A third case of insects being able to survive on plants producing an
insecticidal compound is the case of Papilio polyxenes which over-express CYP6B1
and CYP6B3 (Scott et al., 1999). This allows P. polyxenes larvae to grow in the
presence of furanocoumarin, which is normally toxic to them (Li et al., 2001; Petersen

et al., 2001).

There are four main general mechanisms of insecticide resistance (Soderlund and
Bloomquist, 1990). First, there can be a physiological change in the insect, such as a
change in the midgut wall or cuticle that makes it more difficult for the insecticide to
enter the insect (Taylor and Feyereisen, 1996). This resistance mechanism has been
characterised in the housefly and a number of other species (Oppenoorth, 1985). The
most widely studied case being the housefly. With this mechanism a gene on
chromosome III called pen is thought to delay the absorbance of an insecticide (Plapp

and Hoyer, 1968). The exact nature of this mechanism is unknown but it delays the



penetration of DDT by approximately five fold (Sawicki and Lord, 1970). The work of
Patil and Guthrie showed that there is no difference in hydrocarbon content of resistant
and susceptible insect cuticle but resistance was lost upon treatment with silicic acid,
which absorbs these compounds (Patil and Guthrie, 1979). A second form of resistance
has been called behavioural avoidance. In this instance, an insect will not feed on areas
sprayed with insecticide. This has been demonstrated with malathion in D.
melanogaster but it seems to be a minor form of resistance (Pluthero and Threlkeld,
1984). Much more widely studied forms of resistance are changes to the target site of
the insecticide, such as receptors. In these resistance mechanisms, the insecticide is
unable to bind to its target and so is unable to have an effect. The fourth type of
resistance is metabolic resistance where an enzyme that is capable of rendering a
compound harmless to the insect is up-regulated and so the insecticide is unable to

reach the target site (Taylor and Feyereisen, 1996).

1.2.1 Target site insensitivity

Insecticides act on a number of nervous pathways in insects, the main targets for each
class being shown in Table 1.1. It can be seen that there are generally four major targets
for insecticides. To date there are cases of resistance in three of these targets with there
now being some unpublished reports of resistance being due to mutations in the
nAChR. All these cases are due to point mutations and it is easy to understand the
importance of single amino acid changes in target site resistance. These have the
potential to cause the small non-lethal changes to the insecticide-binding site needed to
facilitate resistance (Wilson, 2001). To date there has been only one case of an Rdl-like
receptor being duplicated and this is in Myzus persicae, but seems to have no influence

on resistance (Anthony et al., 1998b).

Table 1.1 The major classes of insecticide and there target site.

Class of Compound Target

Organophosphates Acetylcholinesterase |
Carbamates Acetylcholinesterase
Organochlorines Voltage gated sodium channels
Pyrethroids Voltage gated sodium channels
Cyclodienes GABA receptors

Neonicotinoids Nicotinic Acetylcholine receptors




Table 1.1 shows the major insecticide classes that have been used and their target sites
in insects. Some classes such as the organochlorines and cyclodienes have now largely

been removed from the market.

1.2.1.1 y ~Aminobutyric Acid Receptor based resistance

Of the three forms of target-site insensitivity the most widely distributed (at lcast until
recently, when cyclodienes were generally withdrawn from the market) was resistance
to dieldrin or Rdl (ffrench-Constant et al., 2000). The cyclodienes target the insect 3
aminobutyric acid (GABA) receptor. GABA is the major inhibitory neurotransmitter in

both insects and vertebrates.

This is a classic case where the mechanism of resistance could not be determined in pest
species and so D. melanogaster was used to try to find the mechanism of resistance.
Resistance was found to be semi-dominant with the heterozygous insect’s resistance
falling between that of homozygous susceptible and homozygous resistant insects. It
was also found that D. melanogaster populations in New York orchards exhibited a 1-
10% frequency of resistance. Mapping was carried out and this placed resistance on
chromosome 3L at 26.5 cM. This gene was then cloned and the resistance was found to
be caused by a single point mutation in the GABA receptor, alanine302-serine. This
point mutation was seen in all resistant D. melanogaster suggesting a single origin of
resistance (ffrench-Constant et al., 2000). Although this may not be true as this could be
the only mutation that can confer resistance and so the same mutation could occur
independently. To check this hypothesis the surrounding sequence needs to be analysed
to determine the origin of resistant chromosomes. So far all reported cases of Rd! in
other species all have this same alanine to serine mutation or an alanine302-glycine
substitution as seen in M. persicae. It is also interesting that in all species so far tested
other than two Myzus species there are a maximum of two alleles per insect. This means

that there is only one copy of the gene in the genome (Anthony et al., 1998a).



1.2.1.2 Sodium Channel based resistance

The second target of insecticides to have shown resistance is the voltage gated sodium
channel. These are large transmembrane proteins present in excitable cells consisting of
four domains (I-IV) each of six transmembrane elements. Where segment 4 (S4) is the
most conserved in each element and consisting of a motif of positively charged amino
acids (Zlotkin, 1999). These receptors open and inactivate in response to a
depolarisation of the resting membrane potential. This leads to an influx of sodium ions
that depolarise the membrane (Bloomquist and Soderlund, 1988; Dong, 2003; Martin et
al., 2000). Inappropriate activation leads to a permanent depolarisation of the resting
membrane potential which paralyses the animal. In mammals, sodium channels consist
of a large a subunit and a smaller B subunit. In D. melanogaster the para gene that
encodes the equivalent of the mammalian a subunit is functional when expressed alone.
However, a second membrane protein, tipE, when co-expressed with the para gene
increases the activity of the receptor suggesting that tipE may be a B subunit homologue

(Vais et al., 2000).

The two major insecticide classes that target insect sodium channels are DDT and the
pyrethroids. It is thought from work with mutant receptors that both these chemical
classes act on the same site. DDT has now been largely withdrawn due to its ecological
impact. This is largely a consequence of its extreme level of insolubility (1-2 ppb) in
water when compared to lipid solubility. This strongly favours the storage and
accumulation of this compound in animal membranes (Zlotkin, 1999). Pyrethroids are
one of the major groups of insecticides and are developed from the natural compound
pyrethrin found the flowers of certain species of chrysanthemum. Pyrethrin is a natural
insecticide and is very photolabile making it unsuitable for general agricultural
applications (Vais et al., 2000). The pyrethroids fall into two classes, class I pyrethroids,
such as permethrin lack a a-cyano group that is present in the class II pyrethroids such
-as deltamethrin (Vais et al., 2000). The pyrethroids are one of the major insecticide
classes used in agriculture for the control of plant and animal pests and are important in
the control of human disease vectors such as mosquitoes. Pyrethroids are often the
active ingredient in fly spray and are favoured due to their fast mode of action, so they
knockdown pests almost immediately, and for their lack of toxicity to humans. They are
also used in the control of insect vectors of malaria so studies on resistance mechanisms

have strong implications for human health (Martinez-Torres et al., 1998). There have



been several theories put forward as to why pyrethroids are considerably less toxic to
mammals than insects when the sodium channels are very similar (Zlotkin et al., 1999),
Table 1.4 shows a comparison in toxicity to rats and aphids for a range of insecticide
classes and the pyrethroid has by far the lowest toxicity factor of the insecticides tested.
The first theory is based on observations that the effect of pyrethroid on insect and rat
receptors expressed in Xenopus ooytes show no differences in the effect on the receptor
(Vais et al., 2000). Thus it is thought that these compounds are less toxic to mammals
due to the relative size of the animals, with the pyrethroid having to move further to
reach the target site so there being more time available for the metabolism of the
compound. It is also believed that as mammals have a higher body temperature than
insects this leads to the increased rate of metabolism of the pyrethroid (Zlotkin, 1999).
Vais however believes the difference to be due to the way the insecticide interacts with
the two different receptors and the pyrethroid does not have as severe effects on the
mammalian receptor (Vais et al., 2000). A further theory as to why pyrethroids are more
toxic to insects and mammals is that pyrethroids have a reverse temperature sensitive
response. It has been shown that at mammalian physiological temperatures pyrethroids

are not as effective as they are to insects (Lees, 1998).

There have been two types of resistance reported to pyrethroids based on the sodium
channel target; these are knockdown resistance (kdr) and super-knockdown resistance
(super-kdr), which consist of the kdr mutation and a second mutation in another part of
the receptor. These are amongst the earliest cases of resistance discovered (Busvine,
1951) and partly characterised (Milani 1954) (Soderlund and Bloomquist, 1990). This
phenotype is called kdr, as the resistant insects are able to withstand the rapid
“knockdown” paralysis usually observed after pyrethroid exposure (Knipple et al.,
1994; Osborne and Pepper, 1992; Pittendrigh et al., 1997b). The two types of resistance
cause between 10 and 500 fold resistance respectively in a range of insects including
aphids, mosquitoes, Colorado potato beetle and cockroaches. These mechanisms are

best characterised in the housefly (Sawicki, 1978; Soderlund and Knipple, 2003).

Knockdown resistance is caused by a single mutation of leucine to phenylalanine in
(L1014F in M. domestica) in the S6 transmembrane segment of domain II. It is thought
to disrupt the binding of DDT and pyrethroids to the receptor. The second mutation,



super-kdr, is a methionine to threonine mutation (M918T in M. domestica). This
mutation is never seen without the kdr genotype and is believed to decrease the number
of pyrethroid binding sites from two to one and so increase resistance (Vais et al.,

2000).

1.2.1.3 Acetylcholinesterase based resistance

Acetylcholinesterase (AChE) is a serine esterase that terminates nerve impulses at the
cholinergic synapse by breaking down the neurotransmitter acetylcholine (ACh) (Walsh
et al., 2001). AChE is the major target of organophosphate and carbamate insecticides
(combined these are the biggest selling insecticides so this mechanism is extremely
important in the control of insects). They act upon the active gorge of AChE by
covalently bonding with a serine residue to phosphorylate or carbamylate it. This
renders the enzyme inactive and so leads to the death of the insect (Vontas et al., 2002;
Walsh et al., 2001). Numerous studies have been carried out on this insecticide target in
the past on a range of insects. Early work on D. melanogaster, M. domestica and Lucilia
cuprina led to the discovery of a single copy of AChE in these insects, now called Ace-2
(Weill et al., 2002). The major work on insecticide resistance has been carried out on

this gene.

The work of Fournier led to two hypotheses of how resistance was mediated (Fournier
et al., 1992). The first hypothesis relates to the control of AChE expression. These |
workers first cloned Ace-2 (then referred to as Ace as the second insect AChE was then
unknown.) and expressed it in a baculovirus expression system. This so called minigene
increased resistance in flies with a functioning copy of Ace-2 and was able to stop
mortality in homozygous knockouts for Ace-2. This work showed, firstly that the
minigene used was acting as an AChE as it rescued double knockouts that are normally
lethal. The second observation was that over-transcription of an AChE gene leads to
resistance (Fournier et al., 1992). This is the first and only case so far of insecticide
resistance being caused by the up-regulation of a target protein. However, an analogous
case has been described in the past in relation to drug resistance. Resistance to the drug
methotrexate is conferred by the gene amplification of dihydrofolate reductase (Assaraf
et al., 1989). In the case of OP or carbamate resistance, the target for the insecticides is
an enzyme rather than the more common nervous receptor. Thus given that metabolic

resistance can commonly be due to up-regulation of an enzyme (Feyereisen, 1999) the



up-regulation of Ace-2 in OP and carbamate resistance is not a surprise. It may be
expected that other instances where the target of an insecticide is an enzyme will be

found in which a change in the expression pattern of the target confers resistance.

The second hypothesis relates to a change in the structure of Ace itself. Upon
sequencing the Ace-2 gene in resistant and susceptible D. melanogaster, it was noted
that there was a non-silent point mutation of phenylalanine368 to tyrosine. This change
leads to resistance. Further work by this group on D. melanogaster (Mutero et al.,
1994), L. cuprina (Chen et al., 2001) and in M. domestica (Walsh et al., 2001), led to
the discovery of a number of different point mutations that all conferred resistance
alone. When combined they conferred increasing levels of resistance to a range of

organophosphates and carbamates.

Two very interesting findings came from this work. Firstly, in all cases it was the same
five conserved residues that were altered in all the species investigated showing how a
single set of mutations can confer the same phenotype across species (Walsh et al.,
2001). Secondly, in the case of L. cuprina after 50 years of organophosphate use in the
field in Australia the only cases of resistance to these insecticides that have been
isolated from the field have been changes in sequence and expression of esterases (see
Section 1.2.2.1). Even when EMS mutagenesis was used in the laboratory to generate
mutants to screen for resistance, no cases of Ace-2 resistance were found (Chen et al.,
2001). Nevertheless, following in-vitro site directed mutagenesis of Ace-2 it was found
that the clones that conferred resistance again had the same five different point

mutations in a range of combinations (Chen et al., 2001).

Determination of the structure of AChE from the marine ray Torpedo californica has
led to a better understanding of how this resistance mechanism works. In all the cases
reported the altered amino acid residue lies within the active gorge of AChE.
Interestingly in every case the R group of the substituted amino acid is larger than that
of the replacement. This means that the insecticide is less capable of either binding or
entering the active gorge and so is unable to react with the active serine residue (Mutero

et al., 1994; Walsh et al., 2001).



Recent work on mosquitoes has added to the complexity of this form of resistance. The
three previously cited references all found that there was only one copy of AChE
present in their insect of choice. The publication of the Anopheles gambiae genome and
work with Culex pipens and Aedes aegyptii has led to the discovery of a second AChE
in insects, now called Ace-1 (Weill et al., 2002; Weill et al., 2003). This gene is present
in a range of insects and from the sequence of 35 AChEs from a range of organisms has
led to the hypothesis that there were two copies of AChE in insects before they
diversified. Only relatively recently has one copy been lost from some diptera. We
know it is a relatively recent event as the mosquitoes are also dipteran so this loss
happened after the split between the mosquito and fly (Weill et al., 2002). The exact
cause of resistance in these strains with two copies of AChE is unknown as yet but this
discovery of a second 4ce gene highlights very well the problem of using only one
insect species as a model for all other insects. The discovery of a mechanism in one
species, and the discovery of that same mechanism in other species will not mean that
all insects, or even closely related insects, will necessarily employ the same mechanism.
In some cases, e.g. L. cuprina an insect may have the potential to use a resistance
mechanism but it will never be seen naturally in wild-type strains and cannot be directiy
induced by in-vivo mutagenesis. Even though in-vitro mutagenesis of the gene has

shown that the proposed mechanism is theoretically possible (Chen et al., 2001).

1.2.2 Metabolic resistance.

There are several classes of enzymes that have in the past, been implicated in insecticide
resistance. These are Glutathione S-transferases (GSTs), esterases and Cytochrome
P450s (P450s) (Ranson et al., 2002). In some cases, one type of enzyme is used in an
insect almost exclusively for all its metabolic resistance mechanisms, such as D.
melanogaster using P450s (Feyereisen, 1999). However, other classes of insect will
make use of a wide range of mechanisms to confer resistance to a variety of insecticides
such as M. domestica. This insect has been shown to have DDT resistance caused by
over-expression of a P450 and organophosphate resistance can be conferred by amino

acid substitutions in an esterase gene (Sabourault et al., 2001).

Metabolic resistance works by an enzyme being altered; either its amino acid sequence
is mutated making it better able to metabolise an insecticide or an enzyme can be over-

transcribed and so it takes a higher dose of insecticide to kill the resistant insect.
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Alternatively, a gene may be duplicated which can change the expression level. It is also
theoretically possible that resistance could be caused by the loss of gene function. For
example some insecticides require activation upon entering an insect and if the enzyme
causing this reaction were lost then the insecticide would remain in an inactive form.
With enzymes such as P450s, it has been shown that a single amino acid substitution is
sufficient to cause a large change in substrate specificity. An example of this is in the
human P450 CYP2C2, which is a lauric acid hydrogenase, but a single amino acid
substitution of S473V changes the substrate specificity to accept the hormone
progesterone (Nelson, 1999). In this way we can see that a small change in sequence
can have large consequences for substrate specificity and therefore either cause a

genetic disease in mammals or as in the present case cause insecticide resistance.

1.2.2.1 Esterase based resistance
Previously published cases of insecticide resistance being due to the over-expression or
mutation of metabolic enzymes are numerous. In the aphid M. persicae resistant insects
have multiple copies of the esterase E4 and this confers organophosphate and pyrethroid
resistance (Devonshire and Sawicki, 1979; Field et al., 1988; Field et al., 1993;
Hemingway, 2000; Hemingway and Ranson, 2000). The susceptible aphid also
expresses this gene but due to multiple replications of this gene within the esterase
amplicon the resistant aphid expresses a considerably higher amount of the enzyme.
This has also been seen in the mosquito C. pipens where the amplification of a B1
esterase is responsible for organophosphate resistance (Mouches et al., 1987; Mouches
et al., 1990). It has also been characterised that a point mutation in an esterase gene can
confer insecticide resistance. Two examples of this are both cases of resistance to the
organophosphate malathion. In L. cuprina the E3 malathion carboxyesterase has a point
mutation in the LcaE7 gene (McKenzie et al., 1992). This confers >130 fold resistance
to malathion when the susceptible LS2 strain is compared to a strain, Woodside 5.2,
which is resistant to malathion (Campbell et al., 1998). In M. domestica there is a point
mutation in the MdaE7 (Gly137Asp) gene that confers resistance to malathion
(Claudianos et al., 1999). It is interesting to note that this amino acid substitution is the
same as that seen in the previous example in L. cuprina (Newcomb et al., 1997). This
seems to be a common occurrence, for several species to all show resistance to a
compound with the same mutation in a homologous gene (ffrench-Constant et al., 1999;
Parker et al., 1996).

11



1.2.2.2 Glutathione S-Transferase based resistance

Glutathione S-transferases (GSTs) have also been widely implicated in insecticide
resistance. They are a part of a protein superfamily and there are over 100 sequences
currently known falling into at least 25 families (Hemingway and Ranson, 2000). They
can confer resistance by conjugating a reduced glutathione (GSH) to an insecticide or its
primary metabolites. This renders the compound inactive. There are several cases of
GST-based insecticide resistance phenotypes including cases of organophosphate
resistance in M. domestica (Clark et al., 1987). GSTs are also probably the cause of the
most prevalent form of DDT resistance in mosquitoes (Clark and Shamaan, 1984). In
this case, the GSH is believed to act as a cofactor rather than conjugate (Hemingway,

2000; Ortelli et al., 2003).

1.2.2.3 Cytochrome P450 based resistance

Although there are genes encoding for GSTs and esterases present in the D.
melanogaster genome they have not so far been implicated in insecticide resistance. To
date virtually all cases of metabolic resistance in D. melanogaster are caused by
changes in expression profile or amino acid sequence of cytochrome P450s. For
example, there are homologues to the L. cuprina resistance-causing esterases in D.
melanogaster but they have not been shown to affect insecticide activity (Russell et al.,

1996; Spackman et al., 1994).

The P450s are a large superfamily found in virtually all organisms from bacteria to
mammals. They are also known as mixed function oxidases (MFOs) or monoxygenases
(Omura, 1999). They were first described independently by Klingenberg and Garfinkel
in 1958 as a carbon monoxide binding pigment in the microsomal fraction of
mammalian livers (Hodgson and Tate, 1976). P450s are so called because of their
absorbance peak in the optical spectrum of the carbon monoxide bound reduced form of
the enzyme (Hodgson and Tate, 1976). P450s catalyse the following reaction
(Feyereisen, 1999):

S+ NADPH + H' + 0; — SO + NADP" + H,0
They are involved in the endogenous catabolism of compounds such as hormones and
in the conversion of xenobiotics into either more useful or less toxic compounds

(Graham and Peterson, 1999). P450 nomenclature is based on the homology of the gene
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firstly to members of the same family where the homology at the amino acid level is
greater than 40%, (this is shown as the first number). The members of a subfamily have
greater than 55% homology at the amino acid level (as shown by the letter). Members
of each family are then classed by a second number usually dependant on when they are

discovered (Feyereisen, 1999).

It would appear that all P450s arose from a precursor similar to CYPS51, a lanosterol 14
a-demethylase, a P450 found in all clades. Given the presence of this P450 it has been
postulated that P450s have been in existence since before the diversification of
prokaryotes and eukaryotes. Virtually all P450 families fit the proposed evolutionary
tree, with a few cases of parallel inheritance. Simple unicellular organisms seem to only
- have a small number of P450s, around 1-5 (Nelson, 1999). In more complex
multicellular organisms larger numbers of P450s have evolved as more complex
biochemical interactions between a wider range of molecules have evolved. The number
of P450s has increased and diversified to allow the synthesis and metabolism of a wider
range of molecules. It is unclear whether duplication of P450s drove the evolution of
complex organisms or if they are by-products of evolution that facilitated more complex
biochemical pathways (Nelson, 1999). Some species have a very large number of these
genes; the genome of Arabidosis thaliana contains over 350 predicted P450s genes and
comparison with the Rice genome sample sequence suggests that this number would
appear to be about the standard for both monocotyledon and dicotyledon plants (Nelson,
1999). It is thought that plants have a very high number of P450s as they are
biochemically more complex than animals. This is because they are static and so have
had to evolve a range of xenobiotics in order to deter animals from feeding on them as

they are unable to escape predators by moving (Feyereisen, 1999; Nelson, 1999).

The genome of D. melanogaster contains 87 genes predicted to encode functional P450
enzymes. This would appear to be about the average for complex animals, with humans,
mice and C. elegans all having around 50-90 P450s (Nelson, 1999). Many of these
enzymes will be involved in endogenous processes and will therefore be necessary for
the development of the insect. It is almost certain that a large number will have evolved
to metabolise plant xenobiotics and so increase the range of environments that the fruit
flies can survive in (Stevens et al., 2000). It would appear that as many P450s are found

in clusters of very similar genes it is highly likely that the diversity is from gene

13



duplications and if these genes are of benefit to the insect then they will not be lost and
so remain functional (Tijet et al., 2001). Examples of such clusters are the two Papilio
glaucus P450s CYP6B4 and CYP6B5 that have 99.3% homology (Feyereisen, 1999), or
the cluster ofthree CYP6 genes and two fragments ofP450s found inM domestica
(Cohen and Feyereisen, 1995; Feyereisen, 1995). Examples of clusters of P450s can be

seen in Figure 1.2, which shows all the locations ofall the predicted P450s in D.

melanogaster.
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Fig. 1.2 The locations ofall the Cytochrome P450 genes in D. melanozaster. data
taken from http://flvbase.net.

This figure shows the position ofall the proposed D. melanogaster genes. Those
highlighted in red and blue are of interest in Chapter 2 for Northern analysis. It also
shows that in the case of D. melanogaster there are several large clusters of P450s, for
example there is a cluster ofnine ofthese enzymes at cytological position 51 on
chromosome II, and a cluster ofeight P450s at position 87 on chromosome III. It can be
seen from the names ofthe genes in these clusters that these genes are in some cases
very closely related. As can be seen in Figure 1.2 there are several clusters of
homologous genes, such as the group at position 25 containing Cyp4ac/ - 3, or the
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cluster at position 87 containing Cyp313a2 — 5. These clusters further show how recent
the divergence of many P450s is as they are still closely clustered and very closely
related, for example Cyp12d1 and Cypl2d2 are so closely related that it is impossible to
distinguish between them on a micro-array (Le Goff et al., 2003). It will be very
interesting in the future to compare the Drosophila simulans genome sequence to that of
D. melanogaster and to compare the localisation and expression of P450s in these two

recently separated species is.

In the brief history of insecticide resistance there have been many published cases of
insecticide resistance and the majority of the examples of metabolic resistance are due
to changes in the P450 profile in a resistant insect. In some cases P450s are induced in
the presence of plant xenobiotics such as nicotine, and where this leads to the insect
being able to feed on a new previously toxic plant, as already discussed above (Snyder
et al., 1995). It is not difficult to see how insecticide resistance could evolve in an
analogous way. But instead of evolution over millions of years to tolerate a plant
xenobiotic we are seeing the evolution of new cases of insecticide resistance with just
50 years (or in many cases a considerably shorter period of time) of selection (Denholm
et al., 2002; Oppenoorth, 1985). What we are seeing in insecticide resistance is
Darwin’s theory of evolution and the survival of the fittest being tested and proved in a
short time period all over the world (Roush and McKenzie, 1987). We see many cases
where the up-regulation of a P450 would normally be deleterious to an organism; they
show a decreased fitness under normal conditions but in the presence of an insecticide it
enables the insect with the mutant form of a P450 to thrive and pass on its genes (Le
Goff et al., 2003). There are many laboratory cases where resistance has been induced
by a gradual increase of toxin concentration over many generations and this has led to
the selection of animals with a slightly higher expression level of one enzyme
(Fogleman, 2000; Soderlund and Bloomquist, 1990). However, in many of these cases
the up-regulation is not permanent and when the toxin is removed from the diet the
enzyme profile returns to that of a susceptible insect. Subsequently the same number of
generations are again needed to reselect for the up-regulation of the gene, and resistance
(Roush and McKenzie, 1987). It is also the case that a simple amino acid substitution as
seen with the alpha esterase of L. cuprina and M. domestica above can confer resistance
(Campbell et al., 1998; Claudianos et al., 1999). However again it is a pre-existing gene

being modified rather than a new gene evolving. It is also interesting to note that in
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some cases a resistant phenotype is not a new mutation at all. In the case of the E4
esterase duplication in M. persicae as discussed above the locus of duplicated esterases
is also present in the closely related aphid M. nicotiniae. This implies that this mutation
occurred in the common ancestor to both these insects prior to the use of chemical

insecticides (Anthony et al., 1998b).

Previously known cases of P450-mediated resistance are numerous. The earliest case of
known P450 based resistance mechanism was reported in 1960 by Eldefrawi et al who
counteracted carbaryl resistance with the methylenedioxyphenyl P450 inhibitor
Sesamex (Keseru et al., 1999). Although, as we will see, other earlier forms of
resistance were also P450-based but this was not known until later. More recently, there
have been many other cases of P450 over-transcription conferring resistance to DDT,
carbamates, organophosphates, pyrethroids and many other classes of pesticide (Scott et
al., 1994). The house fly genes Cyp6al and Cyp6d! and their homologues in D.
melanogaster, Cyp6a2 and Cyp6d2 all confer DDT resistance (Berge et al., 1998).
Over-transcription of Cyp4g8 and Cyp6b1 in Heliothis armigera and of Cyp9al in H.
viriscens confers pyrethroid resistance to these different insect species (Pittendrigh et
al., 1997a). In the case of H. armigera two different strains use P450 genes from two
different families to confer resistance showing how in some cases an organism has more

than one enzyme that can be used to detoxify insecticides.

In some cases, the control of over-transcription is also of interest. In one case, Cyp6al
in the housefly is under trans-regulation and is over-transcribed by factors on M.
domestica chromosome V. The homologue of this gene in D. melanogaster is Cyp6a2,
which also confers resistance to DDT when it is over-transcribed in flies. The
transcription of this P450 is also trans-regulated with the regulation machinery located
on chromosome III in a region homologous to the trans-regulatory region of the
housefly. This shows that not only are there cases of a gene homologue conferring the
same resistant phenotype in different species but also that there are cases when it is the

same control regions that affect this resistance pattern (Maitra et al., 2000).

Previously in D. melanogaster, three P450s have been the most strongly implicated in
laboratory selected P450 based resistance. These genes are Cyp6a2 whose properties

and control have already described above. Cyp6a8 which has been shown to be
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involved in DDT resistance and is under the same or similar trans-regulation as Cyp6a2
(Maitra et al., 2002) and Cypl2d1 which has been implicated in DDT resistance (Brandt
et al., 2002).

1.3 Historical basis of DDT resistance: past attempts to characterise
DDT-R

DDT or, 1,1-bis (p-chlorophenyl)-2,2,2-trichloroethane, was first identified as an
insecticide in 1939. Being described thus: “The discovery of DDT indubitably heralds a
new era in man’s ceaseless fight for mastery against disease” by Sir Ian M. Heilbron.
DDT was the first chemical insecticide. At the time, it was hailed as a possible cure to

malaria by eradicating mosquitoes (West and Campbell, 1950).

Resistance to DDT in D. melanogaster is one of the earliest and most studied resistance
phenotypes. Since the work of King in the early 1950s a range of resistance phenotypes
to DDT (DDT-R) have been seen. Resistance has been generated in two main ways. In
both cases an original population of either wild strains or a mixture of wild strains and
laboratory strains were collected together and exposed to insecticides. The first method
has been to attempt simulate in a laboratory the selection pressure put onto insects that
can increase the level of resistance in a population. This is done by exposing insects to
an insecticide of choice according to a set regime. Sometimes a certain dose at set times
in a generation, in other studies using doses applied at random times to attempt to
further simulate field conditions (King and Somme, 1958). This method is exemplified
by the work of King, Merrel, Crow and Dapkus and their co-workers who over many
years constantly selected for resistance and so isolated resistant lines (Crow, 1954;
Dapkus and Merrell, 1977; King and Somme, 1958). The most famous of these resistant
strains is probably the 91R strain, which was later shown to over-express Cyp6a2
(Waters et al., 1992). Other strains showing this resistance mechanism have also been
shown to have Cyp6a2 up-regulated by factors on chromosome III. Dapkus in 1977 was
an early proponent of this theory that had also been suggested by Crow in 1954. In
many of these cases, there are other resistance factors from other chromosomes having a
secondary pleiotropic affect on resistance (Crow, 1954; Dapkus and Merrell, 1977,
Groeters and Tabashnik, 2000). The second method for the selection of resistance to be
used is best known from the work in the late 1950s and early 1960s from Japan. In these

cases as well as selecting for resistance in wild strains, they also attempted to select for
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resistance using mutagenesis (Ogita, 1960). These groups used X-rays to produce
mutations and so increase the range of mutants available for screening over the more
traditional natural selection for resistance used by others (Kikkawa, 1961; Shepanski et

al,, 1977).

Both these methods have their advantages and disadvantages. The method of Crow and
his successors was aimed at creating, in a laboratory, mutations that could in theory, be
seen in the field (Crow, 1954). Therefore he saw what he expected would be seen in the
field after the repeated use of insecticides. This method has one major downfall; the use
of a limited number of starting insects (with limited genetic variability) and the constant
selection for resistance limits the phenotypes selected. The second method tries to drive
evolution artificially which in theory will lead to a faster selection of a wider range of

phenotypes for resistance (ffrench-Constant et al., 1992).

The Japanese group’s greatest early success however was with the simple method of
collecting strains from areas that had been heavily sprayed with DDT. In the case of
Ogita, he collected strains from around Hikone City in Japan (Kikkawa, 1961). One
such strain was found to exhibit resistance to many insecticides. The Hikone R strain as
it became known was shown to be resistant to the chloro-hydrocarbons BHC and DDT,
the organophosphates parathion and malathion, and to several other classes of
compound including nicotine sulphate and the carbamate carbaryl (Kikkawa, 1961;
Kikkawa, 1964; Ogita, 1960). In the Hikone R strain, they also noticed an interesting
case of negative cross-resistance where by the Hikone R strain was susceptible to
phenylthiourea, a chemical harmless to the susceptible Canton-S strain which was used

as a control for these experiments.

Work done at this time mapped resistance to the now well-known 64.5 cM region of
chromosome II. Although other secondary alleles were found on other chromosomes,
this one region appeared to cause the cross-resistance phenotype seen in Hikone R. At
the time the region and the cause of cross-resistance was named R/ for resistance to
insecticide (Kikkawa, 1961). It was not known if this phenotype was caused by
pleiotropic expression of a single gene or if many genes were the cause of the
phenotype seen. As well as negative cross-resistance to phenylthiourea it was also

observed that there appeared to be a maternal effect, whereby the offspring of a cross
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between Canton-S and Hikone R were more resistant to insecticides when the maternal
lineage was derived from Hikone R. Kikkawa concluded at the time that this effect was
caused by the RI locus although he gave no possible reasons for the effect (Kikkawa,
1961).

Some of the mutagenesis work carried out by Kikkawa led to him making the
conclusion that the resistance phenotype he had discovered was polyphyletic in origin
(Kikkawa, 1961; Kikkawa, 1964). This was based on him work in which a resistant
strain was induced in the lab by mutagenizing Canton-S flies. He found that this mutant
created an unstable resistant phenotype of intermediate resistance. These mutant strains
after further crosses either reverted to a susceptible phenotype, or could be driven to a
more resistant form that mapped to the same locus as resistance in Hikone R. His being
able to select for resistance led to his conclusion that DDT resistance made use of the
same mechanism worldwide. This led Kikkawa to conclude that the origin of resistance
was not from a single mutation but from many different flies all showing a mutation
causing the same effect. In fact, at the time of his earlier 1961 paper Kikkawa concluded
that in all the cases of parathion resistance seen in Drosophila around the world, the
mechanism was the same (Kikkawa, 1961). After the work of Daborn in 2002, it would
appear that he is partly correct (Dabom et al., 2002). It now seems that in wild strains,
only one form of DDT and organophosphate resistance has arisen and work based on
the DNA sequence of many wild type strains would suggest that there is in fact a single
origin of resistance rather than the pleiotropic mechanism originally proposed Kikkawa

(Daborn et al., 2002).

Work on D. melanogaster showing the 64.5 cM RI phenotype has carried on until the
present day. Waters and Nix (1988) showed that flies of the Hikone R strain showed
two interesting bands in SDS page gels, one of which was present in the susceptible
Oregon R strain, the other was not (Waters and Nix, 1988). At the time, Waters and Nix
named these proteins P450A with an mw of 59.3 kDa and P450B with an mw of 55.8
kDa. These proteins have been identified by work that will be reported in this thesis.
The work has made use of antibodies and micro-arrays, two methods that have been

unavailable to previous groups working on this mechanism of insecticide resistance.
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1.4 Neonicotinoids, a new class of compounds.

The major classes of insecticides act upon the nervous system of insects as shown in
Table 1.1. Until the discovery of the neonicotinoids, insecticides targeting the nicotinic
acetylcholine receptor were rare and only had a small share of the total insecticide
market. The two main compounds of this type were nicotine and cartap, nicotine is a
natural plant xenobiotic. Although nicotine is highly toxic to insects, it is also toxic to
mammals. This toxicity has limited its use, although it is still used as a glasshouse
fumigant. The second chemical is cartap, which upon entry into the insect is
metabolised to the active moiety neristoxin. This chemical however has found only

limited use (Tomizawa and Casida, 2003).

The neonicotinoids were originally discovered by Shell in 1970. They developed a new
insecticide called nithazine. This was an extremely potent insecticide against corn
earworm and slightly active against M. domestica but unfortunately it was not as potent
against other species so it had a very limited insecticidal spectrum. The second problem
with nithazine became apparent upon the commencement of field trials. It turned out
that this compound was extremely unstable when exposed to sunlight, unliké
imidacloprid, which is considerably more photostable (Wamhoff and Schneider, 1999).
This led to a cessation of work on the compound by Shell (Kagabu et al., 2002; Matsuda
et al., 2001), although nithazine has subsequently found some use in a housefly trap for
use in poultry and animal husbandry (Tomizawa and Casida, 2003). The photostability
of a potentially insecticidal compound is an important consideration. The more stable
the compound then the longer it will remain in the field. This has both good and bad
points; it is good in that the longer it is present on a crop then the more economical the
insecticide as it acts for a longer period. The bad point is that the longer a population is
exposed to an insecticide then the greater the chance that resistance will arise (Denholm
et al., 1983; McKenzie and Batterham, 1998). One of the benefits of imidacloprid is that
it has been shown to be partly metabolised by plants and many of these metabolites are
as toxic to the target insects as the parent compound. This means that instead of a pest
insect being exposed to one chemical it is exposed to a range of chemicals and this is

hoped will make resistance, especially metabolic resistance, less likely (Nauen et al.,

1998).
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The work done by Shell on nithiazine was then taken up by Kagabu who recognised the
similarity of this compound to the natural insecticide nicotine and the tree frog nAChR
agonist epibatidine. The first step was the substitution of nithazine at the 1 position,
which led, firstly to the development of PMNI then to imidacloprid. This realisation led
to tests on a range of compounds using a range of different chemistries (Kagabu et al.,
2002; Matsuda et al., 2001).

structural requirements for neonicotinoid inseclicides

Arding Link Bung

R: 4-Cl > 2-Cl n1>>0>2 w: CHzcﬂz, CH2(X)CH2,
4-Ci> 4-Me>4-OMe>H CH=CH or open ring

N position: 3-N >4-N>>2-N Y: NNO2, CHNO 2, NCN

X: CH=CH, CH=N, O, S Z:NH,NR, 5,0, CH ,

Fig. 1.3 The general structure of neonicotinoids, figsure reproduced from Kagabu

(2003).

This figure shows the general structure of neonicotinoids. In the case of imidacloprid in
the A ring X is CH=CH, R is Cl at position 4 and there is N at position 3. The B ring
has W as CH,CH,, Y is CHNO; and Z is NH. In the case of imidacloprid n on the linker
between the two rings is 1. All neonicotinoids fall into this general scheme for structure
with a great variety of different groups employed to give a range of toxicity against

different species. Figure reproduced from (Kagabu, 2003).

Imidacloprid is now the worlds biggest selling insecticide with sales of US$ 455 million
in 1999 (Maienfisch et al., 2001). One of the benefits of imidacloprid is its selectivity
for insects over mammals. Table 1.4 shows the toxicity to rats and aphids of a range of
insecticidal compounds. Two classes of closely related compounds both act on the
nAChR. These classes are the neonicotinoids, such as imidacloprid and the nicotinoids
such as epibatidine, nicotine and desnitro-imidacloprid. Theses classes of compound are
differentiated by their structure, their action as agonists of the nAChRs of invertebrates
and vertebrates and their ionisation state under physiological pH (Kagabu, 2003;
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Tomizawa et al., 2000). The neonicotinoids are not ionised and are selective for insect
nAChRs where as nicotinoids are ionised and are more active against vertebrate

nAChRs (Tomizawa and Casida, 2003).

Table 1.4 A comparison of relative toxicity of different insecticides to rats and
aphids reproduced from Leicht (1996).

Toxicity Rat Toxicity Aphid | Safety Factor
LDso mg/kg EDso mg/kg LDsoRat/EDsoAphid
Organophosphate
Oxydemeton-methyl 70 0.98 71
Carbamate
Primicarb 150 0.50 300
Pyrethroid
Cyfluthrin 400 0.024 17000
Neonicotinoid
Imidacloprid 450 0.062 7300
Nicotinoid
Nicotine 50 >5 <10

This table shows how specific for insects imidacloprid is, with a safety factor of 7300.
Only one other insecticide in this table, the pyrethroid cyfluthrin, is safer and this is due
to its greater activity against insects, it has a higher LDsp against rats than imidacloprid.
Many studies have been carried out to test why this should be the case. The structure of
nicotine is very close to that of imidacloprid but nicotine is more toxic to mammals than

to insects (Leicht, 1996; Tomizawa et al., 2000).

Work with preparations of receptors from a range of insects has shown that
imidacloprid displaces the potent nAChR binding compound a-bungarotoxin from
cockroach nerve cords (Bai et al., 1991). This is also the case with honeybee and head
membrane preparations of house fly heads (Tomizawa and Casida, 2001). It was also
shown that imidacloprid binding to nAChRs could be displaced by a range of potent
agonists for this class of receptor including nicotine and a-bungarotoxin and the
muscarinic agonist atropine (Liu and Casida, 1993). It has also been possible to use

imidacloprid to purify polypeptides from insects which also cross reacted with a-
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bungarotoxin which would suggest that these would be candidate nAChRs (Tomizawa
etal., 1996). The proposed method of action by imidacloprid is to depolarise and block
synaptic transmission at the post-synaptic membrane. This action is inhibited by o-
bungarotoxin (Lansdell and Millar, 2000; Matsuda et al., 2001) and is shown in Figure
1.5 from Tomizawa and Casida 2002.

postsynaptic
membrane
ion channe E
Cm’_‘ 3
N AN NH ™\ nAChR-ion
NNO, == _,~Cchannel complex
IMI K®

e=trNa®

/. -4
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\ ACh AChE)
uptake «—— choline == intracellular
+ acetic acid ==

Fig. 1.5 Action of imidacloprid on the nAChR reproduced from Tomizawa and

Casida (2002).

This figure, taken from Tomizawa and Casida 2002, shows cholinergic
neurotransmission mediated by the nAChR on the postsynaptic membrane. The
neurotransmitter acetylcholine (ACh) released presynaptically binds to the nAChR,
leading to activation of the ion channel. ACh is then hydrolysed by AChE (Tomizawa
and Casida, 2003).

A range of work has been done on both mammalian nAChRs and those from insects. To
date a functional D. melanogaster nAChR has not been assembled in-vitro, but work
has been done using a heterodimer co-expressing a Drosophila a-subunit with a chicken
B-subunit to give a Drosophila-SAD-Chicken-p2 receptor. A comparison of this
heteromer to a chicken a2p2 receptor showed for the first time that the presence of an
insect a-subunit confers enhanced sensitivity to imidacloprid. This expression work was

done using Xenopus oocytes (Buckingham et al., 1997; Matsuda et al., 2001).
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Work has also been carried out to try to deduce why the neonicotinoids are so potent
against the insect nAChR but are virtually ineffective against that of vertebrates. This is
of course an extremely important ecological benefit. In the past, many insecticides have
been used and then found to harm non-target organisms, including some that are
actually beneficial in terms of pest control. The most famous case led to banning of the
use of DDT in 1973 as, although, it is potent against insects when compared to
mammals its high level of hydrophobicity leads to its bioaccumulation in cell
membranes. This leads to mammals and birds eventually receiving a toxic dose, as they
are unable to excrete DDT. This had a serious ecological impact that some species are
still recovering from (Smith, 2001). Even today, the organophosphates are controversial
insecticides with high mammalian toxicity. Work by Tomizawa in 2000 using
imidacloprid and thiacloprid found that they were over 100 times more toxic to
houseflies than the desnitro form of imidacloprid and descyano form of thiacloprid
(Tomizawa and Casida, 2000; Zhang et al., 2000). It was also found that the exact
opposite was true in mice where the modified insecticides were toxic against mice (the
descyano thiacloprid was more toxic than desnitro imidacloprid) and the parent
molecules virtually ineffective against mice (Tomizawa and Casida, 2000). The authors
hypothesised that the nicotinic binding site differed in mammals and insects. A
chemical with a negative Y group in Figure 1.3 was supposed to be better able to bind
with a cluster of positively charged residues in the D loop of the insect nAChR whereas
in mammals this binding site is negatively charged and so chemicals with a positive Y
group are better able to bind. This theory is shown in Figure 1.6 and explains how some
chemicals can be more potent against insects and some more toxic to mammals

(Tomizawa and Casida, 2000; Tomizawa and Casida, 2003).
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Fig. 1.6 Proposed binding of chemicals to insect and mammalian nicotinic

receptors figure modified from Tomizawa (2000) and Tomizawa and Casida

(2003).

Figure 1.6 shows the proposed interaction between mammalian nAChR and a sample
nicotinoid, desnitro imidacloprid and an insect nAChR and the neonicotinoid
imidacloprid. As can be seen in both receptors the heavily electron-negative nitrogen of
the pyridol ring forms a hydrogen bond with the receptor but in the case of mammalian
nAChHR a group of positively charged subunits interacts with the urea of the desnitro
imidacloprid and in the insect receptor it is the negative nitro group that interacts with
positive residues. In both instances the distances between residues in the receptor is also
believed to affect the interaction of chemicals with the nAChR (Tomizawa and Casida,

2001; Tomizawa and Casida, 2003; Tomizawa et al., 2000).
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1.5 Aims of thesis.
1: To map and clone Cyp6g! to demonstrate that this is the gene responsible for the 64.5
DDT-R resistance phenotype.

2: Examine changes in levels of mRNA and protein in resistant and susceptible strains

to show that resistant strains show a higher level of Cyp6gl compared to susceptible
strains through out the life cycle of the insect.

3: Examine pattern of cross-resistance to the new neonicotinoid class of insecticide and
to organophosphates.

4: To investigate the differing P450 expression profiles seen in a range of resistant
strains and to investigate if a similar resistance mechanism is also present in the closely

related D. simulans species.

5: To attempt to establish a screen for the analysis of the insecticide metabolites in
strains over expressing CYP6G1 to see how the up-regulation of a single enzyme

metabolises such a wide range of insecticides.
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Ch 2. DDT and neonicotinoid resistance in strains studied

2.1 Introduction

The aims of this chapter are: 1) to demonstrate that DDT resistance (DDT-R) also
confers cross-resistance to imidacloprid, 2) to examine the effect of piperonyl butoxide
(PBO) and deficiency strains on the DDT-R phenotype, 3) to map resistance using
RFLP analysis and 4) to try to establish the gene responsible for resistance using

northern analysis.

Work in our laboratory was originally carried out on three DDT-R strains, EMSI,
Hikone R and Wisl. The strain Hikone R is the original strain used by Ogita and
Kikkawa (Kikkawa, 1961; Ogita, 1960). Wisl is a laboratory strain from Wisconsin
isolated by Dr. B. Pittendrigh (Brandt et al., 2002) and EMSI1 is a strain isolated by
EMS mutagenesis in Bath by Janet Yen. Using the mapping scheme in Chapter 4 DDT
resistance in the Hikone R, EMS1 and Wisl strains were all mapped to the chromosome
2 64.5 cM locus. Further P-element based mapping was also carried out by Dr. Phillip
Dabom as this localised resistance to five open reading frames including a cluster of

three P450s (Dabom et al., 2001).
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Fig 2.1 Mapping of resistance to DDT relative to P-elements Daborn et al (2002).

Figure 2.1 shows the location of DDT resistance relative to a number of P-elements.
Black arrows indicate the direction that resistance maps to relative to each P-element,

red arrows indicate the direction o ftranscription for each gene (Dabom et al., 2001).
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Dosage mortality curves were generated to DDT and to imidacloprid in all the strains of
interest and for crosses between resistant strains and the susceptible Canton-S strain to
determine the degree of dominance (Georghiou and Taylor, 1977; Kikkawa, 1961).
Crosses were also carried out between resistant strains to test if the same mechanism of

resistance was present in all the strains used.

As P-element mapping had placed resistance near a cluster of three P450s, tests were
carried out using the P450 inhibitor PBO. This is a synergist that has been shown to
inhibit many P450s and some esterases (Feyereisen, 1999) and so can be used as a
simple test to indicate if a resistance mechanism is P450 based. As PBO does not affect
all P450s a positive result indicates that the mechanism is P450 based but a negative
result simply shows that the mechanism is either not P450 based at all or is based on a

P450 that is unaffected by PBO (Liu and Yue, 2000; Soderlund and Bloomquist, 1990).

Further mapping was also carried out using a restriction fragment length polymorphism,
RFLP. An RFLP within our hypothesised resistance gene allowed the use of a PCR and
digestion assay to determine if a recombinant insect had the resistant gene and either a
susceptible or resistant 5’ or 3’ flanking region. This experiment was done to determine
whether the cause of resistance was up- or downstream of our resistant gene. By using
recombination to separate a resistant form of Cyp6g! from the resistance causing
mutation we risk not discovering a mutation closely linked to the gene. This is because
the closer to the gene the resistance causing mutation is, the less likely it is to find a

recombinant between the gene and this locus.

The third part of this chapter experiments that used Northern analysis to test whether
resistance is due to the over-transcription of a P450. We tested the three P450s in the
cluster near position 64.5 cM and also selected other P450s that could be the cause of
resistance but were in other locations in the D. melanogaster genome. We tested
homologues of P450s that have been implicated in insecticide resistance in other
species. This was done using a BLAST search to identify the nearest D. melanogaster
gene at the amino acid level to any P450 previously involved in either resistance to
insecticides or tolerance to plant toxins in any other insect species. We also made

probes for all P450s that have been implicated in resistance in any other D.

28



melanogaster strains. The search identified 15 different P450s. These were then
screened for up-regulation in the resistant strains. It was important to screen for P450s
at other positions around the genome as there was a strong possibility that the large
range of cross resistance previously reported in Hikone R could be caused by trans-
expression of one or many genes scattered through the genome rather than the over-

expression of one gene.

2.2 Methods

2.2.1 Dosage Mortality Curves to detect cross-resistance between DDT and

imidacloprid.
Dosage mortality curves for imidacloprid were generated for the homozygous resistant

strains EMS1, Wis1 and Hikone R and the susceptible strain Canton-S. Heterozygous
crosses paired EMS1 females with Wis1, Hikone R and Canton-S males; Wis1 females
were crossed with EMS1, Hikone R and Canton-S males; Hikone R females were
crossed with EMS1, Wisl and Canton-S males; while Canton-S females were crossed
with EMS1, Wisl and Hikone R males. Results were analysed using the computer
program POLO (Robertson et al., 1980). Data were then plotted using a Probit scale,
corrected for control mortality using Abbott’s formula (Abbott, 1925; Busvine, 1971;
Finney, 1952).

2.2.1.1 Contact assay for DDT resistance.

For DDT bioassays 20 adult female flies 24 h post eclosion were placed in glass vials
with interior surfaces evenly coated with varying concentrations of DDT (Sigma)
dissolved in 200 pl acetone (Fisher) and allowed to air dry. The vials were sealed with
cotton wool soaked in 5% sucrose solution (Sigma). Mortality was scored after 24 h
with flies being unable to move being scored as dead. Between 5 and 7 different
insecticide concentrations were used for each cross with between 3 and 6 replicates at

each concentration. Data were then analysed by POLO (Robertson et al., 1980).

2.2.1.2 Larval assay for imidacloprid resistance.

For imidacloprid bioassays 50 eggs were placed in vials containing 5g pre-mixed dry
Drosophila food (Philip Harris Scientific), 6 ml water with varying imidacloprid
(supplied by Syngenta) concentrations and the number of adults to emerge were

counted. Between 5 and 7 different insecticide concentrations were used for each cross
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with between 3 and $ replicates at each concentration. Data were then analysed by

POLO.

2.2.2 Test for synergisation of the response to imidacloprid and DDT using the

P450 synergist PBO.

A preliminary experiment was carried out using a range of PBO (Sigma) concentration

dissolved in 1 ml 1:1 acetone and ethanol diluted in 9 ml H,O and shaken well to form
an emulsion. 1ml of dilute PBO was combined with 5 ml water and 5 g dry fly food. 50
eggs were then applied to the food and the number of adults to emerge was counted.
Although this method showed early results it was not repeatable, possibly due to PBO
being very hydrophobic so it is very difficult to spread evenly throughout a water based
fly food. Whilst it is possible to achieve an emulsion with PBO in water it is very
difficult to spread the PBO evenly through the food. Because of this, the method used
by Pittendrigh was used to treat adult flies with DDT (Brandt et al., 2002).

The second experiment used DDT as the test insecticide using glass vials coated with 1
pg PBO dissolved in acetone in the same method outlined above for DDT coated vials.
20 adult flies were placed in each of the vials that were then stoppered with cotton wool
soaked in 5% sucrose and left at 25°C for 3 h. The flies were then transferred to vials
coated with varying levels of DDT for a further 24 h. The number of flies to die from
the PBO was recorded so the actual number of live flies placed onto DDT was known.

Mortality was then assessed and the data entered into POLO.

2.2.3 Using DDT and imidacloprid on different life cycle stages.

In order to more fully compare the cross resistance of Hikone R to imidacloprid and
DDT it was decided to use DDT as a larvicide and imidacloprid in a contact assay on
adults. Varying concentrations of imidacloprid were dissolved in acetone and applied to
glass vials as described in Section 2.2.1 for DDT. At up to a concentration of 200 pg
imidacloprid/vial no significant and repeatable response to either of the strains used was
observed so this experiment was discontinued. It was also attempted to use DDT in the
larval assay described in Section 2.2.1 but no repeatable response in either resistant or
susceptible D. melanogaster was observed at up to 100 pg DDT/vial. This is probably
because the insecticide was not being evenly spread throughout the food due to the

impossibility of dissolving DDT in water because of the hydrophobicity of the molecule
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so the larvae were able to avoid the insecticide. This led to this series of experiments

being discontinued.

2.2.4 Deficiency strains.

As it was believed that resistance was moderated by a P450, and it was known that
resistance is dominant, it was necessary to know if the resistance ratio was the same
when a resistant chromosome was combined with a susceptible chromosome (R/S) as it
was with a chromosome deficient for the resistance locus (R/Df). It was planned to
carry out a variety of dosage mortality experiments on D. melanogaster strains with a
chromosomal deficiency over the locus containing Cyp6gl. Two different strains were
identified as possible candidates for this deficiency, 4960 and CB21. However
experiments with 4960 on DDT and imidacloprid showed that there was no observable
differences with flies crossed with Hikone R with and without a deficient chromosome
spanning Cyp6gl. This would suggest that R/S is the same as R/Df. Although it is not
clear if the 4960 strain covers Cyp6gl as the information on the strain is unclear. This
result is consistent with resistance being dominant (ffrench-Constant and Roush, 1991).
The second deficiency strain, CB21, proved to be slightly resistant to both imidacloprid
and DDT, although it does not contain the Accord element mentioned previously so it is
probably not Cyp6gl mediated resistance, but as it is very difficult to distinguish
resistant flies from “slightly less” resistant flies especially when working with a low

resistance ratio this experiment was discontinued.

2.2.5 Restriction Mapping to localise the resistance-causing locus.

Fine scale mapping of Cyp6gl was carried out to localise the resistance locus.
Resistance has been mapped between two chromosome 2 phenotypic markers, cn at
57.5 cM and vg at 67.0 cM as shown by Daborn (Daborn et al., 2001). From this
information we can use recombination against these two markers to try to further map

resistance. The following cross was used:
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Fig. 2.2 Recombinant cross.

The fly cross shown in Figure 2.2 allows us to identify recombinants to either side of
Cyp6gl. RFLP analysis then allows us to determine if the gene is of the resistant or
susceptible genotype.

Flies were screened for resistance in a larval bioassay containing 2 pg/vial imidacloprid
by allowing the F1 virgin females crossed to cn vg bw male flies to lay eggs on food for
three days. The parents were then transferred to new vials. Emerging recombinant flies

were crossed to form new lines.
Approximately 250 white eyed (w) vestigial (vg) flies and 250 flies that were wild type

for eyes and wings and resistant to imidacloprid were then tested for a restriction

fragment length polymorphism (RFLP) within intron 2 of Cyp6gl.
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Discrimination between the resistant and susceptible genotypes of Cyp6gl was done by
preparing DNA from single flies by squashing each fly with a pipette tip containing 50
ul homogenisation buffer (10 mM Tris-HCI pH 8.2, | mM EDTA, 25 mM NaCl and
200 pg/ml Proteinase K (Sigma)) which was then expelled after 10 sec. This is left at
37°C for 30 min then the Proteinase K is inactivated by heating at 95°C for 5 min. 2 pl
of this DNA preparation was then used in a 20 pl PCR using 2 pl 1 x Buffer (Promega),
2.4 pul 50 mM Mg**, 2 ul 10 mM dNTPs 25 pl/ml, 2 pl forward primer CG8453F (5°-
ATT CGC ACC AAG CTG ACT CCC GT -3’) and 2 pl reverse primer CG8453R (5°-
ATG ACC CAC CGC CCT CCA CCA -3’) at 10 pg/ml, 0.2 pl Taq (Promega) and 7.4
pl dH,0. This was then placed in a PCR block using the following touchdown PCR
program: 95°C 3 min, 95°C 1 min, 72-65°C 1 min (dropping 1°C each cycle), 72°C 1

min, then 33 cycles with an annealing temperature of 65°C 1 min and 72°C for 6 min.

The resulting PCR product was then digested using DDE1 (NEB) for 1 h at 37°C and
the reaction mixture run on a 1.5% agarose gel. A PCR product of ~360bp was scored
as the susceptible Cyp6gl genotype and PCR products of ~550bp and ~360bp was
scored as the resistant Cyp6gl genotype.

2.2.6 Northern analysis of putative resistance associated cytochrome P450 genes.

Northern analysis of polyA+ mRNA was carried out with PCR derived probes from

several P450 genes previously reported to be involved in insecticide resistance in
Drosophila and other insect species. TRI Reagent (Sigma) was used to isolate total
RNA from adults 1-3 days post-eclosion from the resistant strains Wis1, Wisl lab,
Hikone R and EMS1 and the susceptible strains Canton-S and y[1]w[1]. PolyA+ mRNA
was then isolated using the PolyATtract mRNA Isolation System (Promega). PCR
based probes were made using the PCR conditions 95°C 3 min, 95°C 1 min, Annealing
temperature, as shown in Table 2.3, for 1 min, 72°C 1 min and 72°C 5 min. PCR was
carried out using Taq (5 U), 1 x buffer, 2 mM Magnesium Chloride and 10 mM dNTPs
from Promega. Oligonucleotide sequences are shown in Table 2.3. Probes were labelled
using ~25 ng DNA with a Prime-It II Random Primer Labelling Kit (Stratagene) with
[a-*?P] dCTP. Electrophoresis of RNA and Northern blotting were performed using
standard methods (Sambrook et al., 1989).
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Table 2.3 PCR conditions and primers used for generation of probes.

Gene Forward Primer (5°-3) Reverse Primer (5°’-3") Annealing
Temp. (°C)

Cyp6a2 | TACCAC CGC AACTTC AAC GGC GCA TGT CCT TCC ACT | 60.9
TACTG T

Cyp4e2 | CTT GGC TGG GAT TAG GTC CCG ATT TGT GGG CTTCA | 59.6
TC

Cyp6gl | ATT CGC ACC AAG CTG ACT ATG ACC CAC CGCCCT 59.0
CCCGT CCACCA

Cyp6g2 | GCC ATG GAC GTT CTG TGT GCG TGT GGA GCT TGC 59.0
TC GATTC

Cyp6t] | GAG CTA ATC CGC CAG GTG | AGC AGC CGG ATA GAG 62.0
TTG A ACG CAG TG

Cyp6al7 | ACG ACG AGG TACACCCGC | GCCGCA GAT GACGCC 60.9
TTT TC ACTTC

Cyp6a9 | TTA CTG AAA TGG CGT CGT G | TCG TCC TCC GTG TTG TGA | 57.0

T
Cyp6a8 | CAG CAT GGC GTT GACTTA C | CAT TGG CCA TGA CAC 57.0
TAC

Cypbaal | CGT TTG CTT TCG CCC CCA GCA CCC AGA TCC GCA 63.7
CAG CCAGAGA

Cyp6d2 | ATC CCT AAT CGC GGG TCT CCC GCG ATC GTG GAA 64.7
GCT GTA ACT GG

Cypl2a5 | GTC GCA AAA ACC CAT CGT AGC CAT CCCTTCCCA TCA | 63.7
CTT CTC TTCC

Cyp6al8 | CCT ACT GGC GAT CGT GAC TTT TGC CCG ACG TGA 60.9
CTA ATGT

Cypl2d] | TTA AGG AAA TCC GCG ATC ATC CGT GAA TTT GAA 55.0
CA GGG GA

Cyp4c3 | CTT GGC CCG AAATTITTTA CACTTG GCC CACTTT TGA | 62.4
GCACTT GAG CAG

This table shows the sequences of the primers used for generating probes for Northern

blots and the optimal annealing temperature for each primer pair.
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2.3 Results

The results in this chapter are an expansion, and more detailed investigation, of those
shown in Daborn et al 2001. I shall highlight the role I played in our early investigation
of imidacloprid resistance and present our early findings on P450 over-transcription, the
further mapping work done using RFLP analysis and then move onto the dosage
mortality curves generated for imidacloprid and DDT on a range of susceptible and

resistant strains and using F1 crosses between those flies.

2.3.1 Dose mortality curves for susceptible, resistant and F1 hybrids for DDT and

imidacloprid.
In this section the cross resistance between DDT and imidacloprid will be reported and

discussed using the strains Hikone R, EMS1, Wisl and Canton-S. All dosage mortality
curves (DMCs) are based on data generated from adults for DDT and larvae for
imidacloprid. It was attempted to use DDT as a larvicide and imidacloprid in a contact
bioassay on adult D. melanogaster. It is hypothesised that this lack of toxic effect is due
to the extremely hydrophobic properties of DDT, which means that is can not be added
to dry fly food with a constant concentration throughout the food. However, no

mortality was observed using up to 100 pg/vial DDT on either Hikone R and Canton-S.
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susceptible flies and their FI progeny.
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These figures show a single Canton-S curve that is repeated in each DMC. Figure 2.4
shows that the strains EMS1, Hikone R and Wis1 are all resistant to DDT. From the F1
crosses with the susceptible strain Canton-S it is demonstrated that the resistance
mechanism is dominant as the F1 cross shows resistance to DDT. Resistance is not fully
dominant as there is a slightly lower level of resistance in the F1 progeny when

compared to the resistant parent strain (Bourguet et al., 2000).

Figure 2.5 shows that the resistance mechanism employed by the resistant Drosophila is
the similar in all the strains. Resistance appears to vary slightly between EMS1 and
Hikone R, and the F1 cross shows the F1 progeny to be more resistant to DDT, this
would suggest that there is a cumulative effect of crossing two slightly different
mechanisms. 'However, when Wisl is compared to either EMSI1 there is a considerably
larger shift in the resistance for Wisl and the DMC of all the F1 progeny fall between
the lines for both resistant parents. This implies that a second mechanism could be
involved in the Wisl strain and it is diluted by the addition of chromosomes from
EMSI1. This second factor influencing resistance could possibly be due to fitness of the
D. melanogaster or due to varying transcription levels of different P450s or other
resistance mechanisms (Groeters and Tabashnik, 2000). This theory has been tested
using micro-arrays by Dr. G. Le Goff and by quantitative real time RT-PCR the results
will be discussed in Chapter 3.
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Tab. 2.6 Detailed results of DDT resistance in our strains.

Resistance

Strain N | LDso | (90%CI) | (95% CI) |Slope! S.E. ratio
Canton-S 780| 1.45 | 1.22-1.72 | 1.17-1.80 [2.91| 0.25 1.00
EMSI 800|10.50|6.73-13.74 [ 5.79-14.24 | 2.53 | 0.24 7.24
Hikone R 780(18.97 (13.03-24.75[11.71-26.03( 2.21 | 0.18 13.08
Wisl lab 780141.74 29.32-53.04[26.51-55.34/1.98 | 0.2 28.79
Wisl 800{104.41191.4-117.4|88.7-120.1| 2 {0.18 72.01
Canton-S x EMS1  [600]|10.36|8.69-11.90 | 8.27-12.26 | 4.09 | 0.38 7.14
EMSI1 x Canton-S  |600{ 7.66 | 6.64-8.56 | 6.40-8.74 |3.69 | 0.32 5.28
Canton-S x Hikone R|600( 8.61 | 5.32-11.1 |4.31-11.66{2.62] 0.26 5.94
Hikone R x Canton-S{340| 8.16 | 6.58-9.50 | 6.15-9.79 | 6.35| 0.54 5.63
Canton-S x Wisl 600|13.02 | 8.89-17.37|7.78-18.621.62 | 0.21 8.98
Wis1 x Canton-S 600|38.46|26.0-106.0 [24.51-179.7| 1.13 | 0.22 26.52
EMS1 x Hikone R {660(26.11 | 21.5-32.1 | 20.7-33.5 | 1.95] 0.21 18.01
Hikone R x EMS1  |480(35.01| 27.7-44.9 | 26.5-47-2 {2.27|0.33 24.14
EMSI1 x Wisl 760140.78 | 35.4-46.7 | 34.3-47.9 |1.99( 0.15 28.12
Wisl x EMS1 760|37.63| 30.8-45.3 | 29.4-47.1 | 1.88{0.14 25.95
Hikone R x Wisl 6601101.06} 88.9-115.086.7-118.0|1.78 | 0.17 69.70
Wisl1 x Hikone R 7201 66.04 | 55.9-77.3 | 53.9-79.9 |2.22| 0.16 45.54

This table gives a detailed summary of the effect of DDT on one susceptible and three

resistant strains of D. melanogaster shown in the DMCs above.

The LDs, for the susceptible strain Canton-S is 1.45 pg/vial. This is compared to the
LDsg’s of the resistant strains using the resistance ratio and it can be seen that there is
some variance between the different resistant strains, EMS1 has a resistance ratio of
7.24 compared to 13.08 for Hikone R. The strain Wis1 shows a considerably higher
level of resistance showing 72.01 fold less susceptibility to DDT than Canton-S. The
variety in resistance ratios between resistant strains was originally put down to there
being differing amounts of CYP6GI in the different strains. These interesting variations
in resistance ratio are discussed in detail in Chapter 4. The table also shows the results
of the F1 crosses carried out between susceptible and resistant flies and shows that the

resistance ratios of the F1 generation all fall between the resistant level of the parents
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suggesting that resistance is partially dominant with a level of resistance being
determined by both the Cyp6g! copies from the maternal and paternal chromosomes.
This would imply that the over-transcription of one copy of the gene does not affect the

transcription level of the gene on the chromosome from the other parent.

As previously noted, the differences in the F1 cross of the resistant strains show
interesting results. In the case of crosses involving Wisl it appears that the resistance
ratio is between the two homozygous parent strains, and also that it is the cross where
Wisl is the paternal strain that shows the higher resistance of the two crosses. In the
case of the cross between EMS1 and Hikone R we can see that in this case the cross
where the paternal line is the more resistant (i.e. Hikone R is the father) the resulting

progeny are less resistant than the other cross.
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These figures show a single Canton-S curve that is repeated in each DMC. Figure 2.7
demonstrates that resistance to DDT confers cross-resistance to imidacloprid. As with
DDT, resistance to imidacloprid is dominant over the susceptible Canton-S strain in all
three resistant strains tested. The three DMCs shown in Figure 2.8 demonstrate that
each strain used has a very slightly different level of resistance to imidacloprid. It is
interesting to note that the differences between strains tested on DDT are not the same
as the differences seen on the strains tested with imidacloprid. All the resistant strains
seen, and their reciprocal crosses, show virtually identical levels of resistance. Possible
reasons for this include there being a range of other P450s being over-transcribed at the
differing life cycle stages used in the two different bioassays and this could affect the
resistance levels. It would appear that, as suggested by Kikkawa and Ogita, in some
strains a second resistance mechanism may confer DDT resistance, but that this does
not affect imidacloprid resistance (Kikkawa, 1961; Ogita, 1960). This will be discussed
in depth in Chapter 5.
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Tab. 2.9 Detailed results of imidacloprid resistance in all our strains.

Resistance
Strain N | LDsp | (90%CI) | (95% CI) |Slope| S.E. ratio
Canton-S 1500| 0.53 | 0.42-0.68 | 0.40-0.72 | 3.860.97 1.00
EMS1 18501 4.11 | 3.19-4.97 | 2.99-5.13 [ 3.11{0.36 7.75
Hikone R 1600 4.74 | 3.71-5.75 | 3.49-5.96 | 3.00 |0.57 8.94
Wisl 4000{ 3.50 | 2.52-4.30 | 2.29-4.46 | 2.34)0.22 6.60
Wisl lab 2250 2.18 | 1.76-2.53 | 1.67-2.59 | 3.25{0.47 4.11

Canton-S x EMS1 (1700 2.35 | 2.06-2.68 | 2.01-2.75 | 6.14 [ 0.67 4.43
EMSI1 x Canton-S  |1750| 3.42 | 2.98-3.94 | 2.90-4.06 | 3.26 {0.57 6.45
Canton-S x Hikone R{1750| 2.16 | 1.92-2.41 | 1.88-2.47 | 6.86 | 0.48 4.08
Hikone R x Canton-S{1900| 2.10 | 1.84-2.38 | 1.79-2.44 |2.79 |0.21 3.96
Canton-S x Wisl 4100{ 1.40 | 1.17-1.62 | 1.13-1.66 |2.07 |0.15 2.64
Wis1 x Canton-S 3850, 1.47 | 1.20-1.73 | 1.15-1.78 | 1.86 |0.17 2.77
EMSI1 x Hikone R |1750 3.19 | 2.75-3.66 | 2.66-3.77 | 3.25(0.32 6.02
Hikone R x EMS1 [1300{ 2.95 | 2.44-3.50 | 2.34-3.61 [2.75]0.35 5.57
EMS1 x Wisl 1450 3.99 | 3.45-4.60 | 3.35-4.73 [2.920.46 7.53
Wisl x EMS1 1950| 2.29 | 1.90-2.67 | 1.82-2.75 |3.12 (0.28 4.32
Hikone R x Wisl 1800| 4.96 3.9-5.8 3.6-59 |3.5910.42 9.36
Wisl x Hikone R 1450| 4.63 3.1-5.7 2.6-5.8 {5.21]0.70 8.74

This table give the detailed results from Figures 2.7 and 2.8 and clarifies the differences

seen between DDT and imidacloprid resistance.

Tables 2.6 and 2.9 shows differences in resistance to DDT and imidacloprid in the same
strain, for example the LDso of DDT in EMS1 is 10.5 pg/vial and in Hikone R this
figure is slightly higher at 18.97 pg/vial. However, this discrepancy in LDsy is not seen
with imidacloprid with values of 4.11 and 4.74 pg/vial for each strain respectively. This
would suggest that either there is a varying level of Cyp6g/ over-transcription
throughout the life of these two resistant strains. It is also possible that there are other
enzymes not yet accounted for that affect resistance. The biggest discrepancy between
two resistant strains can be seen when EMS1 and Wisl1 are compared. LDs values for
imidacloprid are very similar in Wis1, (LDsp of 3.5 pg/vial) and in EMS1 (LDso 0of 4.11

pg/vial), but when we look at DDT we see a considerable difference between these two
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strains with EMS1 having an LDs value of 10.5 pg/vial where as Wis1 shows an LDs,
of 104.4 pg/vial. It is hard to attribute such a discrepancy between two strains as being
due only to one P450 especially in the light of the results reported later in this chapter.

2.3.2 Response to PBO, a synergist capable of suppressing P450 mediated

resistance.

PBO is a chemical that is capable of inhibiting many P450 enzymes. It is a standard test
to determine if resistance is caused by a P450. As not all P450s are susceptible to PBO a
result showing no response to PBO does not mean that resistance is not caused by a

P450, but if there is a response then it is possible to say that resistance is due to a P450.

Tab. 2.10 Preliminary response to PBO in larval bioassay.

EMS1 Canton-S
0PBO | 16 pl/vial PBO | 0 PBO 16 pl/vial PBO 0PBO | 16 pl/vial PBO
O0IMI |[O0IMI 2 ul/vial IMI | 2 pl/vial IMI 0OIMI |O0IMI

79 39 60 1 37 2

The value shown is percentage of adults to emerge from 50 eggs with three repeats.

This table shows preliminary data using a larval screen with PBO in the food.
Interesting results were seen when 16 pl/vial was applied to vials containing a
discriminating dose of 2 pl/vial imidacloprid. Whilst flies survive when only either PBO
or imidacloprid are added to the food when both chemicals are added the number of
survivors is considerably lowered. It is interesting to note that this dose of PBO kills
almost all the Canton-S control. A previous experiment had been carried out to find a
dose of PBO to use and it was noted that there appeared to be a dose response to PBO
with the resistant EMS1 showing resistance and Canton-S being more susceptible to the
chemical. This table however does show that PBO removes imidacloprid resistance. It
should also be noted that as 60% of EMS1 eggs were viable when exposed to PBO, it
would imply that no PBO susceptible P450s are necessary for D. melanogaster to
develop to the adult stage. As the flies that emerged were not grown for another
generation it cannot be said whether the full life cycle can proceed in the presence of
PBO. This is a somewhat unexpected result as D. melanogaster has 87 P450s and this
result means that either any that are necessary for development are not affected by PBO,

or that not one of them is actually necessary for development from the egg to an adult
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or that not one ofthem is actually necessaiy for development from the egg to an adult
insect. It has been commonly assumed that the diversity of P450s seen in both plants
and animals is due to “chemical warfare” between the two phyla. Therefore, it is
possible that many ofthe P450s seen in D. melanogaster are involved in the metabolism

ofplant toxins and so are not necessaiy for development apart from in the presence of

certain chemicals (Feyereisen, 1999).

A larger experiment to generate a full dose response to imidacloprid in the presence of
PBO was attempted but was not successful after several repeats. This is probably due an
inability to spread the PBO evenly through the food. Because ofthis a second
experiment was planned using a more traditional contact bioassay for PBO with the
PBO dissolved in acetone and spread over the inside of glass vials, as outlined by

Brandt (Brandt et al., 2002).
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Strain N LD5o0 90% Cl) Slope S.E. Resistance Ratio
Canton-S 780 1.45 1.22-1.72 291 0.25 1.00
Hikone R 780 18.97 13.03-24.75  2.21 0.18 13.08

PBO treated Hikone R 967 2.84 1.73-3.97 1.97 0.21 1.96

Fig. 2.11 PBO assay with DDT on Hikone R.
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Figure 2.11 shows that the resistant phenotype of Hikone R is almost completely
abolished by PBO. Since it is known that the Hikone R mutation is due to over-
expression of Cyp6g1, this suggests that the Cyp6g! gene product is inhibited by PBO.
It is very clear that the resistance phenotype is almost fully lost when the resistant
Hikone R strain is exposed to PBO for 3 hours. The LDsy in this case is 2.84 pg/vial
when compared to 18.97 pg/vial for Hikone R with out PBO exposure and 1.45 pg/vial
for Canton-S. The resistance ratios are 13.08 with DDT and no PBO and 1.96 in the
presence of both chemicals. This is conclusive proof that the resistance mechanism we
are investigating is P450 based. It can be seen in this DMC that the response to DDT in
the presence of PBO is relatively flat, with a slope of 1.97 compared to slopes of 2.91
for Canton-S and 2.21 for Hikone R. This shows that the response to PBO is not
uniform. This could be due to the nature of the assay, as PBO is very oily although this
contact bioassay means we get a complete covering of PBO over the vial some areas
still have small droplets so not all the flies have an equal exposure to PBO. We also do
not see a complete loss of resistance when Hikone R compared to Canton-S. Possible
reasons for this are that 3 hours is insufficient time to inhibit all the P450s present,
especially in a strain where there is a heavily over-transcribed P450 present, or possibly
some individual insects are better able to rapidly replace the inhibited Cyp6g!. It is also
of importance that we have no data for a susceptible form of the Hikone R strain. Such
insects could very possibly show a different dose response to Canton-S so the difference
we see may be the natural level of susceptibility to DDT. This is a theory that it is not

possible to test as Hikone R is a 50 year old strain and there is no susceptible form if it.

2.3.3 Using recombination to map resistance.

We now had a target gene of interest to work with and it was decided to look for the
actual mutation that conferred Cyp6g/over-transcription and so try to answer how this
P450 is up-regulated. As we had the sequence of Cyp6g! from both Canton-S and
Hikone R strains we knew that resistance was not due to a point mutation as both are
identical at the amino acid level. There was, however, a silent point mutation that alters
the restriction enzyme profile of the gene so we could carry out restriction fragment

length polymorphism (RFLP) analysis using a PCR product covering this region.
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676bp

350bp

222bp

1 Susceptible parent

2 Resistant parent

3 Resistant FI

4 Susceptible backcross fly

5&6 Resistant white eye vestigial recombinant
7 Susceptible F2 fly

8&9 Resistant red eye recombinant

10 Resistant F2 fly, no recombination
Fig. 2.12 Recombinant mapping.

Figure 2.12 shows the clear difference between the susceptible strain and progeny (lanes
1,4 and 7) and the resistant flies showing the larger undigested band at about 500 bp as
seen in lanes 2, 3, 5, 6, 8, 9 and 10. This gel shows the different progeny and parents
from the cross shown in Figure 2.2 and we were searching for a recombinant fly that

that showed the susceptible form of Cyp6gl/ but was resistant.

Unfortunately after screening 541 flies, 249 segregating upstream of Cyp6g! and 292
downstream ofthe Cyp6gl, we found no cases ofthe resistant phenotype and genotype
being separated. This number of flies signifies a theoretical crossover event
approximately every 50 bp but, in reality, this kind of experiment does not allow for that
level ofresolution due to the unknowable presence of hotspots for recombination.
Therefore, although we found no flies showing the desired recombination event, we

were still able to postulate that the mutation that causes Cyp6g/ over-transcription was
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indeed very close to the gene itself. Because no recombinants were found we are not

able to say on which side of Cyp6g! the mutation that confers resistance is located.

2.3.4 Northern analysis and recombinant mapping of susceptible and resistant D.

melanogaster strains

As metabolic resistance to date in D. melanogaster has usually been caused by changes
in P450 expression or sequence it was decided to look at all the P450s in D.
melanogaster that have been directly implicated in insecticide resistance. Those P450s
with the closest homology at the amino acid level to any P450s in other insect species
that have been shown to be up-regulated in resistant strains, or in some cases of being
up-regulated in the presence of plant xenobiotics were examined. An example was
Cyp4c3, which was selected because it is the closest homologue of the M. sexta P450
Cyp4m3, which has been shown to be up-regulated when the larvae are fed on a diet
containing nicotine (Snyder et al., 1995). This particular P450 was tested due to the

chemical similarity of nicotine and our main compound of interest, imidacloprid.

We knew there were no genes encoding nicotinic acetylcholine receptors in the 64.5 cM
DDT-R region of chromosome 2 and it has long been assumed that this resistance
phenotype was caused by a mutation in a transcription factor in this region. That
transcription factor then up-regulates either receptor subunits or, more likely, metabolic
enzymes that were capable of metabolising xenobiotics into harmless or easier to
excrete compounds. As our work was carried out towards the end of 2000 we had one
important and useful tool at our disposal than none of our predecessors had had access
to. This was the virtually complete DNA sequence of D. melanogaster (Celniker et al.,
2002; Hoskins et al., 2002; Myers et al., 2000). This sequence allowed us to
immediately observe that there are no known transcription factors in our region of
interest. However there is a cluster of three cytochrome P450s, namely Cyp6g!, Cyp6g2
and Cyp6t3. The presence of these three genes led us to our early hypothesis this

resistance mechanism was caused by the over-expression of a P450.

The broad range of P450s in Table 2.14 was chosen because at the time we did not think
it possible for the up-regulation of a single enzyme to cause the resistance seen to so
many compounds with so many different modes of actions and chemical structures. So

we assumed that one P450 might be affecting the level of others, or that one of the
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unknown open reading frames in that region was acting as a transcription factor and so

up-regulating other P450s.

Cypb6gl
Cypbal$

RP49

Fig. 2.13 Northern blots show Cypé6gl over-transcription.

Figure 2.13 shows the RP49 control with transcription at an approximately equal level
in all strains. Also shown is the result for Cyp6al8, this gene is a homologue of Cyp6al
which has been implicated in insecticide resistance in the Rutgers strain of M
domestica (Guzov et al., 1998). As can be seen there was no difference in the signal
seen between resistant and susceptible strains. This shows that this gene is not up-
regulated and so not involved in this resistance phenotype. The other result shown is for
the P450 Cyp6gl, this is one ofthe three P450s clustered at the 64.5 cM locus and
appears to be very highly over-transcribed, with there being a very clear and strong
signal shown in all the resistant strains and no detectable signal at all in the susceptible

strain.
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Tab. 2.14 Northern results.

Gene Northern | Documented Expression in other Reference
Analysis® | strains and species®
Cypba2 |-/- Over expressed in D. melanogaster (Brun et al.,
DDT® and 91-R strains 1996); (Waters et
al., 1992)
Cyp4e2 -/- Over expressed in D. melanogaster (Amichot et al.,
Raleigh DDT® strain 1994)
Cypb6al4 | nd./nd. | Cyp9al over-expressed in carbamate | (Rose et al., 1997)
resistant H. viriscens
Cypbgl -1+ -
Cypbg2 -/- -
Cyp6t3 -/- -
Cyp6al7 |-/- Cyp4b4 and Cyp4b5 induced by (Berenbaum and
xanthotoxin in P. glaucus Zangerl, 1992)
Cyp6a9 |n.d./n.d. | Over expressed in D. melanogaster (Maitra et al.,
91-R strain 1996)
Cyp6a8 |-/- Over expressed in D. melanogaster (Maitra et al.,
91-R and MHIII-D23 strains 2000)
Cyp4aal |-/- Cyp4ml induced by nicotine in M. (Snyder et al.,
sexta 1995)
Cyp6d2 -/- Cyp6dl over-expressed in M. (Tomita et al.,
domestica Learn-PyrR strain 1995) (Tomita et
al., 1995)
Cypl2a5 |nd./nd. | Cypl2al over expressed in M. (Guzov et al.,
domestica Rutgers strain 1998)
Cyp6al8 |-/- Cypé6al over expressed in M. (Carino et al.,
domestica Rutgers strain 1994)
Cypl2dl |n.d/nd Over expressed in Wisl (Brandt et al.,
2002)
Cyp4c3 -/- Cyp4m3 induced by nicotine in M. (Snyder et al.,
sexta 1995)

“n.d./ n.d. not detectable in susceptible or resistant strains, - / - equally expressed in

susceptible and resistant strains, - / + over-expressed in resistant strains

51



b difference in protein and/or RNA levels between resistant and susceptible strains or
P450 involved in toxin metabolism.

This table (previously shown in part in Daborn et al 2001) shows all the P450s
examined by Northern analysis. It shows the level of transcription seen in the resistant
and susceptible strains and the homologue and reference is made as to why it was
decided to include each P450 in the Northern screen. Of the 15 P450s tested four
showed no detectable signal in either resistant or susceptible strains implying that either
the P450 was being transcribed at a very low level in these strains or was not
transcribed at all in the adult flies used for the Northern blot. However, these genes
could be transcribed at different life cycle stages. Although we know that DDT
resistance is a phenotype of our adult resistant flies we can say that none of these P450s
are likely to be involved in this resistance mechanism. Ten of the P450s tested show
some transcription, however, there is no discernable difference between the resistant
and susceptible phenotype. Therefore these enzymes are not involved in this form of
insecticide resistance, unless the mechanism was due to a point mutation within the
gene as in Berge (1998). However, this is not a possibility unless it was either Cyp6g2
or Cyp6t3 as they are the only P450s that map to the region of interest and we know the
amino acid sequence in Canton-S and Hikone R is the same. Included in this group is
Cypb6al8 as shown in Figure 2.13. Only one P450 is over-expressed in resistant strains,

and that is Cyp6gl, also shown in Figure 2.13.

From these results we developed the hypothesis that Cyp6g/ over-transcription was the
sole cause of the resistance phenotype reported since the 1950s. This hypothesis was
tested further by characterising this resistance form using a range of classical and new
methods to try to learn more about this enzyme. It is also important to note that over-
transcription of Cyp6a8 and CypI2d1 was seen (see Chapter 4 and published in Le Goff
et al, 2003).
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2.4 Discussion.

This chapter demonstrates that insects resistant to DDT, where that resistance maps to
the 64.5 cM region of chromosome II are also resistant to the modern insecticide
imidacloprid. This result gives some interesting implications for cross-resistance. This
resistance mechanism was originally worked on by Ogita and Kikkawa as an
investigation of DDT and organophosphate resistance (Kikkawa, 1961; Ogita, 1960). It
was shown by these authors that a mutation in this region caused cross-resistance to a
range of diverse compounds. Now, it has been shown here that this resistance genotype
also confers cross resistance to imidacloprid, a new insecticide from a novel class that is
directed to a receptor that very few other insecticide classes also target (see Table 1.1)
(Leicht, 1996). When this work was begun it was thought that as very few insecticides
target nAChR, neonicotinoid resistance was unlikely to be caused by a previously
characterised mechanism, for example both pyrethroid and DDT resistance is conferred

by the kdr mechanism (Zlotkin, 1999).

It is also possible to say that resistance to imidacloprid is probably directly linked to the
level of expression of the P450 gene product Cyp6gl. We know the amount of RNA of
this gene to be of approximately the same level in all the resistant strains tested; at the
adult level, the level of RNA in other life cycle stages is shown in Figure 3.3 and the
LDsg’s are all very similar with regard to imidacloprid, Table 2.9. The same cannot be

said of DDT resistance however as the level of resistance varies between strains, Table

2.6.

It can be seen that the resistance mechanism would not appear to be the same in the
three resistance strains used in this chapter. EMS1 and Hikone R show very similar
resistance levels to DDT implying that a similar mechanism is conferring resistance in
both strains. Figure 2.5 shows that while both these strains would appear to have a
similar mechanism the large difference seen on the DMC between Wisl and either
EMSI1 or Hikone R shows that the Wis1 strain could well have another factor affecting
resistance. It is shown in Figure 2.13 that the level of Cyp6g! over-transcription is not at
a visibly higher level in Wis1 compared to the other resistant strains and in fact given
the relative RP49 levels it would appear that the level of Cyp6gl may actually be
slightly lower than in Hikone R. The Northern blots shown in this figure would suggest

that none of the P450s previously implicated in resistance in other strains and the
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homologues of those seen in other species are over-transcribed. However, it is possible
that the Wis1 strain has one or more point mutations within Cyp6g! or another P450
that confer a superior ability to metabolise DDT.

The story for imidacloprid is clearer than that for DDT. As with DDT resistance, in all
the three strains investigated imidacloprid resistance is dominant, but whereas with
DDT the LDsgs differed greatly between strains, in the case of imidacloprid the LDsgs
were all very similar. Table 2.9 shows that the LDso of imidacloprid for EMS1, Hikone
R and Wisl only varies by 2 pg/vial implying a similar mechanism for all three strains.
Figure 2.8 also shows that in all three strains the mechanism is similar with the
reciprocal crosses between resistant strains all having very similar values with the major
differences being due to the slope of the lines rather than their LDso. The slope of a line
on a DMC shows how homozygous a population is. The steeper the line then the
smaller range of insecticide concentration that affects the strain and so the smaller the

range of alleles conferring resistance that are present (Busvine, 1971).

When comparing the results from Figures 2.5 and 2.8 it can be seen that the resistance
mechanisms conferring resistance to DDT and imidacloprid are probably slightly
different. It would appear that resistance to imidacloprid is the more simple mechanism.
It could be that DDT resistance is polygenic as suggested by Ogita with different factors
on other chromosomes having an effect on resistance (Ogita, 1960). The three different
DDT-R strains all show very similar LDs, values for imidacloprid. However, DDT
resistance would appear to be more complex. Hikone R and EMS1 have similar values
for their LDso’s and the reciprocal cross between these two strains gives similar F1

progeny, whereas Wis1 appears to utilize a different mechanism (Brandt et al., 2002).

Further work was carried out to investigate resistance. Two deficiency strains were used
to try to create an insect that had a R/- phenotype rather than a R/S phenotype. This
would reveal if one resistant copy of a gene was sufficient to confer the same level of
resistance as having a resistant and a susceptible copy of the gene. This would also
answer if there is any trans-regulation on the chromosome containing the susceptible
gene by the resistant copy. This method is generally more helpful when working with a
target site mutant where a deficiency strain would eliminate all susceptible copies of a

receptor and so might show a higher level of resistance that a susceptible and resistant
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heterozygous insect (ffrench-Constant et al., 2000). Two deficiency strains were
identified and used in this thesis and Section 2.2.4 describes the strains and methods
used. Strain 4960 was found to have no effect on the response to DDT when crossed to
Hikone R, but the deficiency in this strain possibly does not cover the region containing
Cypb6gl. The second strain used, CB21, shows a moderate level of resistance to DDT
and imidacloprid so it was decided not to continue with these experiments as the
resistance ratios seen to imidacloprid are not large, so that it would be difficult to
distinguish between susceptible (Canton-S), resistant (Hikone R) and slightly less

resistant (CB21) insects.

PBO is a synergist that inactivates many P450s and some esterases (Feyereisen, 1999).
Because of this PBO can be used as a synergist for insecticides to overcome P450 based
resistance. Because PBO is equally effective against mammalian and insect P450s, its
addition to insecticide mixtures must be carefully considered for environmental and
health reasons. In Figure 2.11 we can see that the resistance mechanism.in Hikone R is

clearly PBO suppressible, suggesting it is P450 based.

A three hour exposure to PBO before a 24 hour exposure to DDT was sufficient to
decrease the resistance ratio from 13 to less than 2, or from 19 pg/vial to 2.8 pg/vial.
Originally a 24 hour exposure to PBO was attempted but this resulted in a high level of
control mortality so the method of Brandt was used (Brandt et al., 2002). In his work on
the Wisl strain Brandt found that PBO decreased the DDT resistance ratio of this strain
from approximately 100 to 30 fold resistance. There are two interesting points to note
from this paper, firstly Brandt reports the LC50 of Wisl to be either 87.8 or 196 pg/vial,
or 32.5 and 98 fold resistance ratios respectively, (the latter figure is possibly higher due
to the PBO assay having exposure to DDT for 21 hours as opposed to 24 hours.
Although the re-sistance ratio would be expected to be the same over 21 hours or 24
hours when compared to Canton-S exposed for the same time spans). Secondly, Brandt
found that PBO decreased the resistance ratio of Wisl when compared to untreated
Canton-S to 31 fold. This implies that not all the P450 is being inactivated by PBO, at
least not to as great an extent to that seen in Figure 2.11. Therefore it is possible that
Cyp12d1, shown by Brandt et al and Le Goff et al (Le Goff et al, 2003 and Chapter 5)

to be over-transcribed in the Wis1 strain, is not affected by PBO and the relatively small
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decrease in resistance seen by Brandt is due to the almost complete inhibition of

Cyp6gl.

At this stage we had only worked with two insecticides, DDT and imidacloprid, and as
imidacloprid acts as a larvicide and DDT kills adults attempts were made to use
imidacloprid in an adult bioassay and DDT in the larval bioassay. DDT is an extremely
hydrophobic molecule, being soluble in water in the region of 1-2 parts per billion
(Zlotkin, 1999). This is too small to dissolve an effective dose of DDT and so

irreproducible results were generated.

Imidacloprid is an insecticide used mainly on sucking pests (such as aphids and
whiteflies), which is possibly why it has no effect on resistant or susceptible D.
melanogaster at up to 200 pg/vial in a 24 hour contact bioassay. This could either be
because it has no means of entering through the exoskeleton of the adult insects or
because its target, the nAChRs, are in a different isoform in adult Drosophila which is
immune to imidacloprid. Due to the impossibility of using the same stage of the D.
melanogaster, comparisons have to be made between two different life cycle stages
where differences in the physiological structure of the insects and the temporal control
of important genes that could be involved in resistance to these insecticides must be
allowed for. There have been recent reports of groups using imidacloprid in a modified
contact bioassay on adult flies where imidacloprid solution was applied to sugar agar
food and the adult flies ingest the insecticide as they feed. From personal
communication with Dr. D. Greenhow (Syngenta, Jealotts Hill, UK), this method works
as a means of getting flies to ingest imidacloprid (the aim of the experiment) but cannot

be used as a method for the generation of DMCs as the results are not reproducible.

The work of Daborn mapped DDT and imidacloprid resistance to the 64.5 cM region of
chromosome II (Daborn et al., 2001). This placed resistance in a region containing five
genes (Figure 2.1). At this time we did not know what caused resistance and the over
transcription of Cyp6g! seen in Figure 2.13 and Table 2.14. The RFLP analysis of
Section 2.3.3 was an attempt to disassociate the resistant form of the gene (at the amino
acid level the sequence of Cyp6gl in Canton-S and Hikone R are identical but there is a
silent point mutation allowing RFLP analysis) from the actual mutation conferring

resistance. Over 500 recombinant flies that were resistant to imidacloprid were analysed
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and none of the desired recombinants were identified. This number of recombination
events over approximately 10 cM would theoretically equal one crossing over event

every 50 bases.

Further work by Dr. P. Daborn (Daborn et al., 2002) led to the theory that resistance is
caused by the insertion of a part of an Accord element upstream of Cyp6g! and this
leads to the over-transcription of this gene and so confers the resistant phenotype first
reported by Ogita (Ogita, 1960). It has been suggested that transposable elements, such
as Accord elements could cause resistance by affecting the expression of a gene
(Wilson, 1993). In the case of DDT-R, it would appear that this hypothesis has held true
and this is the cause of resistance. Analysis of intron 1 also showed that as all resistant
strains from around the world, ranging from those collected in the 1950s and 1960s and
to modern recently collected strains have an identical sequence implying that there was
a single point of origin for all the strains tested and this spread around the world
(Daborn et al., 2002). It is also of some interest that the over-transcription of Cyp6gl
apparently has no deleterious fitness effect on these strains. Hikone R for example has

been in stock centres for 40 years and is still resistant.

This single point of origin theory also has two other points to note, firstly Kikkawa
reported having used X-rays to mutagenise susceptible D. melanogaster (Kikkawa,
1961). The resistant mutant generated mapped to the 64.5 cM region. Although
possible, it is unlikely that this fly line actually came from the mutagenised line as only
one point of origin for resistance is thought to have occurred in the world. The chances
of it being induced a second time in a laboratory after screening only 20000 insects are
very low. It would however, be an interesting experiment to test this line to discover if it
is in fact a second origin of Cyp6gl mediated resistance. Our experience has proved
very similar. It may be noted that the Accord element is a chromosomal rearrangement
and this will not be induced by EMS mutagenesis (selected as our mutagen because we
were originally looking for receptor mutants, in which point mutations are generally the
cause of resistance) and so our EMS]1 strain is unlikely to actually be an EMS induced
strain. However, to confuse matters further Cyp6gl sequencing shows that EMSI is not
one of the strains in our laboratory. Therefore, it is not a contaminant from our own
stocks. It is either a line we isolated from the background of the susceptible strain used

in the screen that was already present, or is a contaminant from outside the laboratory.
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Given the chances of a DDT and imidacloprid resistant insect flying into our lab and
getting into our cages is extremely unlikely it suggests that the EMSI1 strain was

naturally present in the susceptible strain we were mutating.

The early molecular work shown in this chapter shows that Cyp6g! is the only P450
probed to be over-transcribed in our strains of interest. This leads to the early hypothesis
that Cyp6gl over-transcription confers resistance to DDT at the adult stage. Although
imidacloprid resistance maps to the same region (Daborn et al., 2001) at this stage we
were not sure if resistance is due to the same mechanism. A least two further
experiments are needed to test this theory, that it is indeed Cyp6gl over-transcription
through out the lifecycle that confers the resistance phenotypes seen. Firstly, we need to
show that Cyp6g! is over-transcribed through out the lifecycle of resistant strains and to
observe if, and when, Cyp6g! is naturally transcribed. This question is addressed in
Chapter 3. The second question to answer has already been addressed and proved so far
impossible to answer, namely does resistance at the larval stage mean that resistance is
also seen at the adult stage to the same chemical. This is not possible to answer with
DDT or imidacloprid but will be investigated in Chapter 5 with the organophosphate

malathion.

Other points that need to be addressed are that only 15 of 87 P450s were tested by
Northern analysis. It is not an economical use of resources to carry out Northern
analysis of all 87 P450s, especially as all should be tested at both the larval and adult
stages. It later became possible to use a micro-array with all 87 D. melanogaster P450s
and the results of experiments using this micro-array are shown in Chapters 4 and 5 (Le

Goff et al., 2003).

Future experiments using DMCs could be improved in a number of ways. The adult
bioassay for DDT and PBO with DDT both worked extremely well and do not need
modification. However some slight changes to how the actual insecticide doses are
chosen could improve the assay, namely doing a preliminary experiment using a slightly
larger range of doses then carry out a second experiment using a larger number of doses
across a smaller range. This improvement would also apply to the larval bioassay but
this second method also has some problems with how it is carried out. The larval

bioassay has high control mortality, not all eggs will successfully develop into adults.
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This leads to problems with analysing data (Abbott, 1925). It is however very difficult
to remedy this problem. The obvious option is to use 1st instar larvae in the assay
instead of eggs as they have already emerged so this will decrease the control mortality.
It should be considered however that this is a very time consuming method and it takes
a lot more time to collect larvae than eggs. The dry fly food can also be a problem as it
is prone to drying out and fungal infections. The fungal infections were stopped by the
addition of tegosept (5 pg/vial) to the food but the drying out of the food is a big
problem. The dry food however is the most desirable to use in these bioassays as it
allows the most accurate addition of insecticide concentrations. In addition, as the food
is cold there is no danger of the insecticide being damaged by addition to overly hot

agar based food.
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Ch 3. Quantifying Cyp6gl message and protein in different

‘strains and life-stages

3.1 Introduction
The aim of this chapter is to test if Cyp6gl is over-transcribed at all life cycle stages,
and to create an anti-CYP6G1 antibody with which to test if the protein is present as

well as the mRNA transcript.

In Chapter 2 and Daborn et al, 2001 it has been shown that resistance to DDT and
cross-resistance to imidacloprid maps to position 64.5 cM on chromosome II of three
different resistant D. melanogaster strains. It has been shown using Northern blots that
there is an increased level of Cyp6g! transcript in three day old adult insects of all three
strains but we did not know if this gene was expressed throughout the lifecycle of
resistant insects. It was also not known whether the Cyp6g! transcript is successfully
translated and so is there an increased level of CYP6GI protein in the resistant insects.
Determining the natural expression profile of this P450 would perhaps give some idea

of its native function.

In the past, there have been a number of publications on the functional expression of
P450s (Berge et al., 1998). From the point of view of the questions listed above, a
functional gene was not a necessity, the main requirement was for a large amount of
soluble CYP6G]1 that could then be injected into rabbits for the production of polyclonal
antibodies. P450s have been expressed in four systems, in mammalian and insect cells
using a baculovirus to deliver the P450 gene into the cell, using a yeast expression
system or in bacteria (Berge et al., 1998). The bacterial expression system was used as it
is the simplest system to use when expressing an over-transcribed gene especially when
the sequence of the gene is known as primers can be designed to the ends of the gene.
By including restriction sites at the ends of the primers and a reverse transcriptase
reaction followed by PCR can be carried out and the PCR product can be excised and
cloned. This method can result in a clone of Cyp6g! that can then be over-expressed to
create sufficient protein. This method requires the P450 to be purified and, to facilitate
this, the protein is tagged with either maltose binding protein (MBP), a poly His tag
(pHIS) or GST. Because P450s are either microsomal or mitochondrial, and because the

proteins are membrane bound (the N-terminal has an ~20 residue transmembrane
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anchor) solubility can be a problem when expressing eukaryotic P450s (Tijet et al.,
2001). Work by Doray has shown the pHIS tagging of a human P450 led to the bacteria
not growing unless the N-terminal transmembrane anchor was removed prior to cloning
(Doray et al., 2001). They surmised that this is because the combination of the pHIS tag
and the transmembrane anchor constitutes a bacterial export signal. The rest of the P450
protein then interferes with this mechanism causing a blocking of pores and so an
intracellular increase in extracellular proteins that could harm the bacteria. It was also
found that a P450 lacking its transmembrane N-terminal sequence was expressed at a

relatively low level. By coincidence however they found that the removal of the.
transmembrane region combined with a pHIS tag increased expression (Doray et al.,

2001).

3.2 Methods

3.2.1 Life cycle stage collection
Different lifecycle stages were required for Quantitative-Real Time-PCR (Q-RT-PCR)

experiments to demonstrate Cyp6gl transcript levels at different lifecycle stages. These
stages were collected using cages with several hundred D. melanogaster of the strains
of interest. Sugar agar was made (9 g plant agar and 300 ml water are combined and 100
ml blackcurrant cordial, 0.6 g tegosept (Sigma) and 10 g sucrose are combined and
boiled separately. Both are cooled to 60°C then mixed and poured) in small petri dishes
and allowed to set. A thick yeast paste was placed in the centre of each plate with an un-
yeasted area around the edge for egg laying. The eggs were collected at different times,
incubated to the desired age, washed into a sieve to remove yeast and then snap frozen
in liquid nitrogen. 1% and 3™ instar larvae were collected by allowing flies to lay on the
agar plates then the plates were kept at 25°C and the larvae allowed to develop to the
desired age. The larvae were then collected by washing through a sieve and snap frozen
in liquid nitrogen. Pupae were collected 2 days post pupation by removing them from
the vial and snap freezing. Adults were collected less than 3 days post emergence (for
the micro-arrays flies of exactly 3 days old were used) and snap frozen in liquid

nitrogen.

61



3.2.2 Quantitative Real-Time polymerase chain reaction (Q-RT-PCR) on different

life cycle stages.

The relative abundance of Cyp6g! transcripts in the resistant strains EMS1 and Hikone
R and the susceptible strain Canton-S at different life cycle stages was determined

relative to the housekeeping gene RP49 (O'Connell and Rosbash, 1984).

Total RNA was extracted from EMS1, Hikone R and Canton-S at different stages in the
life cycle; 3 day old adults, pupae, 3" instar larvae, 1 instar larvae and eggs (~50 mg
tissue) using TRI reagent (Sigma), digested with 1.0 U of DnaseRQ1 (Promega)/pl, and
re-extracted using TRI reagent. Lack of DNA contamination was checked in each
sample via PCR using RNA as the teniplate. Oligonucleotide primers were used within
Cyp6gl gene spanning intron 2. CG8453F (5’-ATT CGC ACC AAG CTG ACT CCC
GT-3") and CG8453R (5’-ATG ACC CAC CGC CCT CCA CCA-3’) using the PCR
protocol 95°C 3 min, 40 cycles of 95°C 1 min, 59°C 1 min, 72°C 1 min, then 72°C 5
min using Promega Tag, 1x Promega buffer 1, 10 mM dNTPs (Promega) and 3 mM
Magnesium Chloride (Promega).

Single-step reverse transcriptase RT-PCR was performed following the protocols of the
LightCycler-RNA Amplification Kit SYBR Greenl (Roche). PCR conditions were RT
55°C, 30 min, PCR 45 cycles of 95°C 5 sec, 50°C 10 sec, 72°C 25 sec with a step at
83°C 0 sec to read fluorescence. Oligonucleotide primers were synthesised for a ~300bp
region within the Cyp6g1 gene (6glF 5’-CGG CTG AAG GAC GAG GCT GTG-3’,
6g1R 5°-GCT ATG CTG TCC GTG GAG AAC TGA-3’) and for the housekeeping
gene rp49 (RP49F 5°-ATC CGC CCA GCA TAC AG-3°, RP49R 5°-TCC GAC CAG
GTT ACA AGA A-3’). A standard curve was generated using known amounts of
genomic D. melanogaster DNA (from 100 ng — 10 pg). This was then used to quantify

the abundance of each transcript in the RNA sample.
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3.2.3 Cloning of Cypégl
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Fig. 3.1 Cloning strategy for making CYP6G1 fusion protein.
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Total RNA was purified from ~50 mg Hikone R 1 - 3 day old adults using TRI reagent
(Sigma) digested with 1.0 U of DNaseRQ1 (Promega)/pl, and re-extracted using TRI
reagent. Lack of DNA contamination was checked in each sample via PCR using the
purified RNA as the template in a PCR spanning intron 2 using primers CG8453F (5°-
ATT CGC ACC AAG CTG ACT CCC GT-3’) and CG8453R (5’-ATG ACC CAC
CGC CCT CCA CCA-3’). Using the PCR protocol 95°C 3 min, 40 cycles of 95°C 1
min, 59°C 1 min, 72°C 1 min, then 72°C 5 min using Promega Tagq, 1 x buffer, 3 mM
Magnesium Chloride and 10 mM dNTPs. In samples where a PCR product was seen a
further DNase digest and TRI reagent extraction were carried out as described above

and the PCR repeated.

Cyp6gl cDNA was then generated from the pure total RNA using M-MLYV Reverse
Transcriptase, RNase H minus, point mutant (Promega) (M-MLV RT). 1 pl RNA, 1pl
primer ORF6g1R (5’-GCG ATT CTA GAT CAT TGG AGC GAT GGA GC-3’), 12l
DEPC treated water was combined with a 11 pl pre-mix containing 2.5 pl M-MLV RT
1 x buffer, 5 pul 10 mM dNTPs (Promega), 1 pl (200 U) M-MLYV RT and 2.5 pl DEPC
treated water (mixed in that order as described in the instruction manual). The reaction

mixture was incubated at 50°C for 60 min.

The resulting cDNA was then used as a template in a PCR to generate a Cyp6gl/ DNA
product using Immolase DNA polymerase (BIOLINE). The oligonucleotide primers
ORF6g1F (5’-CGA CAG CGG CCG CAT GGT GTT GAC CGA GGT C-3’) and
ORF6g1R were used, these primers contain a Notl and XBA1 restriction site
respectively, with 10 mM dNTPs (Promega), 2 mM magnesium Chloride, 2 pl cDNA
(in a 50 pl reaction), 1 x Immolase buffer (BIOLINE) and 1 pl (5 U) Immolase
(BIOLINE). The following PCR protocol was used: 95°C 7 min hot-start, then 40 cycles
0of 95°C 1 min, 64°C 1 min, 72°C 2 min, and 72°C for 10 min.

This PCR product was then purified using low melting temperature agarose (Sigma)
(LMT agarose) using the following protocol: A 0.7% LMT agarose gel loaded with the
PCR product was run at 60 volts for 1 h The bands were then cut out of the gel under
ultra violet (UV) illumination. 3 times the melted gel volume of 1 X TE (Sambrook et
al., 1989) was added and the sample incubated at 65°C for 10 min. Then one phenol

extraction using an equal volume of phenol to the gel-TE mixture was carried out. The
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sample was vortex mixed then centrifuged at 13 K RPM for 2 min at room temperature
and the aqueous layer transferred to a new tube. Then one phenol chloroform extraction
was carried out using an equal volume of phenol chloroform to the gel-TE mixture. The
sample was vortex mixed then centrifuged at 13 K RPM for 2 min at room temperature
and the aqueous layer transferred to a new tube. Next, one chloroform extraction was
carried out using an equal volume of chloroform to gel-TE mixture. The sample was
vortex mixed then centrifuged at 13 K RPM for 2 min at room temperature and the
aqueous layer transferred to a new tube. 1/10™ volume of 3 M Sodium Acetate was
added to the sample and 2 times the volume of ice-cold 100% ethanol. The sample was
left overnight at -20°C. Next the sample was centrifuged at 4°C, 13 K RPM for 30 min
the sample was washed with ice-cold 70% ethanol and centrifuged at 4°C 13 K RPM for
30 min. The ethanol was then removed by pipetting and the sample was air dried at

37°C and resuspended in 30 pl water.

E. coli strain XL1 blue containing the vector pUAST was grown overnight at 37°C in
50 pg/ml ampicillin (Sigma) and DNA was extracted and purified using Miniprep
columns (QIAgen) following the protocol, using the optional wash step and leaving the
column to stand for 2 min after adding water to elute the DNA prior to the final

centrifuge step. The purified plasmid was resuspended in 50 pl water at 70°C.

The vector and PCR product were then digested using 1 U/ul Notl and XBA1 (NEB)
simultaneously and 1x buffer 3 (NEB) at 37°C for 2 h. The digested vector and PCR
product insert were run on a 0.7% agarose gel (Sigma) and the corresponding bands cut
out under UV illumination and the bands purified using the QIAquick Gel Extraction
Kit (QIAgen) following the protocol and resuspending the digested DNA in 25 pl water
at 70°C.

The digested Cyp6gl PCR product insert and pUAST vector were then ligated together
using 40 U/ul T4 DNA Ligase (NEB). A 1:3 molar ratio of vector to insert (calculated
from the intensity of the band on an agarose gel and the length of each fragment) were
incubated with 1 x T4 DNA Ligase buffer (NEB) at 16°C for 12 h. 5 pl of the resulting
construct was then electroporated into 40 pl concentrated E. coli XL1 Blue cells and
950 ul LB broth (12.5 g LB (SLS) in 500ml H,0), and incubated at 37°C for 1 h. The
culture was then plated onto LB agar plates (400ml H,O, 10g LB, 6 g Agar (Difco)
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containing 50 pl/ml ampicillin.) The plates were incubated overnight at 37°C and
colonies picked into LB broth containing 50 ul/ml ampicillin and the cultures were
incubated overnight at 37°C. The pUAST-Cyp6g! construct containing cultures were
then purified using the QLAgen Miniprep protocol with the optional wash step and the

vector was resuspended in 30 pl water at 70°C.

The purified pUAST-Cyp6g! construct was sequenced using an ABI3700 automatic
sequencer with BIGDYE (ABI) and 2 pl construct per reaction using the primers seq2
(5’-CTT TTG CCC TGT ACG AGA TGG-3’), seqS (5’-TAT ACA ATG ATC CGC
GGC TGA AGG-3’), pUASTF (5’-AGA ATC TGA ATA GGG AAT TGG G-37),
pUASTR (5’-CCT CAT TAA AGG CAT TCC ACC-3’) and CG8453R (see above).

A construct with the correct Cyp6g/ sequence was then chosen for insertion into the
parallel expression vectors for fusion with a N-terminal pHIS tag, Maltose Binding
Protein (MBP) or Glutathione S-Transferase (GST) fusion proteins. The parallel 2
vectors were chosen to keep the fusion protein and Cyp6g! in the same open'reading
frame (ORF) (Sheffield et al., 1999). PCR primers were designed with a BamH]1
restriction site on the forward primer, 6G1HISTagF (5°-CGC GGA TCC TGG TTC
CAG CGC AAC CAT-3’), and a XBAI restriction site and extra stop codon on the
reverse primer, 6G1HISTagR (5’-CTA GTC TAG ACT ATC ATT GGA GCG ATG
GAG C-3°). The forward primer is designed to remove the 20bp trans-membrane region
at the N terminus of CYP6G] as is done in (Doray et al., 2001) to try to improve the
solubility of the fusion protein.

The purified Cyp6g1-pUAST construct was used as the template for PCR to generate a
product to be ligated into the parallel 2 vectors. The following conditions were used, 10
mM dNTPs, 2 mM Magnesium Chloride (BIOLINE), 1 pl (5§ U) Immolase,
6G1HISTagF and 6G1HISTagR primers with the PCR protocol 95°C 7 min, 40 cycles
of 95°C 1 min, 55°C 1 min, 72°C 2 min then 72°C 15 min. The resulting PCR product
was purified using LMT agarose extraction (see above) and the DNA was resuspended

in 30 pl water.

The parallel 2 vectors were grown overnight at 37°C in LB with 50 pl/ml ampicillin and

purified using the QIAgen Miniprep protocol. The purified vectors were resuspended in
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30 pul 70°C water. Both the purified pUAST-Cyp6g! construct and parallel 2 vectors
were digested with BamH1 1 U/pl (NEB) and XBA1 1 U/ul using the specific BamH 1
buffer (NEB) for 2 h at 37°C. The desired DNA fragments were then purified from a
0.7% agarose gel using the QIAquick gel extraction protocol from QIAgen. The DNA
fragments were ligated overnight and electroporated as described above. Colonies were
then picked and grown overnight in LB broth containing 50 pl/ml ampicillin. The
cultures showing ampicillin resistance were purified using the Miniprep protocol and
sequenced using seq2, seq5, CG8453F and pGEX 5’ and pGEX 3’ (Amersham
Biosciences) for the GST constructs, MAL E (NEB) and M13 universal (NEB) for the
MBP construct, or T7 Promoter (NEB) and T7 Terminator primers (NEB) for HIS
tagged constructs.

One MBP-Cyp6g! construct was of the correct sequence and in the correct ORF after 6

months work, so it was decided to attempt to express this construct.

3.2.4 Expression of a MBP-CYP6G1 fusion protein.

For improved protein expression the purified MBP-Cyp6gI construct was electroporated
into BL21(DE) cells, (see protocol in Section 4.2.1.2). An overnight culture of the
BL21(DE) containing the MBP-Cyp6gl construct was used to seed 1 1 LB containing 50
pl/ml ampicillin. This culture was grown to a optical density (OD) of 0.5 at 37°C then 5
mM Isopropyl p-D-1-thiogalactopyranoside (IPTG) (Sigma) was added and the culture
grown for a further 3 h at 37°C. The bacterial cell pellet was then purified by
centrifugation, 20 min at 10 K RPM in a Sorval centrifuge. The MBP-CYP6G1 fusion

protein was then purified using the inclusion body purification method from (Sambrook

et al., 1989). It had been attempted to purify the fusion protein using the method
described by Sambrook for purification of a MBP construct but unfortunately the

protein is insoluble so this method did not work (Sambrook et al., 1989).

It was found that the fusion protein was insoluble so inclusion bodies were purified

from the bacterial cell pellet using the following method: the samples were centrifuged
at 7000 g for 5 min. The pellet resuspended in Inclusion Body Bufferl (100 mM NaCl,
1 mM EDTA, 50 mM Tris (pH 8.0)) to a final concentration of 10% weight/vol (i.e. 10
g pellet resuspended in 100 ml buffer). Lysozyme (Sigma) was added to each sample at

a concentration of 1 mg/ml. The sample was incubated at room temperature for 20 min
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and then centrifuged at 5000 g for 10 min at room temperature. The supernatant was
discarded and the pellet stored on ice and resuspended in ice cold Inclusion Body
Buffer2 (100 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 50 mM Tris
(pH8.0)) and incubated on ice for 10 min MgCl, was added to a final concentration of 8
mM and DNase (NEB) at a concentration of 10 pg/ml. The sample was incubated at 4°C
with gentle stirring until the viscosity disappeared with fresh DNase being added as
necessary. The inclusion bodies were then removed by centrifugation at 10000 g for 10
min at 4°C. The pellet was then washed with Inclusion Body Buffer3 (1% NP-40, 100
mM NaCl, 1 mM EDTA, 50 mM Tris (pH.8.0)) then resuspended in Inclusion Body
Buffer3 (Sambrook et al., 1989).

These inclusion bodies were then further purified by running the sample on an 8%
denaturing SDS polyacrylamide gel (Sambrook et al., 1989). The desired band was then
purified by excision from the gel and grinding in a pestle and mortar with liquid
nitrogen. The inclusion bodies were resuspended in inclusion body bufferl (see above)
and centrifuged at 13 K RPM for 10 min at room temperature and the supernatant was
removed to a new tube and diluted to a concentration of 30 pg/ml total protein. An
equal volume of Imject Alum (Pierce) was added to the purified MBP-CYP6G1 fusion
protein and this was injected into rabbits for production of a CYP6G1 antibody. The
following booster and test bleed protocol was used to ensure that the rabbits had a
sufficient level of MBP-CYP6G1 construct present:
Day 1 1* injection
Day 21 Booster injection 1

Test ear bleed
Day 42 Booster injection 2

Test ear bleed
Day 63 Booster injection 3

Test ear bleed
Bleed every 2 weeks for 6 weeks
Day 105 Booster injection 4
Day 119 humanely kill rabbits and collect blood.
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3.2.5 Purification of polyclonal antibodies.

It was initially intended to purify the polyclonal antibody by using a pHIS tagged
CYP6GI construct bound to a nickel column and then passing the rabbit sera over this

and eluting off the specific antibodies bound to the CYP6GI1 in the column.

3.2.5.1 poly HIS tagging N terminal Cypé6gl.

A poly HIS tagged CYP6G1 construct is needed to purify the rabbit serum from the
previous section. The first method involved the use of the pHIS-Parallel 2 vector. A
PCR product was generated using 6glHisF and 6gl1HisR2 (5’-ATA AGA ATG CGG
CCG CTC ATT GGA GCG ATG GAG C-3’) using the PCR protocol outlined in
4.2.1.2. The resulting PCR product was then purified using Qiagen Gel Extraction Kit
following the instructions provided. The PCR product was made up to 300 pl with
water. After numerous failures using both digestion enzymes together in the digest (as
in Section 3.2.1) it was decided to use two single digests and risk losing some of the
DNA in the extra purification step that this method entailed. The purified PCR product
and mini prepped pHIS-Parallel 2 vector were then digested for 2 h 37°C with 2 U/ul
Notl (NEB) using 1 x buffer 2 (NEB) and 1/100 dilution of BSA (NEB). The digested
products were then purified using Qiagen Gel Extraction kit and digested for 2 h 37°C
with 2 U/ul BamH1, 1x BamH]1 buffer and 1/100 dilution BSA. The products were then
purified using Qiagen Gel extraction kit and resulting products ligated together in a
molar ratio of 3 digested Cyp6g! to 1 digested pHIS-parallel 2 vector overnight at 16°C
using 40 U/ul ligase (NEB) and 1 x ligase buffer (NEB).

The resulting colonies were then sequenced using the primers and conditions outlined
above and a CYP6G1-pHIS-parallel 2 construct with the correct sequence was
identified. This was then grown under various conditions to produce a soluble protein.
The clone was grown at 37°C until OD 0.3 was reached, when protein expression was
induced by the addition of varying amounts of IPTG at 0, 0.125, 0.25 and 0.5 mM. The
samples were then either induced at 37°C for 3 h or 16°C overnight. The samples were

then solubilized using the following procedure.

Cells were pelleted by centrifuging at 10 K RPM in a Sorval centrifuge for 10 min and

resuspended in lysis buffer (20 mM Tris pH.7.5, 10% glycerol, 500 mM NaCl, 10 mM

E-mercaptoethanol, 0.2% Triton, 1 mM PMSF (Sambrook et al., 1989)). The samples
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were lysed via sonication using the following procedure; Pulse on = 0.3sec, Pulse off =
1.0 sec, Total time = 8 sec, amplitude = 50-60%. This was repeated twice. Sonicates
were then centrifuged at 15 K RPM, 20 min, 4°C. The supernatant (containing soluble
protein) was decanted and retéined and the insoluble pellet was resuspended in 5 ml
dH,0 and retained. 10 pl of each sample was added to 10 pl of 2 x loading buffer
(Sambrook et al., 1989) and run on a 10% SDS-PAGE. No over-expression of the HIS-

CYP6GI was seen under any conditions tested.

At this stage it was suggested that a N-terminal pHIS tag can inhibit the solubility of
P450s (Rene Feyereisen pers. com.). After further analysis it was decided to place the
pHIS tag at the C terminal of CYP6G1 as a collaborator had expressed a desire to try to
purify and crystallize CYP6G1. By removing the first 20 amino acids to improve
solubility I had not only removed the desired trans-membrane region but also

inadvertently a part of a possibly important structural region of the gene.

3.2.5.2 poly HIS tagging C terminal of Cyp6gl.

A new vector, pET24a(+) (Novagen) was used for this procedure. New PCR primers
were designed to keep Cyp6g! in frame and to include the whole of the gene, including
the N terminal trans-membrane region removed in the MBP fusion protein. The primers
6g1HisF3 (5’- CGC GGA TCC ATG GTG TTG ACC GAG GTC CTC-3’) and
6g1HisR4 (5’-ATA GAG ATG CGG CCG CTT GGA GCG ATG GAG CGC T-37)
were used in a PCR containing 1 x PFU buffer (Promega), 1.5 mM dNTPs, 1 U/ul PFU
(Promega), 1.6 mmol forward and reverse primers. The PCR protocol of 95°C 3 min,

then 40 cycles of 95°C 1 min, 70°C 1 min and 72°C 2 min then 72°C 10 min.

The resulting PCR product and mini prepped pET24a(+)vector that had been grown
overnight at 37°C with 100 p/ml kanamycin (Sigma) were individually digested with
Notl and BamH1 according to the procedure outlined in Section 3.2.3.1. Purification at
each step was carried out using 100 KDa Microcon spin columns (Microcon) instead of
LMT gel extraction or Qiagen gel extraction as the spin columns were found to give a
higher and cleaner yield, following the manufacturer’s procedure for DNA purification.
The resulting double digested products were then ligated in a molar ratio of 3 Cyp6gl
insert to 1 pET24a(+) vector using Promega “QUICK LIGATION” 1 x buffer
(Promega) 0.3 U/ul Ligase (Promega) and incubated at room temperature for 10 min.
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The resulting construct was then electroporated into DHSa electrocompetent cells and
incubated in 1 ml LB broth and then plated on LB agar plates containing 100 pg/ml
kanamycin. Colonies were then picked and grown overnight at 37°C in LB broth
containing 100 pg/ml kanamycin then mini prepped and a test digest using BamH1 was
carried out. Constructs containing the Cyp6gl insert were then sequenced as outlined
above. A construct with the correct Cyp6g! sequence was identified and purification of

the CYP6G1-pHIS protein construct was attempted.

3.2.5.3 Expression of a C terminal HIS tagged CYP6GI1.

Initial tests were carried out on the C terminal tagged CYP6G1-HIS construct to assess
protein expression and solubility. The constructs were transferred to BL21 and BL21*
cells to facilitate better expression. Primary experiments were carried out using IPTG to
induce protein expression. A small amount of protein was seen of the correct size after 3
h induction at 37°C of a 0.5 OD culture with 0.5 mM IPTG. Further analysis found that
only very small quantities of the new construct were expressed under a variety of

different conditions so it was decided to use an unpurified form of the antibody.

3.2.6 Analysis of anti-CYP6G1 antibody using Western blotting,

A variety of methods were used to allow for the successful production of Western blots.

A range of primary antibody concentrations, secondary conjugates and concentrations

and substrate systems were used to allow a visualization of the amount of CYP6G1 in

different samples.

3.2.6.1 Extraction of protein for Western blots.

All the following work was carried out with the samples kept on ice whenever possible.
Protein was extracted from insects by adding 50 pl 1% SDS to ~100 pl insects and
homogenising the mix using a disposable hand held homogeniser. A further 200 pl of
1% SDS was added and the large remaining body parts removed by sieving the sample
through a fine cloth mesh by centrifugation at 500 RPM for 30 sec in a desktop
centrifuge. The resulting mixture was heated at 100°C for 5 min to lessen the effect of
proteases present in the flies. The samples were then centrifuged 5 K RPM for 5 min
and the central aqueous layer taken, thus avoiding some smaller body parts, membranes

and fat.
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A Bradford assay was then carried out on these samples to find the total protein
concentration. A standard curve was generated using known amounts of BSA (NEB).
20 pl sample, 80 pl water and 900 pl Bradford reagent (Sigma) were combined in a 1
ml polyacrylamide curvette and left to stand for 10 min. The samples were then inverted
once to mix and the absorbance at 595 nm read using a spectrophotometer. A Microsoft
Excel worksheet was then used to calculate the sample concentration based on the
standard curve. The samples were then diluted to the desired concentration based on this
result. This sample was then diluted with 2 x protein running buffer (Sambrook et al.,
1989) and loaded onto an 8% SDS PAGE gel (Sambrook et al., 1989).

3.2.6.2 Method for Western blotting, secondary antibodies and substrates used.
The SDS PAGE gel was run for 2 h at 100volts and blotted using a Bio-Rad Semi Dry
Transblotter. The gel was trimmed of the wells and equilibrated in Western buffer (48
mM Tris, 39 mM glycine, 20% methanol, pH 9.2) for 10 min. At the same time the
membrane (Immun-Blot PVDF Membrane (Bio-Rad)) was soaked in methanol for 3
min then soaked in Western buffer for 10 min. Six pieces of 3 MM chromatography
paper were cut to the size of the gel (8 cm x 9 cm). These were soaked briefly in
Western buffer and 3 pieces placed on the trans blotter. The membrane was added on
top of this followed by the gel then 3 more pieces of blotting paper. Air bubbles were
removed by rolling a 50 ml tube over the top layer of blotting paper being careful not to

dislodge the gel or membrane. The membrane was then blotted at 15 volts for 15 min.

The membrane was transferred to PBS containing 5% skimmed milk powder (Marvel)
and left at 4°C overnight. The membrane was then washed three times in 1 x TBS (2.9 g
NaCl, 0.24 g Tris Base to pH7.5 in 1 1 dH,0) containing 0.05% Tween 20 (Sigma) for
20 min. The primary antibody was then added in 20 ml TBS Tween containing 5% milk
powder and shaken at room temperature for 2 h, a 1 in 1/1000 dilution of primary
antibody was found to give the best Western results. The membrane was then washed 4
times for 20 min in TBS Tween and the secondary antibody added to 20 ml TBS Tween
containing 5% milk powder. The membrane was then washed three times for 20 min in
TBS Tween and the substrate added. Substrates and secondary antibodies are

summarised in the table below.
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Table 3.2 Secondary antibodies and substrates used.

Secondary Company | Concentration | Substrate Company Visualisation
Range Method
Anti-rabbit IgG | Sigma 1/1000 - BCIP Sigma Too faint for
Alkaline 1/20000 scanning
phosphatase
from goat.
VECTASTAIN | Vector As instructions | ECL Plus Western | Amersham | X-Ray film
ABC-HRP kit Labs Blotting Detection | Biosciences
Rabbit IgG System
SuperSignal West | Pierce X-ray film
Femto
DAB substrate Vector Labs | Scanner
system with nickel
enhancement.
Anti-rabbit IgG | Sigma 1/1000 - As VECTASTAIN
HRP from goat 1/10000 ABC

This table shows the secondary antibodies and substrates used.

The VECTASTAIN kit was found to give the best results and the DAB substrate the
clearest image. The BCIP system originally used yielded clear results but the colour was
too faint to be scanned and so different conjugated antibodies and substrates were
tested. The two chemiluminescent substrates although giving very clear results were too
intense and gave too bright a signal which led to trouble with the exposure of the X-ray

film, an exposure of about 3 sec was the maximum possible without too high a signal.
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3.3 Results

The results in this section are unpublished and are an investigation of'the temporal
expression and translation ofthe protein CYP6G1. Results are shown using a variety of
methods for calculating the level of Cyp6g/ mRNA transcript present and for

visualising the presence of CYP6G1 protein.

3.3.1 Quantitative RT-PCR of Cypés ! transcript in different susceptible and
resistant life stages.

It has already been shown in Chapter 2 that flies over-transcribing Cypo6g! at the adult
life cycle stage are resistant to both DDT when tested on adults and to imidacloprid
when tested on larvae. This would suggest that Cyp6g!/ is over-transcribed at both these
life cycle stages. The next series ofresults are presented to show when the Cyp6g!/
transcript and CYP6G1 protein are being produced naturally in susceptible strains and if

the resistant stains show a higher level of protein throughout their life cycle.

Fig. 3.3 O-RT-PCR results for resistant and susceptible flies at different life cycle

stages.
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Figure 3.3 shows the relative quantity of Cyp6gl transcript compared to the ribosomal
protein RP49 for Canton-S (red) and two resistant strains (blue). It can be seen that
when susceptible D. melanogaster are compared to the resistant flies Cyp6g! is very
clearly over-transcribed at every life cycle stage. One of the most interesting points to
note is the relatively high level of Cyp6g! in 3™ instar Canton-S larvae. It is possible
that this is the stage at which the transcript is naturally transcribed. Nevertheless, it is
still clear that the resistant flies still show a considerably higher level of transcript. It is
also unlikely that the increased level of Cyp6g! in the Canton-S insects at this life cycle
stage would confer resistance, at least in the bioassays used in this study. This is
because in the larval bioassay described in Ch.2, the insects raised from eggs in the
continuous presence of insecticides. Therefore, both eggs and 1% instar larvae (where
there is a very low level of Cyp6g! transcript) will already have been exposed to

imidacloprid and are probably dead before the 3" instar is reached.

It should be noted though that the standard error bars in this experiment are very close
together in most cases. As each bar on the chart is based on three separate RNA
preparations this shows how there is a similar level of Cyp6g! transcript in each

replicate sample from each strain and lifecycle stage.

3.3.2 Using the CYP6G1 antibody to calculate levels of protein and to investigate

when in the life cycle CYP6G1 is present,

With a working polyclonal antibody it is possible to test part of our original hypothesis,
that resistance is conferred by over-expression of CYP6G1 in our resistant strains. Until
this stage, we could not be certain that the transcript was actually translated and so
resistance was due to an increase in CYP6G1 levels. Even at this late stage, there was a
possibility (although somewhat remote) that resistance was caused by the mRNA

Cypb6g! transcript acting in some way on another gene.

The first experiment therefore was to carry out a Western using a range of total protein
concentrations as calculated by Bradford assay with pairs of susceptible and resistant
samples run in adjacent lanes as this would allow an estimate of the relative expression

of CYP6G]1 in Hikone R and Canton-S.
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Fig. 3.4 Western blot analysis of polyclonal antibody.

This figure shows a coomassie stained gel showing the same amount of protein is
present in strain at each concentration and a western showing CYP6G1 amount at each
concentration. From this experiment, it is very clear that there is more CYP6G1 present
in the resistant strain than the susceptible strain. Moreover, although there does appear
to be some CYP6GI present in Canton-S it is at a significantly lower level than that
seen in Hikone R. It is possible from this western to estimate that there is between 10
and 20 times more CYP6G1 present in Hikone R. The bands seen when 0.5 and 0.25 mg
total Hikone R protein are compared to the band of Canton-S at 5 mg total protein are of
a comparable intensity. Therefore, it is possible to estimate that the intensity ofthe
susceptible band would appear to be between the intensity these two resistant bands so
therefore there is approximately between 10 and 20 fold more CYP6GI in the resistant

strains.

This experiment was carried out using a 1:1000 dilution of whole rabbit sera for the
primary antibody and 1:5000 Anti rabbit goat HRP conjugated secondary antibody
(Sigma). It was visualised using SuperSignal West Femto substrate (Pierce) and X-ray
film. The X-ray film was exposed to the western for 3 seconds. This experiment had
previously been tried using an alkaline phosphatase conjugated anti rabbit goat
secondary (Sigma) using BCIP substrate (Sigma). Unfortunately although it was clear to

the naked eye that this experiment had worked it was not possible to transfer the
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western blots to a digital format as the bands were of a very faint blue and so would not
scan or show up in digital photographs so the HRP secondary was suggested and gave a

very clear result.

These westerns also appear to show that CYP6G! is an unstable protein as in all lanes
where there is a signal ofthe correct size there is a ladder of smaller bands that are not
present in lanes where the band ofthe correct size is not seen. This suggests that the
protein is unstable and so we see a ladder of degradation products of CYP6G1 on the
western. We can safely say that this is not random binding of'the primary or secondary
antibody as it is only ever seen in lanes with a band ofthe correct size, and it is seen in

both resistant and susceptible lanes.

12J.A4 C
SRSRSRSRSRSR
62kDa
59.8kDa
47.5kDa
1: Eggs<l2hours S: Canton-S
old R: Hikone R
2: Eggs>12hours C: CYP6GI-HIS
old

3: lstInstar larvae DAB stained

4: 3rd Instar larvae 1:5000 Sigma anti rabbit HRP
5: Pupae 1:1000 Primary

6: Adults

Fig. 3.5 Western analysis life cycle stages.

This figure now tells the story ofthe actual level of CYP6G1 present in each separate
life cycle stages. It was decided to separate eggs into those older and those younger than
12 hours as the insitu-hybidisation work published on http://flybase.bio.indiana.edu/
suggest that in eggs less than 12 hours old there is no Cyp6g!/ present. Outlined below

are some of the possible flaws and errors with just looking at the level of transcript.
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This Western gives some interesting results in that it would appear to show that in eggs
less than 12 h old there is an equal level of CYP6G1 which is not the result shown in the
previous figure or demonstrated in insitu-hybidisation experiments from
http://flybase.bio.indiana.edu. However, as this work is based on a large-scale screen it
may not be as fully accurate as individually assessed samples. It would appear that there
is no, or virtually no CYP6G1 present in later eggs and 1% instar susceptible larvae but
there is a detectible amount present in their resistant counterparts. Also of interest is the
band shown by 3" instar Canton-S which agrees with the data shown in the previous
graph where it was postulated that this is the life cycle stage at which CYP6G] is
normally produced. In both the pupal and adult stages only very small amounts of
CYP6GI1 are seen in the susceptible flies and it would appear that these are the stages
that in the resistant flies the most CYP6G1 is present, with there being more present in

the adult than pupa.

Staining on this Western was done in a slightly different way to Figure 3.3. In this case,
the same combination of primary and secondary antibody were used but instead of a
chemiluminescent substrate DAB (VECTOR LABS) was used according to the
instructions. It was found that this gave a very good result and the substrate was dark

enough to be scanned into a digital format using a flat bed scanner.

3.3.3 Western of different Resistant strains and transgenic flies.

A Western was carried out using 5 mg total protein in each lane. This Western has all
the major strains used through out this thesis on it, including the transgenic lines and D.
simulans strains that will be discussed in later chapters. It was stained using DAB with

the VECTASTAIN ABC secondary. The primary antibody was diluted 1000 fold.
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Fig. 3.6 Western of resistant and susceptible strains used in thesis, and transgenic

lines and D. simulans strains.

This figure shows the differing levels of CYP6GI1 present in different strains. It is clear
from the western blot that CYP6G1 is present in all the strains used but is at a higher
level in those strains resistant to imidacloprid. The lanes showing the resistant OV and
susceptible BG D. simulans also have a homologue of CYP6G1, which is over
expressed in the resistant strain. The detailed responses to insecticides for these two
strains are detailed in Figure 5.5 and Table 5.6. The relative quantity of protein was
calculated using the Quantity 1 software from BioRad using their Chemidoc camera

system.

The D. melanogaster strains on this western show that there is 8.3 times more CYP6G1
present in EMS1 and Wisl as compared to Canton-S and 11.7 times more protein in
Hikone R. This level of over-expression corresponds closely to that seen in pyrethroid
resistant M. domestica over-expressing CYP6D1 (Smith and Scott, 1997). These
relative amounts correspond to the resistance ratios seen in Table 2.9 where the results
for imidacloprid are detailed. In that table Hikone R shows the largest resistance ratio

and Wisl and EMSI1 both have a lower value, although in that table EMS1 has a higher
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resistance ratio value than Wisl implying that there is a possibility that other factors
might be lowering the resistance in the Wis1 strain. Without this figure, it would have
been assumed that these differences were due entirely to the amount of CYP6G1 present

in the strain.

3.4 Discussion.

In this chapter, it has been shown that Cyp6g! is over-transcribed though out the life
cycle of two resistant strains of D. melanogaster. The production of an anti-CYP6G1
antibody allowed us to show that the protein is also over-expressed throughout the
lifecycle of resistant insects. It is very interesting to note the Westerns in Figures 3.4,
3.5 and 3.6 all show that there is a detectable level of CYP6G1 present in most of the
susceptible life cycle stages and from Figure 3.4 it would appear that Canton-S has
approximately 10-20 fold less CYP6G1 than the resistant Hikone R strain. This result is
supported by the Western shown in Figure 3.6. This figure uses the Quantity One
software from Bio-Rad to produce a semi-quantitative result for the relative amount of
CYP6GI present in each strain used in the thesis. However, a semi-quantitative method
of this form precludes accurate comparisons between either strains or to compare the
Western analysis to the three modes of RNA quantification used in this thesis. As two
semi-quantification methods have been used (Figures 3.4 and 3.6) and give similar
results we can be relatively certain that there is in the order of ten fold more CYP6G1 in
adult Hikone R than adult Canton-S. This figure does not coincide with the result seen
for Q-RT-PCR where there was apparently around 1000 fold more Cyp6g! transcript in
Hikone R adults. Clearly, there is a large discrepancy between the two methods, it
appears that there is a strong difference in the level of transcript seen when compared to
the level of protein. This is also supported by Figure 2.13 which shows the Northern
result for Cyp6g! transcript amount. In this case it would appear that the result seen in
the Q-RT-PCR is the correct value as there is so little Canton-S Cyp6g! signal that it is
not visible on the Northern blot where as there is a very strong signal for the three
resistant strains. However, again it needs remembering that the Northern blot is also
only semi-quantitative and so does not allow the calculation of accurate mRNA levels.
It should be noted as well that this Northern blot shows that we would expect to see less
CYP6G1 in Wisl than in Hikone R as the signal for the transcript is weaker and this is
supported by Figure 3.6 where there is slightly less CYP6G1 visible in Wis1 CYP6G1
level compared Hikone R. This pattern is mirrored in EMS1 and where there would
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appear to be a slightly lower signal in the Northern when compared to Hikone R.
However it should be remembered that this slight difference could equally be due to a
number of other factors including the different stages being of slightly different ages or

from the loading or running of the SDS-PAGE gel.

There are several possible reasons for this apparent discrepancy between protein and
transcript levels. These'include the stability of the mRNA transcript. We cannoct know
how stable this is in-vivo. It could be that there is indeed 1000 fold more mRNA present
in the resistant Hikone R compared to Canton-S but it may be easily degraded and so a
small amount may actually be translated. It is an equal possibility that the CYP6G1
protein is also very easily degraded. Therefore, although there may be a very large
excess of mRNA transcripts they only serve to maintain CYP6G1 protein levels at
approximately 10 fold above the normal susceptible level. Neither of these hypotheses
are easily tested so this adds a further reason why the direct comparison of mRNA and

protein levels should be carefully considered.

Therefore, it would appear that although the result we see when comparing relative
levels of transcript or protein between our resistant strains the same pattern is repeated
with Hikone R having a higher transcript and protein level than either Wisl or EMSI.
However this trend can not be accurately quantified as it would appear that the level of
Cyp6gl transcript is not detectable by either Northern blot or Q-RT-PCR but we can
clearly see a signal for the protein in all the Western blots shown. There are a number of
reasons for this. It is possible that as the CYP6G1 antibody was not purified that there
could be some cross reactivity to another P450. Therefore we see that P450 in the
Western blots giving a low signal in the susceptible strain and as the probe for the
Northern is to a unique region of Cyp6g! and specific primers are used in the Q-RT-
PCR we do not see the same cross reactivity at the mRNA level.

There has also been a report in Science suggesting that the expression of many D.
melanogaster genes is linked between certain life cycle stages. This report hypothesises
that a similar expression profile is shown by eggs and pupae, whilst adults and larvae
also have very similar expression profiles (Arbeitman et al., 2002). In this case it would
appear to partially true when using Q-RT-PCR (the paper reports using insitu-
hybridisation so it was looking at the mRNA level not the protein level) with Canton-S
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eggs and pupae having a low level of transcript and 3™ instar larvae and adults showing
a higher copy number. The level of transcript in 1% instar larvae however does not

follow this reported pattern being at a similar level to eggs and pupae.

It is clear that this discrepancy in the relative mRNA and protein levels needs to be
resolved. The most obvious method would be to use a more robust technique for
assaying the level of CYP6GI in susceptible and resistant insects. This would require
purified CYP6G1 with a non-MBP tag for both antibody purification and for use in a
competitive ELISA. An ELISA could assay the level of protein and enable us to assay
the correct relative amounts of protein at different life cycle stages and between strains.
A non-competitive ELISA was attempted and although it gave a result for adult flies of
an approximate 10-fold increase in protein when Hikone R was compared to Canton-S
the result was irreproducible. Therefore, a competitive ELISA was seen as a more
promising method to obtain the desired result. However, there is a problem with using a
competitive ELISA. It is necessary to generate a large amount of purified CYP6G1 to

compete the samples against and this has not been possible.

This problem of generating pure CYP6G1 is common throughout the expression work
with Cyp6gl constructs. Although some protein was generated from the MBP-Cyp6g/
construct it was relatively insoluble and very difficult to purify in large amounts. For
injections for antibody production a very small quantity is needed (approximately 30
pg/ml of MBP-CYP6G1 construct) but this is about 100 to 1000 fold too low an amount
for either antibody purification or an ELISA. The pHIS tagged constructs were also
made but both N and C terminal tagged proteins were expressed at a very low
concentration and as would be expected of a P450 was always found in the insoluble
fraction after sonication under a range of conditions. This made purification very

difficult and there was not enough protein to use in a competitive ELISA.

Other approaches to developing an ELISA might include; first using a life cycle stage
that does not have CYP6G1 present to purify the antibody as any non-anti-CYP6G1
antibodies in the rabbit sera that cross react to D. melanogaster proteins would be
removed using this method. However as Figures 3.5 and 3.6 show, there is a possibility
that CYP6G] is present in all the life stage of the susceptible strain. A second possible
method would be the creation of an RNAi knock-out for Cyp6gl. There is a third
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method that that might allow the purification of a pure antibody and a soluble protein to
be used in a competitive ELISA. Instead of trying to express a soluble whole CYP6G1
protein to generate clones of parts of the protein and so try to express CYP6G1
fragments. If this could be done with a unique part of the protein then there would be a
good possibility that this could be used to purify the antibody. An antibody purified in
this way could then be used in a competitive ELISA with the insect preparation being
competed against the pure fragment so we would be expected to get a result in this way.
This method would also make a sandwich ELISA possible, as two unique regions could
be cloned and then both used in an ELISA which would increase the specificity of the

experiment.
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Ch 4. Cross resistance to new neonicotinoids.

4.1 Introduction.

The aims of this chapter are to investigate whether resistance to imidacloprid confers
cross-resistance to new neonicotinoid compounds. We also now had access to a
transgenic Drosophila strain (Daborn et al., 2002) that would allow us to test if it is
Cyp6gl over transcription that confers resistance to all these insecticides. At this stage,
a micro-array also became available to the laboratory so we were able to demonstrate
that it was only Cyp6g! over-transcribed in the transgenic line. The majority of these
results have been published in part in Le Goff et al, 2003.

Since the discovery of imidacloprid in the late 1980s a series of new neonicotinoid
compounds have been developed. All are based on the general structure shown in
Figure 1.3 and some examples of the actual structures are shown in Figure 4.1. Cross
resistance to the new active ingredients reaching the market by resistance mechanisms
that are already present in the populations of wild insects is an important applied
question. The design aims for new compounds are to vary the properties of the basic
compound in order to produce new insecticides with new features such as increased
penetrability or slightly different binding features for the nAChR (Kagabu, 2003). These
changes can lead to compounds with a new insecticidal profile that can increase sales by
targeting new species. Imidacloprid is most effective against sucking pests so changes
in the basic structure may reveal a compound that is active against insects with different
feeding habits. Thus although imidacloprid has been used with some success against the
Colorado potato beetle (Olson et al., 2000) it is hoped that new compounds would be
more active against a different range of insects. This has the benefit of a new compound
not being in direct competition with one already established on the market. If the new
compound targets a different range of insect species then there is a decreased likelihood
of encountering cross-resistance from other neonicotinoids. This is because the new
target species will not have been directly targeted by this class of insecticide in the past.
Changes to neonicotinoid structure might also affect their binding to the target receptor.
Thus, it is also hoped to decrease the effects of cross-resistance if target site resistance
were to evolve, as the new compound would bind in a slightly different way. This
should negate the target site resistance seen to the original compound. This is however

theoretical until resistant insects are isolated with demonstratable target site resistance.
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Neonicotinoid Examples
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Fig. 4.1 New neonicotinoid compounds.
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Cross-resistance can have both biological and economic consequences as there is a stage
when the cost of applying sufficient chemical to kill the insect is greater than the profit
made from selling a decreased yield from a crop that has been attacked by a pest species
(Broadhurst, 1998; Denholm et al., 1998; Dent, 1991). There are also environmental
considerations, as many chemicals used as insecticides are also toxic to other animals
and so there is a maximum dose that can be applied regardless of whether the dose will
kill the pest species (Smith, 2001). The increased awareness of the environment and an
increased consideration of the cost of insecticides has led to a closer interaction between
the agrochemical industry and farmers in an attempt to save the farmers money by
applying either less insecticide or a cocktail of insecticides to control a pest. This, at
first glance, is not in a company’s best interest as they want to sell the maximum
amount of their product but a closer look reveals how this might benefit the company.
The more carefully a compound is applied in the field, the smaller are chances of
resistance developing, which in turn increases the life span of a product and this

therefore increases the long term profits.

Two transgenic strains with a UAS-Cyp6gl construct were generated in our laboratory
(Daborn et al., 2002; Korytko et al., 2000), and these strains were used to investigate
DDT resistance in adults so it was possible to use a strain with GAL4 expression driven
by a heat shock promoter. This led to the possibility of generating a cross where all the
F1 generation were heterozygous for both the heat shock apparatus and UAS-Cyp6g! so
upon heating all insects would become resistant. Unfortunately, it is not possible to use
this method with neonicotinoids because they are used in a larval bioassay so would
require rounds of heating and cooling for the full developmental time, which would kill
the larvae. A second GAL4 driving strain was used where GAL4 expression is linked to
tubulin expression and is thus constitutive. This strain however is not homozygous so
only half the F1 cross in this case constitutively over-express CYP6G1. This however
allows for easy controls for the experiment as we have flies emerge from the same cross
that are susceptible and so act as the control for those insects over-expressing Cyp6g!

(Le Goff et al., 2003).
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Ubiquitous expression Transcriptional activation
of GAL4 of Cyp6g1

Fig. 4.2 Expression of transgenic Cyp6zI

This chapter also sees the use of a micro-array. In the conclusion to Chapter 1 it was
stated that our work investigating the over-transcription of D. melanogaster P450s using
Northern blots was not the best method to use. It is too time consuming to generate a
result for all the P450s in the D. melanogaster genome and the nature of'the result limits
the quantitative accuracy ofthis method. It can also be difficult to resolve a result when
only a slight level of over-transcription is seen, although at the time it was the best
method available to us. It would be better to use a micro-array that consisted of all the
D. melanogaster P450s. This micro-array was first used in Dabom et a/, 2002 and was
provided by the laboratory of Dr. R. Feyereisen. This micro-array allowed the
investigation of P450 expression profiles in the transgenic D. melanogaster lines and

Chapter 5 of'a range of different resistant strains (Le Goffet al., 2003).
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4.2 Methods

4.2.1 Generation of dosage mortality curves with new neonicotinoids.

To generate DMCs for the neonicotinoids acetamiprid, nitenpyram and thiamethoxam
the procedure for larval assays was used as described on Section 2.2.1.2. The
homozygous strains Hikone R, EMS1 and Canton-S were used with between 5 and 7
insecticide concentrations with between 4 and 10 replicates at each insecticide

concentration.

4.2.2 Mapping neonicotinoid resistance.

Resistance to the neonicotinoids acetamiprid, nitenpyram and thiamethoxam was carried
out using the following crosses to localise resistance firstly to a specific chromosome

then to a specific site on chromosome II.

Resistance

G0 M3 ? 9
= — Q X AR

Screen on
Insecticides

Resistance

Xa GO TM3

¢ Screen on
Insecticides
score phenotype of each resistant fly

Fig 4.3 Mapping cross to locate resistance to one autosome.

This cross was used to map neonicotinoid resistance to a specific autosome. Xa/CyO;
TM3 is a multiply marked balancer strain where chromosomes II and III carrying ap™®
co-segregate due to a chromosome transposition. The other copies of chromosomes II
and III (CyO and TM3) assort independently. Males of Rst(2)DDTH*"R are crossed
to Xa/CyQ;TM3 females and progeny are reared on 20 pg/vial acetamiprid, nitenpyram
or thiamethoxam. Emerging resistant males are crossed to Xa/CyO;TM3 females and
progeny again reared on 20 pg/vial acetamiprid, nitenpyram or thiamethoxam and the

phenotype of the offspring scored. The use of male resistant flies in the parent cross and
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only using the male F1 flies means that we can be sure that resistance is not located on

chromosome I as this chromosome is not passed to the males of the F1 generation.

cnvg bw 9 x EMSI . Of

cnvg bw /

cn vg bw
cn vg bw 9 X nve O‘V
EMS] cn vg bw

Screen on
Insecticides

score phenotype of each resistant fly

Fig 4.4 Mapping cross to localise resistance on Chromosome II,

TEMS! was mapped against visible mutants

Neonicotinoid resistance in strain Rst(2)DD
on chromosome II. The same insecticide concentrations were used as in the cross to
locate resistance to one autosome. This allows the calculation of the position of

insecticide resistance relative to the known visual markers cinnabar and vestigial.

4.2.3 Transgenic flies.
Transgenic D. melanogaster were created by Dr. P. Daborn (Daborn et al., 2002; Le

Goff et al., 2003). The Canton-S Cyp6g! ORF was amplified by PCR from Canton-S
genomic DNA and cloned into the PUAS vector. This construct was injected into y; w
embryos. Transformed flies were raised as individual. Two lines were found with the
UAS-Cyp6g! construct, UAS—Cyp6g1X and UAS-Cyp6g1’ mapping to chromosomes I

and II respectively.

Female transgenic flies, homozygous for UAS-Cyp6g1, were crossed to y[1] w[*];
P{w[+mC]=GAL4}LL7/ TM3, Sb[1] which are heterozygous for tubulin driven Gal4
expression. The F1 progeny either over-transcribe Cyp6g! or have the Stubble
phenotype so flies for the DDT bioassay can be separated into those over-transcribing
Cyp6g! and those not over-transcribing Cyp6g1 and assayed separately. Adults to

emerge from the larval screen were scored for Stubble or wildtype thoracic bristles.
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Susceptible control Resistant insects
No over-transcription Over-transcribing Cyp6g!
of Cyp6gl

Fig. 4.5 Transgenic fly cross

This figure shows the cross between the UAS-Cyp6g1 transgenic line and the tubulin
driven constitutive GAL4 over-transcribing strain to give progeny that segregate for

Stubble or Cyp6gl over-transcription.

4.2.4 Micro-array work
4.2.4.1 RNA extraction

Three day old adult Drosophila were flash frozen in liquid nitrogen and homogenized

with a pestle and mortar. The resultant powder was then re-suspended in 600 pl of 4 M
guanidine thiocyanate, 25 mM Na citrate, 0.5% sodium N-lauryl-sarcosine and 1% 2-
mercaptoethanol and following the addition of 500 pul of phenol, 120 pl of chloroform
and 36 pl of Na acetate 3 M pH 5.2, the mixture was incubated on the ice for 15 min.
After phenol extraction, the aqueous phase was precipitated with one volume of
isopropanol by incubation on ice for 1 h. The resultant pellet obtained after
centrifugation was washed with 70% ethanol, dried and re-suspended in RNase free
water. DNA was removed from the sample by adding 1 pl of DNase (Promega) and

incubating for 30 min. at 37°C. A further phenol-chloroform extraction and isopropanol
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precipitation was then repeated as described above and the resulting RNA used directly

for labeling.

4.2.4.2 Micro-array construction and hybridization

A micro-array of PCR products from 132 genes of D. melanogaster was constructed.
These genes represent all 90 cytochrome P450 genes predicted from the full genome
sequence, several other genes encoding metabolic enzymes, such as esterases and
glutathione-S-transferases (GSTs) and several ‘housekeeping’ genes included as
controls. A fragment of each gene was amplified via the polymerase chain reaction
(PCR) and spotted on the array in four independent locations. To label sample RNAs for
hybridization, 10 pg RNA was labeled with the CyScribe First-Strand DNA labeling kit
(Amersham), according to the manufacturer’s instructions. Unlabelled RNA was
removed by digestion with 100 pg/ml of RNase A at 37°C for 1 h. The array was
hybridized to cDNA from both resistant and susceptible strains simultaneously using
Cy3 and CyS5 labels. Experiments were repeated in triplicate in which the Cy3 and Cy5
labels were swapped between strains to account for potential differences in labeling
efficiency. The Cy3 and Cy5 labeled samples were purified separately using a
QIAquick (Qiagen) nucleotide removal kit, according to the manufacturer’s
instructions. The samples were then dried under vacuum and resuspended into 13 pl of
DIG easy Hyb solution. The Cy3 and CyS5 labeled samples were then combined
immediately prior to hybridization. This hybridization mixture was then placed on the
micro-array and covered by a 22 x 40 mm glass cover slip. Arrays were then placed into
a hybridization chamber and submerged in a water bath at S0°C for 16-20 h., in the
dark. Following hybridization, arrays were washed in 1 x SSC, 0.03% SDS for 5 min,
taking care to float the cover slip gently off the array. Then two additional washes in 0.2
x SCC and 0.05 x SCC at room temperature, each for 5 min, were carried out before the

slides were dried by centrifugation.

Labeled arrays were scanned with a GMS 418 array scanner (Genetic Microsystems).
The best dynamic range of the data was achieved by adjusting the gain so that the
highest signal was just under saturation. Quantification of the signal from each spot, and
superimposition of both dye channels, was performed using the ImaGene software,
version 4.2 (Biodiscovery). Data files generated by ImaGene were downloaded into

GeneSpring version 5.0 (Silicon Genetics) where data normalization and statistical
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analysis was performed. Values of less than 0 were set to 0, and the data normalized
using an intensity dependent algorithm (Lowess). The statistical significance of the
over-transcription of specific genes was tested using individual t-tests comparing the
mean value for a specific P450 gene against the mean of all other P450 genes combined

(GeneSpring).

4.2.5 Neonicotinoid resistance in transgenic flies over-transcribing Cyp6gl.

Data for resistance to neonicotinoids in transgenic over-transcription of Cyp6g! was
generated by placing 50 eggs on agar based fly food (1350 ml water, 80 g oatmeal, 138
g black treacle, 7.5 g plant agar, 16 g deactivated yeast powder, 10 ml per vial)
containing a discriminating concentration of insecticide, either 2 pg/vial imidacloprid,
12.5 pg/vial acetamiprid, 20 pg/vial nitenpyram or 10 pg/vial thiamethoxam per vial.
The number and phenotype of emerging adults was observed. 10 repeats were used for
each insecticide and results were adjusted using controls of 50 eggs placed on wet fly
food with no insecticide. UAS-Cyp6gl females were crossed with tub-GAL4 males to
over-transcribe Cyp6gl. Controls used were y[1]Jw[1] females crossed with tub-
GAL4/TM3 males, y[1]w[1] females crossed with UAS-Cyp6g! males and Canton-S.
Flies with the Stubble (Sb) phenotype were scored as not over-transcribing Cyp6g! and
flies that were wild type for Stubble were scored as over-transcribing Cyp6g!. The vials
containing the transgenic cross that was expected to over-transcribe Cyp6g/ had 100
eggs placed in them as with 50 eggs, of which only 50% were expected to over-
transcribe Cyp6g1, too few flies emerged for statistical analysis. In these vials, the flies
to emerge in the controls were scored, and the ratio of St to wt was calculated and this
was used to calculate the number of eggs of each phenotype to be placed on the food.
Unfortunately, this method makes the unavoidable assumption that both genotypes will
be equally fit and the same number of eggs will develop successfully into adults. The
ratio of St to wt eggs was then assumed true in those vials containing insecticide so this
value was used as the control when calculating the number of eggs of each phenotype to
be placed on the diet and so used in calculations of percentage survival plotted in Figure

4.9.

This experiment had originally been planned as a series of DMCs using the dry fly food
used in the previous DMCs but after several failed attempts at this method where all the

transgenic flies died even in controls it was decided to use the wet fly food. A single
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dose was used, as it proved difficult to get sufficient eggs, especially when using 100
eggs from each transgenic cross in every vial, without the adults used ageing too much
and so laying less healthy eggs. It is also difficult to make the food with insecticide
using this method, as it has to be done when the food is still liquid, but not so hot it
would degrade the insecticide. Doing the 8 repeats necessary for each of four
insecticides was too much work for a relatively small figure and it was decided that time

was better spent working on other parts of the project.

4.3 Results.

The results in this chapter have been largely published by Le Goff (Le Goff et al.,
2003). I shall outline my role in this work which is a study of further cross resistance to
new classes of neonicotinoids, and of resistance to malathion and also introduces the

results of using transgenic flies over-transcribing Cyp6g/ in a controlled way.

4.3.1 Cross Resistance to new neonicotinoids.

Due to the commercial importance of the neonicotinoids, it was decided to carry out
further DMCs on three other members of this new class of insecticide. They are
acetamiprid, nitenpyram and thiamethoxam, all supplied by Syngenta, UK. The

structures of these chemicals are shown in Figure 4.1.
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Fig. 4.6 Dosage mortality curves for new neonicotinoids on Canton-S, EMS1 and

Hikone R.
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Table 4.7 A detailed comparison of the potency of the different insecticides used.

Resistance
Strain N | LDsp (90%CI) Slope | +-S.E. ratio
Imidacloprid
Canton-S 1500 | 0.53 | (0.42-0.68) | 3.86 | 0.97 1.00
EMSI1 1850 4.11 (3.19-4.97) | 3.11 0.36 7.75
Hikone R 1600 | 4.74 | (3.71-5.75) | 3.00 | 0.57 8.94
DDT
Canton-S 780 | 1.45 | (1.22-1.72) | 2.91 0.25 1.00
EMSI 800 | 10.50 | (6.73-13.74) | 2.53 | 0.24 7.24
Hikone R 780 | 18.97 | (13.03-24.75) | 2.21 0.18 13.08
Acetamiprid
Canton-S 5400 | 4.99 | (4.36-5.55) | 335 | 0.27 1.00
EMS1 5400 | 41.60 | (38.90-44.15) | 3.64 | 0.16 8.34
Hikone R = (2450 36.97 | (32.56-40.88) | 3.26 | 0.29 7.41
Nitenpyram
Canton-S 5200 8.99 | (7.85-9.93) | 446 | 037 1.00
EMS1 5350 | 21.89 | (19.84-23.78) | 3.71 0.17 243
Hikone R 2500 27.98 | (24.87-30.72) | 3.90 | 0.34 3.11
Thiamethoxam
Canton-S 5400 2.73 | (2.30-3.11) | 3.26 | 0.26 1.00
EMSI1 5400 (11598 (106.3-127.2) | 3.31 0.31 42.48
Hikone R 7500 | 94.38 | (86.7-101.8) | 3.75 | 0.17 34.57

It is interesting to note that of the differing resistance ratios seen nitenpyram has the

smallest resistance ratio suggesting that it would be the most effective neonicotinoid to

use in an attempt to combat resistance of this mechanism as it can be used at a slightly

higher dose and this will kill the resistant insects. Thiamethoxam has a relatively large

resistance ratio in comparison to the other neonicotinoids and this could have

implications if resistance were to arise in a pest species using the same mechanism

reported in this thesis. However, after imidacloprid it is the most effective insecticide to

use on susceptible insects which would mean a lower dose of thiamethoxam than either
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nitenpyram or acetamiprid could be used in the field which would be more ecologically
sound. This does not however take into account the stability and other environmental
properties of these compounds. Of the neonicotinoids tested, imidacloprid is the most
effective, with a LDso of 0.53 pg/vial for susceptible D. melanogaster and 4.11 and 4.74
pg/vial for the EMS1 and Hikone R respectively. Acetamiprid demonstrates an
approximately 10 fold lower efficacy against both susceptible and resistant D.

melanogaster giving a similar resistance ratio of between 7 and 9 fold over Canton-S.

The resistance to each of these compounds was also mapped using the crosses shown in
Figures 4.3 and 4.4. Resistance in EMS1 was mapped to 65.5 + 1.3 ¢cM, chromosome 2
for acetamiprid, 64.6 £ 4.1 cM for nitenpyram and position 64.9 + 1.2 cM for
thiamethoxam. All these values are in the region of 65.0, which is the region of interest
for EMS1 and Hikone R and corresponds favourably to the values published for DDT
resistance in EMS1 where Daborn et al (2001) mapped DDT resistance to 65.1 + 0.25.
From this we can conclude that the resistance mechanism is likely to be the same for all

the neonicotinoids tested on these strains.

4.3.2 Using Transgenic flies to test our Cyp6g1 hypothesis.

In the previous chapter, it was shown that Cyp6g! is over-transcribed throughout the
life cycle of resistant D. melanogaster strains, and Western blots were used to show that
this is also true of the expressed protein. In this section, transgenic flies are used to
show that when Cyp6g! is the only P450 over-transcribed in a previously susceptible

strain then resistance is induced.
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Fig. 4.8 Micro-array results comparing transgenic flies transcribing and not

transcribing Cypé21.

97



Figure 4.8 shows the micro-array result for the two different transgenic UAS-Cyp6g!
lines giving a comparison of the F1 offspring with and without tubulin linked GAL4
expression. These two micro-array results show that the only P450 over-transcribed in
this cross is Cyp6g!. This shows that the transgene works properly and that it is under
control as the control strain shows a lower level of transcription of Cyp6gI. It should be
noted that the transgene would appear to be more up regulated in the strain where it is
on the X chromosome than the strain where it was inserted into chromosome II. This

could give an interesting result when the strains are exposed to insecticide.
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Fig. 4.9 Transgenic over transcription of Cyp6gl confers resistance to insecticides.

The five panels of this figure show the mortality of each transgenic line and controls
when exposed to the discriminating dose of each insecticide (as worked out from the
DMCs for Canton-S and Hikone R.) The results are calculated as percentage mortality
relative to controls run simultaneously with no insecticide in the food. This allows for

differential mortality between replicates.
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Figure 4.9 shows that the over-transcription of Cyp6g! does indeed confer resistance to
a range of compounds. In all cases, there was considerably more mortality in the cross
with the transgenic fly over St that had no Cyp6g! over-transcription when compared to
the transgenic fly with tubulin linked gal4 over-transcription. It should be noted that
with imidacloprid the transgenic chromosome II flies showed more mortality than flies
with the transgene on the X chromosome. This could be due to the higher transcription
of the X linked Cyp6g! as seen in Figure 4.8. This effect was also seen in a more
limited way with DDT where slightly fewer flies with a chromosome II linked transgene
survived exposure to the insecticide than those with an X-linked transgene. It is possible
that this effect was only seen in these two parts of the experiment as this is where a
higher relative dose of insecticide was used. The result for nitenpyram shows the
compromise made when selecting the discriminating dose, as although all the expected
transgenic flies emerged many flies without the tubulin driven gal4 over-expression and

hence no Cyp6gl over-transcription also survived the screen.

4.4 Discussion.

The results of this chapter show that resistance to DDT and imidacloprid conferred by
Cypb6gl over-transcription confers cross-resistance to all the other neonicotinoid
compounds tested in this chapter. It is interesting to note that as with DDT and
imidacloprid the EMS1 and Hikone R strains showed very similar levels of resistance
compared to Canton-S, as shown in Table 4.7. This adds further evidence for the
hypothesis that Cyp6gl1 is solely responsible for insecticide resistance in these two
strains and similar levels of resistance are seen as both have similar levels of CYP6G1
(Figures 3.3 and 3.6). It is also important to observe the differences in the LDsg’s and
resistance ratios seen for the four neonicotinoids tested in this thesis. DDT is not
included in this comparison as it is tested on a different life cycle stage to the
neonicotinoids. This means that other factors, which vary between adults and larvae,
may also affect resistance. The wide range of LDsq’s seen when comparing the four
neonicotinoids used is an interesting finding of this thesis. As the 64.5 cM resistance
mechanism has proved to be metabolic in its mode of action it is not a surprise that
resistance to imidacloprid confers cross-resistance to other molecules with a similar
structure (Kikkawa, 1964). However, a comparison of LDsy’s for the four

neonicotinoids tested shows firstly a large range of LDsq’s for Canton-S. These results
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show that the different compounds have a range of effectiveness against D.
melanogaster. Table 4.7 shows imidacloprid to be the most effective compound and
nitenpyram to be least effective against Canton-S. Possible reasons for this range of
LDsy’s are that each compound is aimed at a different pest species and so will show
differing abilities to enter D. melanogaster and interact with its nAChR. Alternatively,
the chemical structures of the different compounds could affect how efficiently they are

able to reach the target receptors.

Figures 4.6 and 4.9 and Table 4.7 show that resistance to DDT and imidacloprid from
the over-transcription of Cyp6g! confers cross resistance to three newer neonicotinoids.
This is a possibly worrying trend that this enzyme is capable of metabolising all the
neonicotinoids so far tested on the resistant strains. If any pest species were to evolve
resistance based on a homologue of CYP6G1 being over-expressed then there would be
a serious problem in combating that insect with the current range of chemical
insecticides. The only good thing about these resistance mechanisms is that they
generally confer a small resistance ratio so an increase in topical dose should not be
necessary to kill the resistant insects. It has previously been reported that although the
over-expression of this enzyme does confer cross-resistance to many classes of
compound it has one interesting effect. That, this enzyme appears to metabolise
phenylthiourea a compound harmless to insects to phenylurea so the addition of this
synergist to insecticide preparations would go some way to combat this resistance type

(Ogita, 1960).

Another interesting result from this chapter is that the resistance ratios vary greatly
between neonicotinoids. We know that both the EMS1 and Hikone R strains show
similar expression patterns for Cyp6g! and that they always have a similar resistance
ratio to each other with the insecticides tested so far is to be expected. The combined
result for both these strains gives extra evidence to the hypothesis that CYP6G1 is not
equally capable of metabolising all neonicotinoid compounds. It would appear that
although these four compounds are very similar in their structure the subtle differences
are enough to cause a wide range of resistance ratios. A simple explanation for the range
in LDsy’s for EMS1 and Hikone R could be that the enzyme has a differing affinity for
each compound and so is best able to metabolise thiamethoxam (as this has the highest

resistance ratios) and is least capable of metabolising nitenpyram (the lowest resistance
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ratios). However, it is also possible that some of the metabolites produced by CYP6G1
are toxic. It has been shown by Nauen that some of the plant metabolites of
imidacloprid are almost as toxic, and in some cases more toxic than the parent molecule
to aphids (Nauen et al., 1998). So it is possible that CYP6G1 is equally capable of
metabolising all the neonicotinoids, and in fact all the insecticides that this resistance
isoform has been linked to, but that the differences seen in resistance ratios are caused
by the varying toxicity of the different metabolites. In this case the metabolite generated
from nitenpyram would need to be almost as toxic as the parent compound whereas the
metabolite of thiamethoxam produced by CYP6G1 would need to be approximately 40
times less toxic than the parent molecule. Such hypothetical differences in toxicity
could be due to a number of reasons. It could be that the metabolites are less able to
interact with the insect nAChR. Figure 1.6 shows a cartoon of the postulated interaction
of neonicotinoids with the receptor. A change in the charge of either of the groups
interacting with the receptor, or a change in the distance between them could alter the
affinity for the receptor and so have and effect on the toxicity of the compound
(Tomizawa and Casida, 2001). It is also a possibility that a change in the ionic charge
of the molecule would inhibit the ability of the molecule to enter the insect nervous
system. This would mean the molecule would not be able to affect the nAChR. Kagabu
has speculated that the charge of a neonicotinoid may affect its ability to cross the ion
barrier to the insect nervous system (Kagabu, 2003). A third possibility of why we see
such a range of resistance ratios between the neonicotinoids could be that the different
metabolites having differing degrees of ease of excretion. Thus, the metabolites of
nitenpyram might remain as relatively insoluble molecules and so not a lot easier to
excrete than the parent molecule. Alternatively, thiamethoxam could be metabolised to
a compound that is more hydrophilic than the parent molecule and so is easier to
excrete. This theory could also be closely related to the second hypothesis, as a change
in the ionic state of the compound would affect the ability to cross the ion barrier as

well as affect solubility. These various theories are not mutually exclusive.

The use of the transgenic Drosophila line supplied by Dr. P. Daborn proves our early
hypothesis form Chapter 2 that Cyp6g! over-transcription confers resistance to a range
of compounds. The micro-array results show that only Cyp6g! is over-transcribed in
these two lines in the presence of GAL4. This tells us that the resistance seen in Figure

4.9 is due to an increased level of Cyp6g!, and not any other P450 on the micro-array.

102



These results do not however exclude the possibility that other (non-P450) genes may
be involved. At this point Figure 3.6 should also be considered. The two transgenic
strains shown on this Western both have very similar amounts of CYP6G1 present.
However, it should be noted that the X-linked trans gene appears to be the more
resistant strain from Figure 4.9 and appears to have a higher level of the mRNA
transcript from Figure 4.8. The Western in Figure 3.6 also agrees with that observation,
as there appears to be a relatively higher amount of the CYP6G1 protein present in the

more resistant X-linked line.

The results for the Canton-S and Hikone R controls show that the correct dose was
selected in most cases. It can be seen than a slightly higher dose of thiamethoxam could
have been used as only 90% of the Canton-S died. The same is true of acetamiprid.
Nitenpyram posed an interesting problem as although the LDs;’s for Hikone R and
Canton-S are quite different (27.98 and 8.99 pg/vial respectively), the DMCs shown in
Figure 4.6 overlap considerably and so choosing a dose that would kill all the
susceptible flies would result in the killing of a considerable percentage of the resistant
insects. Because of this situation, a slightly lower dose was chosen where although
some susceptible insects would survive the majority would die and most resistant flies
would survive. The control in this case worked very well with only 17% of Canton-S
surviving compared to 97% of Hikone R. It might also have been possible to use
slightly lower doses of DDT and imidacloprid as we saw about 20% mortality in the
resistant control strain but the doses used were those used in mapping experiments
where it was important that no susceptible flies emerged and the same doses were used

in these experiments.

Improvements could be made to the work carried out in this chapter in several ways.
Firstly a full micro-array (i.e. one covering the whole genome) could be used instead of
the limited one we have access to but this would be a considerably more expensive
option as a full D. melanogaster micro-array is considerably more expensive than the
type we used. A complete micro-array would however answer whether it is solely
Cyp6gl over-transcription conferring the resistance profile seen of if Cyp6gl acts on
other genes. For example, it is still a remote possibility that the over-expression of
CYP6GI affects the level of other enzymes or even receptors although this is extremely
unlikely, as we know that no other P450 is over-transcribed. CYP6G1 is very unlikely
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to affect the targets of the insecticides tested, as virtually all classes of insecticide are
included in the DDT-R resistance profile. This means that all insecticide targets would

also have to be affected by CYP6G1 over-expression, which is unlikely.

The improvements suggested in Chapter 2 were used in the generation of the DMCs in
this chapter and given the broad range of effective insecticide doses on both resistant
and susceptible insects they worked very well. It was possible to get a good
approximation of the range of effective doses using an initial log10 concentration range.
Then a more refined range was used in a second DMC experiment. It is interesting to
note the number of eggs counted for each insecticide in Table 4.7 (N) shows that it
would appear that approximately two to five fold more eggs were required using this
second method, which would appear at first to imply the new method required more
work. However, this difference is due to many of the original DMC experiments on
imidacloprid not being usable as a completely incorrect dose was applied to the vial. It
can also be seen in the number of eggs used for Hikone R is approximately half the
number used to generate the EMS1 DMCs for acetamiprid, nitenpyram and
thiamethoxam. This is because the original DMC for each of these compounds was
generated using Canton-S and EMS1 therefore when Hikone R was assayed a suitable
range of concentrations was already known. From these results, it appears that the

changes to the bioassay suggested in Chapter 2 improve this experiment.

The other suggested improvement from Chapter 2 for the larval bioassay was to use the
agar based food for the medium instead of dry fly food. This was used to generate
Figure 4.9 as several traditional DMC attempts using dry fly food had resulted in almost
100% mortality in all the vials including the transgenic controls. Because Canton-S and
Hikone R flies did not die, we can be sure that this was a problem with the transgenic
strains so a second method had to be used. As predicted this method did lead to lowered
control mortality as the food was not as prone to drying out. However, also as predicted,
it was an extremely difficult procedure to use and it is not possible to get a precise
insecticide concentration. This is because the thickness of the molten food does not
allow accurate measuring and makes a thorough mixing of the food to distribute the
insecticide evenly difficult. Thus although a discriminating dose could be used a true
DMC would not be obtainable. Possible ways around these problems would be to make

a smaller quantity of food at a time so it would not need measuring before addition of
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the insecticide but this would still not alleviate the potential problems with thorough

mixing and possible damage to the insecticide form adding it to food that is too hot.

The experiments in this chapter raise important ideas for further work. First, there is the
need to identify the metabolites being produced by CYP6G1 in resistant strains. Work
done trying to create an assay for this purpose is shown in Appendix 1. Second, we need
to know whether it is the affinity of CYP6G1 for different compounds that causes the
range of resistance ratios seen to the neonicotinoids used in this chapter, or if that range
is due to the differing toxicity of the metabolites. This question could be answered in
part by metabolism studies as it would show if there were differing amounts of
metabolite present for each compound. This could suggest whether CYP6G1 has a
differing affinity for each compound. Alternatively there could be an equal amount of
each metabolite present supporting the hypothesis that the toxicity of the metabolite
varies. Following on from that experiment it would be interesting to synthesize the
predicted metabolites and then use them in a DMC. This would test their toxicity to
both resistant and susceptible strains. It could also prove possible to expose other
species to the new compounds to test if a Cyp6g/ homologue were to cause resistance in
a pest species if the probable metabolites would be toxic to the pest insect. This last
experiment could allow possible alterations to a new insecticide to make resistance less
likely or would answer which of several compounds would be the most effective to use

if this type of resistance were selected for in the wild.
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Ch 5. Other insecticides, P450s and species

S.1 Introduction

So far, in this thesis, the resistance of D. melanogaster to DDT and imidacloprid has
been investigated in three different resistant strains and the resistance to three new
neonicotinoids has been tested in two resistant strains. This chapter is an expansion of
this work investigating the resistance profiles of three different strains and also concerns
the search for a Cyp6g! homologue in D. simulans. The work of this chapter is
published in part in Le Goff et al, 2003.

Previous publications have implicated a variety of D. melanogaster genes to be
involved in P450 based metabolic resistance. The work of Maitra investigated DDT
resistance conferred by Cyp6a8 (Maitra et al., 2000). Brandt has worked with the Wisl
strain where they found Cypl2d1 to be over-transcribed and linked to DDT resistance
(Brandt et al., 2002). Many other groups have also worked on Cyp6a2, which, with
Cyp6g! is the most investigated D. melanogaster P450. Cyp6a2 is over expressed in the
91R strain first selected for by King (King and Somme, 1958), but as we have found no
examples of this gene being involved in resistance in any of the strains we have so far

tested it is not used in this thesis.

Maitra and many other groups including Berge and others have found that the 91R
strain has shown a higher level of Cyp6a2 expression than the 91C strain isolated at the
same time and not exposed to DDT (Berge et al., 1998; Maitra et al., 2000). Maitra also
looked for other P450s being over-transcribed and found that some strains also over
transcribe Cyp6a8. They found that some strains do not transcribe this gene at all, some
including 91R transcribe a small level of this gene and some such as MH-III over-
transcribe a considerable amount of mRNA for Cyp6a8. Unfortunately this paper
contains no data for DDT resistance so the resistance profile conferred by Cyp6a8 is

unknown (Maitra et al., 2000).

We also wanted to investigate if other insects also have the same resistance mechanism
as the Hikone R strain. Brazilian D. simulans strains were supplied by Dr. L. Madi-
Ravazzi. These insects were then screened for DDT and imidacloprid resistance and
then a micro-array used to discover if these closely related drosophilids use a

homologue of Cyp6gl to confer the wide resistance profile seen in D. melanogaster. If
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it were shown that the same gene was over-transcribed it would also be of interest to
discover if the same mutation was responsible for this in both species, since this could
indicate that the Cyp6gI resistance mechanism has probably been in the D.
melanogaster population since the two species separated. Work has been done by
Catania carrying out micro-satellite analysis of a range of resistant D. melanogaster
with resistance conferred by the 5° insertion of an Accord element (Catania et al,
unpublished data), (Daborn et al., 2002). An analysis of strains collected from around
the world found that evidence was inconclusive as to whether exposure of D.
melanogaster to DDT and other insecticides from the late 1940s onwards selected for a
fly with the Accord element insertion or if this is a historical mutation that has always
been present in D. melanogaster. If the same Accord element were found in a D.
simulans strain showing a similar resistance profile then it would indicate than this

transposable element jumped into the 5’ region of Cyp6g! prior to speciation.

Finally the use of the organophosphate malathion allowed us to confirm a result first
discussed in Chapter 2. Early in the thesis it became clear that DDT was too
hydrophobic to be used in the water based larval bioassay and imidacloprid and the
neonicotinoids are ineffective against adult D. melanogaster. Malathion however has
been shown to be active in an adult bioassay and is also soluble enough to be used in the
larval screen. This means that it is now possible to test if the same insecticide shows a

similar resistance ratio when used against different stages in the lifecycle.
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5.2 Methods

S5.2.1 Generation of DMCs for malathion in D. melanogaster, and for imidacloprid,

DDT and malathion for D. simulans.

To generate DMCs for the organophosphate malathion the procedure for larval assays
was used as described on Section 2.2.1.2. The homozygous strains Hikone R, Canton-S,
Wisl and Wisl Lab were used with malathion using between 5 and 7 insecticide
concentrations with between 4 and 10 replicates at each insecticide concentration.
Malathion was also used in an adult contact bioassay as described in Section 2.2.2.1.
The strains Canton-S and Hikone R were used in this assay with between 4 and 10

replicates at each concentration used.

When using D. simulans in the larval bioassay for testing resistance to imidacloprid and
malathion it was found that the eggs hatch at a earlier time than those of D.
melanogaster so it was necessary to set up the cage to collect eggs late in the afternoon
and collect the eggs the following morning. If they were left for longer than 20 hours
the eggs would begin to hatch. Further problems encountered with D. simulans included
the resistant and susceptible strain not appearing to be homozygous so a broad range of
insecticide concentrations were needed. It is also of note that these flies appear to prefer
to pupate on the food rather than the sides of the vials or bottles as it the case of D.
melanogaster. This could have led to the slightly higher control mortality as the pupae
would be more susceptible to bacteria and fungi in the dry fly food, and possibly to

desiccation, as they will be affected more by the evaporation of water from the food.

The DDT bioassays for D. simulans were carried out exactly as described in Section
2.2.3.1 although more bottles were required to produce an equivalent number of D.
simulans to D. melanogaster. Again, this could be due to the D. simulans pupating on

the food, which would give a smaller surface area for pupae to occupy.
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5.3 Results
The results in this section are published in part, by Le Goff et al (Le Goff et al., 2003).
They are a more detailed investigation of that work into the differing P450 expression

profiles of the different strains used in this thesis and how this affects the resistance

phenotypes seen.

5.3.1 Resistance to DDT and imidacloprid confers resistance to malathion in some

strains.

In the past, organophosphate resistance has been reported in the literature in the strains
now shown to over-express CYP6G]. It was decided to show that these strains still
show resistance to these compounds and to expand upon the survey of cross-resistance
so far carried out in our laboratory. In a recent paper, Pittendrigh claimed that the strain
Wisl also over-transcribed a different P450, Cypl2d1 (Brandt et al., 2002) . When this
was announced a Northern blot was carried out in our laboratory using a CypI2d1 probe
and this found no over-transcription of Cyp12d1 in our Wisl lab strain, which at the
time was thought to be the same as Wis1l. The observation was also made that resistance
to DDT differed considerably between Wisl lab and Wis1, but this was originally
explained by Wisl lab being a laboratory strain with the marker vestigial. This marker
causes flies to be smaller than wild type. Further as wings are used as a part of the
courtship ritual not as fecund as their wild type relatives. At this time we had no data
with which to make comparisons of imidacloprid resistance as all experiments using
Wis1 lab eggs placed on the ready mixed dry fly food led to virtually no survivors in the
control and no survivors at all in the resistant flies. Again, this was put down to the
reduced fitness of the vestigial Wis1 lab strain, it was not even considered to carry out
the imidacloprid DMC at a lower concentration range. As we shall see in the following

results hindsight is a wonderful thing!
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As can be seen in Figure 5.1 two of the strains used show resistance to malathion
whereas the Wisl1 lab strain shows no resistance to malathion, and indeed seems to be

more susceptible to malathion at lower concentrations.

The panel of DMCs shown in Figure 5.2, (already seen in part in Figures 2.4 and 2.7)
show clear differences in the cross-resistance profiles of these three strains. It can be
seen in graph A that Hikone R is the least resistant fly to DDT, and that Wis1 is more
resistant than Wis1 lab. Graph B shows that although all strains are resistant to
imidacloprid Wisl lab is clearly less resistant that either of the other two resistant
strains tested. This gives an explanation as to why was not possible to generate dosage
mortality curves for Wisl1 lab when the original DMCs were carried out. At the time, the
high control mortality masked the fact that the wrong insecticide concentrations had
been used. It was this high control mortality that stopped us getting a DMC for Wis1 lab
and so having two differing results between what were, assumed to be, the same strain
simply with different markers. In the final graph, C, we can again see the result from the
previous figure showing how similar Wisl and Hikone R are in their resistance profiles
to malathion and it can be seen just how susceptible Wisl lab is in comparison to

Canton-S and the two resistant strains.
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Tab. 5.3 A detailed comparison of cross resistance to DDT, imidacloprid and

malathion in our strains of interest.

Resistance
Strain N | LDs (90%CI) |(Slope|+-S.E. ratio
Imidacloprid Mix
Canton-S 1500 | 0.53 | (0.42-0.68) |3.86| 0.97 1.00
Hikone R 1600 4.74 | (3.71-5.75) |3.00| 0.57 8.94
Wisl 4000 | 3.50 | (2.52-4.30) |2.34| 0.22 6.60
Wisl lab 22501 2.18 | (1.76-2.53) |3.25| 0.47 4.11
DDT
Canton-S 780 | 1.45 | (1.22-1.72) |291]| 0.25 1.00
Hikone R 780 | 18.97 | (13.03-24.75) [ 2.21 | 0.18 13.08
Wisl 740 |104.34((90.99-113.70)| 2.14 | 0.19 71.96
Wisl lab 680 | 44.39 | (36.10-51.93) | 2.57 | 0.25 30.61
Malathion
Canton-S 2500 4.88 | (4.26-5.41) |8.59| 1.00 1.00
Hikone R 2000 | 20.26 | (16.73-23.17) | 6.71 | 0.59 4.15
Wisl 2000 | 21.23 | (18.75-23.36) | 6.09 | 0.53 435
Wis1 lab 2500 | 2.72 | (2.19-3.16) |4.22| 0.50 0.56

This table gives the detailed information cross resistance in the strains of interest.

The variety of resistance ratios seen for each strain to the different insecticides shows
how each strain has a different resistance profile. Canton-S is susceptible to all the
chemicals used. Hikone R is resistant to all the insecticides tested, and although not as
resistant as either Wis1 lab or Wisl to DDT, it is very slightly more resistant than Wis1 .
and considerably more resistant to imidacloprid when compared to Wisl lab. Wisl
shows an almost identical level of resistance to malathion as Hikone R and is
considerably more resistant to DDT than either of the other two strains. Wis1 lab shows
the most striking resistance profile. This strain is the most resistant to DDT with a
resistance ratio of 30.61 compared to that of Hikone R with a resistance ratio of 13.08.
However, this strain shows only about half as much resistance to imidacloprid as
Hikone R, and is in fact almost twice as susceptible to malathion as the susceptible

control Canton-S.
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5.3.2 Does resistance at one lifecycle stage confer resistance to the same insecticide
at different stages of the lifecycle.

When we originally tested resistance to DDT and imidacloprid it had proved impossible
to devise a reliable protocol for DDT at the larval stage as DDT is too hydrophobic, and
imidacloprid had no effect on adult D. melanogaster. It has been reported that malathion
is active against adult Drosophila so it was decided to generate a dosage mortality curve

for this compound to compare to the larval assay shown in Figure 5.1.
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Strain N LD50 (90%CI) Slope +-S.E. Resistance ratio
Malathion Larval Assay

Canton S 2500 4.88 (4.26-5.41) 8.59 1.00 1.00
Hikone R 2000 20.26 (16.73-23.17) 6.71 0.59 4.15
M alathion Adult Assay

Canton S 1400 0.84 (0.77-0.90) 4.29 0.35 1.00
Hikone R 1040 2.12  (1.98-2.25) 7.95 0.87 2.52

Fig. 5.4 Resistance to malathion in an adult bioassav.

Figures 5.1 and 5.4 show DMCs for malathion on both the larval and adult stages of
Hikone R and Canton-S. It can be seen that there is resistance in Hikone R to this
compound at both life cycle stage. This provides evidence that the same mechanism has
a similar effect throughout the life ofthe insect. The differences in LDso’s in adults and
larvae are explained by the method ofapplication ofthe insecticide. In the two assays
two very different methods are used, including the mode ofentry into the insect and
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they would not be expected to give the same LDso. However, it is interesting to see how
the resistance ratio varies. If the level of CYP6G1 were equal throughout the lifecycle
then we would expect similar resistance ratios from both experiments. As can be seen
this is not the case and the resistance ratio of the adult bioassay is approximately half
that of the larval bioassay. This suggests that the ratio of CYP6G1 at the adult stage is
lower than at the larval stage, and this is in accord with the result seen in Figures 3.3
and 3.5 where it has been shown that there is an increase in the level of both protein and

mRNA in Canton-S larvae from the 3™ instar onwards.

5.3.3 Resistance to DDT also confers IMI and malathion resistance in D. simulans.

As D. melanogaster is very similar to D. simulans it was decided to look for the same
form of cross-resistance seen in D. melanogaster. Wild type D. simulans strains were
collected in Brazil by L. Madi-Ravazzi. The strains were then screened by exposing the
larvae to increasing doses of imidacloprid and flies to emerge were placed on DDT and
survivors collected. In this way, a DDT resistant strain showing cross-resistance to
imidacloprid was identified. The resistant strain OV was compared to the susceptible
strain BG and bioassays were carried out on imidacloprid, DDT and malathion. These
results are shown in Figure 5.5 where it can be seen that the resistant OV strain shows a

similar resistance pattern as to Hikone R.

115



99 . DDT

A X
90 -
70 -
50 -
30 -
10 .
1 -
w
.4-2> fni] 1 T nr,
n 0.1 10 100
a
%9 - Imidacloprid
>
5 90-
70 -
t 50
0 3«
2 D. simulans BG
D 10 .
D. simul,
O) simulans OV
ra
D 0.1 10 10
b
(6]
a 09 Malathion
90-
70-
50-
30-
10-
ol 1 10 10

Concentration ( jxg/vial)

Fig. 5.5 Dosage mortality curves showing resistance of D. simulans to imidacloprid.

DDT and malathion.

116



Tab. 5.6 Table giving details of resistance in D. simulans to imidacloprid, DDT and

malathion.
Resistance
Strain N | LDs (90%CI) |Slope| +-S.E. ratio
Imidacloprid Mix
Canton-S 1500 | 0.53 | (0.42-0.68) |3.86| 0.97 1.00
Hikone R 1600 | 4.74 | (3.71-5.75) |3.00| 0.57 8.94
BG 3500 | 1.39 | (0.90-1.99) | 154 0.11 1.00
ov 4000 | 5.94 | (4.36-7.67) | 1.38| 0.09 427
DDT
Canton-S 780 | 1.45 | (1.22-1.72) |291 | 0.25 1.00
Hikone R 780 | 18.97 | (13.03-24.75) | 2.21 | 0.18 13.08
BG 1280 1.37 | (1.03-1.76) |2.01| 0.12 1.00
ov 1300 | 292 | (2.11-3.76) | 1.40| 0.10 2.13
Malathion
Canton-S 2500 | 4.88 | (4.26-5.41) |8.59| 1.00 1.00
Hikone R 2000 | 20.26 | (16.73-23.17) | 6.71 | 0.59 4.15
BG 2000 1.79 | (0.89-2.62) |1.79| 0.14 1.00
ov 2000 | 21.42 | (18.26-24.23) | 3.92 | 0.30 11.97

This table gives a detailed summary of results for two D. simulans strains and the

results of Canton-S and Hikone R as a comparison to the resistance levels seen in D.

melanogaster.

This table gives the detailed data for the graphs in the previous figure. Here we see that
the resistance ratios for D. simulans, whilst low in comparison to the D. melanogaster
strains shown in the table are however significant with the 90% confidence intervals of
the resistant and susceptible strain not overlapping. The column showing the number of
flies or eggs used in each bioassay is also interesting. In this set of experiments as it can
be seen that whilst with malathion a similar number of eggs were used in comparison to
D. melanogaster. However, with both DDT and imidacloprid relatively more eggs and
adults were needed in the bioassays for D. simulans (in actual fact around twice the

number of adults or eggs were needed in each bioassay). This is due to the non-
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homozygous nature of the D. simulans populations requiring considerably more data

points on each dosage mortality curve to cover the full range of these two insecticides.

5.4 Discussion

The results in this chapter show that different strains have different resistance profiles.
Hikone R and Wisl are both resistant to the three insecticides used in this chapter where
as Wisl lab is resistant to DDT and slightly resistant to imidacloprid but is not resistant
to malathion. In fact, Wisl lab is actually slightly more susceptible than the susceptible
control Canton-S to malathion. Figure 5.7 shows the micro-array data generated by Dr.
G. Le Goff that shows that each strain has a different P450 over-transcription profile
when compared to Canton-S. We can see that in Hikone R only Cyp6g! is over
transcribed, as is shown in Table 2.14 where the original Northern blot results are
shown. As has been demonstrated in Chapters 2, 3 and 4 Cyp6g! over-transcription and
CYP6G1 over-expression is sufficient to confer resistance to a range of neonicotinoids,
DDT and an organophosphate. This micro-array also shows that no other P450s are
over-transcribed in this strain. This allows us to disregard the possible hypothesis
suggested in Chapter 2 that Cyp6gl over-transcription caused the up regulation of a
number of P450s. Equally we may discard the possibility that the Accord element
insertion downstream of Cyp6gl caused the over-transcription of other P450s by trans-
regulation as we only see one P450 to be over-transcribed compared to Canton-S. This
hypothesis has already been disproved by the transgenic fly lines used in Chapter 4 that
showed that the over-transcription of Cyp6g! alone is sufficient to confer resistance to a

range of compounds but now it has also been demonstrated that this is true of the wild

type Hikone R strain.
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Fig. 5.7 Micro-arrays analysis of DDT-R strains, originally from Le Goffet al,
2003.
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Wis1 has previously been shown to over-transcribe both Cyp6g! and Cyp12d1 by
Brandt (Brandt et al., 2002). In that paper, it was shown that CypI2d1 over-transcription
was induced by exposure to DDT. This might explain why we see such a relatively low
level of transcription in the micro-array, as the flies used for this protocol are not
exposed to DDT. From the results seen here and in Brandt et al, it would appear that
Cypl12d1 over transcription only confers extra DDT resistance over Cyp6g!. We can see
identical malathion resistance for both Hikone R and Wisl suggesting that the presence
of an extra P450 does not increase resistance to this compound. However, it should be
remembered that the DDT bioassay is carried out on adult insects and malathion for this
experiment was used as a larvicide so there is a possibility that Cypl2d! is not inducible
in the larval stages of the lifecycle. There is also a possibility that Cypl2d1 does confer
a very slight level of resistance to malathion at the larval stage. In Table 2.9, we can see
that whilst the resistance ratios for Hikone R and Wis1 are similar for imidacloprid
Wisl has a slightly lower ratio (8.94 fold for Hikone R compared to 6.60 fold for Wisl1).
In Figure 3.6 where the relative amounts of CYP6G] is assayed by a Western blot we
again see that there is slightly less CYP6G]1 present in Wis1 adults when compared to
Hikone R. This would suggest that Cyp6g! over-transcription is lower at the larval stage
and at the adult stage in Wis! so to see the result in Table 5.3 where we see virtually
identical resistance ratios for Wis! and Hikone R when looking at malathion it would
suggest that there is a second factor present raising the level of resistance to malathion.
It is possible that this second factor is Cypl2d1 and the very slight increase in resistance
factor from what would be predicted is due to the low level of basal Cypi12d1 over-
transcription seen. If this were the case then it is possible that while Cypl2d! may be
able to metabolise malathion the presence of this organophosphate does not induce

over-transcription as Brandt showed was the case when Wisl was exposed to DDT

(Brandt et al., 2002).

The third D. melanogaster strain considered in this chapter is Wis1 lab. Originally it
was thought that this strain and Wislhad the same resistance profile as it was believed
that Wis1 lab was a line derived from Wisl but in a w; vg background. As it turns out
this selection for DDT resistance in a vestigial mutant led to the loss of Cyp6g! over-
transcription and the laboratory based selection of Cyp6a8 over-transcription in the
same method used by Maitra (Maitra et al., 2002). This early misconception caused us

some confusion and early setbacks. It should be noted that the two new P450s we are
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investigating in this chapter, Cypl2d1 and Cyp6a8 were both tested for over expression
on “Wis1” as part of the Northern screen in Chapter 2 (Table 2.14), and neither was
seen to be over-transcribed. The most likely reason for this is that at the time we used
Wisl and Wisl lab interchangeably and so by chance a Northern membrane with Wis1
RNA was used for the Cyp6a8 screen and a membrane with Wis1 lab RNA was used
with the CypI2d1 probe. This resulted in the correct expression pattern being missed at
an early stage. It was also noted that Wis1 lab seemed to be more susceptible to
imidacloprid than was expected, the original bioassays were carried out over the same
concentration range used for Hikone R and EMS] and this resulted in almost 100
percent mortality. At the time we assumed that this was due to the vestigial background
as these mutants seem to be smaller and so would be more susceptible to dehydration
which is common in the water based dry fly food used in these bioassays. There is also
a possibility that the vestigial mutation also affects general fitness, as it is a
developmental mutant. Also, as a fly uses its wings as a part of the courtship ritual a fly
with no wings may be less likely to mate and so there might be a number of virgin
female flies present laying unfertilised eggs. These would be counted into the vial so
could account for some of the control mortality. At the time we did not consider that
Wisl lab had a different P450 expression profile and simply used the Wis1 in Daborn et
al, 2001 instead of Wisl lab as was originally intended.

The reason for this error is now clear, firstly the Western blot shown in Figure 3.6
shows clearly that there is no Cyp6g! over-expressed in this strain as the level of protein
seen is identical to the Canton-S strain and secondly Figure 5.7 shows very clearly that
the only P450 over-transcribed in this strain is Cyp6a8. Therefore, from the results of
this chapter we concluded that Cyp6a8 confers resistance to DDT at a higher level than
Cyp6gl but less than that of both Cyp6g! and Cypl2d1 combined. Imidacloprid
resistance is also seen but at only 4.11 fold higher than Canton-S compared to 8.94 with
Hikone R, this suggests that while Cyp6a8 is capable of metabolising imidacloprid it is
either not as efficient as Cyp6g! or is not present in as great a quantity. It is also of
interest to note that the over-transcription of Cyp6a8 does not confer any kind of
malathion resistance. In fact, it appears that the presence of increased copies of Cyp6a8
makes the strain more susceptible to malathion. This is a possibility and it has been
shown that the over-expression of a P450 can make a compound more toxic, for

example Hikone R is more susceptible to phenylthiourea than Canton-S (Ogita, 1960),
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so Cyp6a8 could activate malathion or create a metabolite that is more toxic than
maloxon, the normal activated form of malathion. This hypothesis might also explain
why Cyp6a8 mediated resistance has never been seen in a wild type strain as D.
melanogaster are exposed to a range of insecticides a mutation that confers resistance to
one insecticide but increased susceptibility to a second active ingredient will only be
able to survive when not exposed to the toxic chemical. But this may not be the case at
all, as suggested earlier the vestigial mutation appears to cause smaller less fit offspring
so this slight decrease in LDsg seen between Canton-S and Wis1 lab could be due to the

size difference or fitness cost of the vestigial mutation.

Tab. 5.8 Summary of P450 over-expression and resistance profiles.

Strain P450 profile | Insecticide profile
Canton-S None None
Hikone R Cypbgl DDT
) Imidacloprid
Malathion
Wisl Cyp6gl (Increased) DDT
Cypl2dl Imidacloprid
Malathion
Wisl Lab Cypb6a8 (Increased) DDT
(Slight) imidacloprid

This table summarises the P450 expression profile for the four D. melanogaster strains

of interest and the insecticides to which they confer resistance.

The three DMCs seen in Figure 5.5 show an interesting result. It is clear from the
DMCs that the OV strain is more resistant to all the insecticides tested when compared
to the susceptible BG strain. However, it is clear from the DDT and imidacloprid graphs
that this is not a high level of resistance and the slopes of the lines are relatively flat in
comparison to the equivalent D. melanogaster DMCs. The more vertical a line on a
DMC then the smaller range at which the insecticide of interest works and therefore the
smaller the range of alleles for the resistant gene in the population being tested. It
should be noted that in this case, the highest level of resistance is to malathion, and this
is also the most vertical line of the three DMCs. This may suggest that this D. simulans

strain derives from a population that was exposed to malathion or another
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organophosphate at one time in the past, and so this is the class of compound that now
has the highest resistance ratio. If this argument is then applied to our D. melanogaster
strains then they show the highest resistance to DDT suggesting that they were
originally selected by exposure to DDT. This is likely as DDT was the prevalent

insecticide in the 1950s when this phenotype was first seen.

The two D. simulans strains used in this thesis demonstrate that the over-transcription of
an apparent Cyp6g/ homologue (Figure 5.9) confers resistance to DDT, imidacloprid
and malathion. The D. simulans Cyp6g! like gene is evidently closely homologous to
the D. melanogaster gene at both the mRNA and protein level as it was detectable by an
antibody specific for D. melanogaster and also the probe on the micro-array slide. In
this case there would appear to be about 4.9 times more protein present in the resistant
than the susceptible line and this would lead to a hypothesis that the BG strain will not
have as high a resistance ratio as the resistant D. melanogaster strains I have assayed.
Figure 5.5 and Table 5.7 show this to be the case for imidacloprid with OV having a
resistance ratio of 4.27, about half of that of the Hikone R. It would again, however,
appear that the level of CYP6G]1 or its homologue is only closely linked to imidacloprid
resistance, and the resistance factors for DDT and malathion indicate that other factors

must also be involved in resistance to these compounds.

Several future experiments arise from this chapter. In it, we conclude that different
P450s show different resistance profiles. It would be useful to increase the range of
insecticides screened on each strain. However, that was outside the time scale of this
thesis. It would also be desirable to have transgenic lines that over-transcribe Cyp6g!
(this strain has already been created by Dr. P. Daborn), Cyp6a8, Cyp12d! and it would
also be desirable to have a Cyp6a2 transgenic strain that could be tested with a range of
insecticides. A Wisl lab strain not in the w; vg background is also desirable to rule out
the health costs of the vestigial mutation and a strain where Cyp/2d! is not co-
transcribed with Cyp6g! is also necessary to finalise the resistance profile for Cypl2d1.
The use of transgenic lines would remove fitness costs of the different strains by having
all the lines in the same background strain, and thus, being able to use good controls.
Further to this, it would also be worthwhile to carry out micro-arrays to compare the
different strains in the presence and absence of different insecticides to test the effect of
induction of P450s on the resistance profile.
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Fig. 5.9 Micro-array of resistant (OV) and susceptible (BG) D. simulans, originally
from Le Goff et al (2003).

Following on from the experiments on the D. simulans strains, several experiments are
suggested. Firstly, another screen should be carried out on the resistant OV strain as the
angle ofthe slopes in the DMCs shown in Figure 5.5 shows that this may not be a
homozygous population (Busvine, 1971). Therefore, further selection could remove
susceptible insects from the strain. A further possibility could be that heterogeneous
conditions in the bioassay might give the same result. Although this evidently was not
the case for D. melanogaster, it could have been true for D. simulans. A new susceptible
control is also desirable as the BG strain is a wild type strain and it appears that there is
some background resistance. This is possibly due to seeding the original population
with too high a number of individuals and so having a large genotypic range in the line.
A better control would be a susceptible strain from a stock centre. A second set of
experiments to carry out now that a similar transposable element has been found to
confer resistance in D. simulans is to start looking at other species. Personal
communication with Dr. R. Feyereisen has indicated that Cyp6g!/ is a gene unique to
drosophilids but it would still be an interesting series of experiments to screen a more
diverse range if insects, from drosophilids to other diptera and so on to look for a

Cyp6gl homologue conferring resistance in other species.
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The final experiment suggested by this chapter ties into the future suggestions of
Chapter 4 for the creation of a screen to look for metabolites of different compounds
and for different P450s. We now have three P450s conferring resistance, so it is
important to know if they all generate the same metabolites. It is already clear that
Cyp6a8 will either not metabolise malathion, or possibly metabolise it to a more
harmful compound, while there is evidence that Cyp12d1 might confer a small level of
malathion resistance. This implies that malathion metabolism differs between these
strains, so it would be interesting to discover how the respective malathion metabolites
relate to each other. It is also clear that all three P450s confer differing levels of
resistance to DDT. Is this because they produce three different metabolites of varying
toxicity? Alternatively is the range of resistance ratios due to all three P450s of interest
generating the same metabolites but having slightly different affinity for DDT and so
having differing efficiency of metabolism? During the course of this thesis, attempts
were made to investigate neonicotinoid metabolism by Hikone R and Canton-S but no

successful assay was developed. This work is outlined in Appendix A.
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Chapter 6. Conclusions and future work.

6.1 Conclusions

The work presented in this thesis shows that the over-expression of a single P450
confers resistance to a broad range of insecticides. Since the DDT-R 64.5 ¢cM phenotype
was first isolated in the 1950s in Japan (Ogita, 1960) many groups from around the
world have worked to elucidate how it could be possible that one single locus can
confer such a broad resistance range. Work in the 1980s discovered the possible over-
expression of an as then unknown P450, called P450-B in Hikone R (Waters and Nix,
1988). Since this publication, a number of new techniques have become available and
this has allowed us to further analyse the DDT-R locus. The original mapping work
localised resistance to DDT and malathion to the 64.5 cM region of chromosome II
(Ogita, 1960). Subsequent work has placed imidacloprid resistance at the same locus
and P-element mapping reduced the candidate DDT-R gene to 6 open reading frames

(Daborn et al., 2001).

Further work using the synergist PBO showed that resistance was probably P450
mediated. Following on from this, Northern blots of the three candidate P450s in the
64.5 cM region showed that one gene, Cyp6gl was over-expressed. At the same time,
all the other P450s in the D. melanogaster genome that had previously been linked to
insecticide resistance were also tested, and only this single P450 was over-transcribed
(Daborn et al., 2001). Subsequent work using a limited micro-array containing all the D.
melanogaster P450s showed that Cyp6g! is indeed the only P450 over-transcribed in
Hikone R when compared to Canton-S (Le Goff et al., 2003). This demonstrated that
the over-expression of the single P450 gene is sufficient to confer resistance to a broad

range of insecticides (Daborn et al., 2001).

My work also shows that the DDT-R locus is also capable of conferring resistance to a
new class of insecticides, the neonicotinoids (Le Goff et al., 2003). This is a result that
could possibly have large economic implications for agrochemical companies.
Neonicotinoids are already in widespread use and it was hoped that cross-resistance
from previously encountered chemicals was unlikely as very few chemicals in the past
have targeted the insect nAChR (Tomizawa and Casida, 2001). The cross-resistance
shown by Cyp6g! over-transcription shows that it is possible for there to be resistance

in field populations before the release of a new chemical due to previous exposure to
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unrelated chemicals. It is also interesting to note that the over-expression of Cyp6g!
appears to have very little, if any, fitness cost. The Hikone R strain has been kept in
stock centres for 40 years and still exhibits DDT resistance, although, no selection with
insecticides takes place in the stock centre. It has been demonstrated that this is true of
many DDT resistant strains over-transcribing Cyp6g! that have been collected over 40
years (Daborn et al., 2002). This means that if any pest species has developed resistance
via this mechanism then it is likely that even if that insect has not been exposed to
insecticides the resistant alleles will persist in the population. Work by Schlenke and
Begun has shown that D. simulans also has a similar mutation to D. melanogaster that
results in the over-transcription of a Cyp6g! homologue. This gene is over-transcribed
by the insertion of Doc element in approximately the same position as the Accord
element in Hikone R. The D. simulans Cyp6gl homologue is similar enough to cross-
react to an anti-CYP6G1 antibody and to a D. melanogaster micro-array (Le Goff et al.,

2003; Schlenke and Begun, 2003).

The D. simulans strains over-transcribing a Cyp6g/ homologue also show a very similar
resistance profile to the DDT-R strains, including resistance to imidacloprid. This
means that other pest species that have evolved insecticide resistance via a Cyp6g!
homologue will probably also be resistant to the neonicotinoids. However, it has been
observed that Cyp6gl appears to be unique to diptera and possibly the drosophilids (R.
Feyereisen pers. com.). It should be noted though that whilst Cyp6g! homologues are
not known to exist in any pest species, our work and the work of our predecessors has
shown that over-transcription of a single P450 can confer resistance to a broad range of
insecticides. This means that any future insecticide will be subject to the risk that it may

already face resistance in the field even when first released.

The work of Dunkov, Maitra and Brandt has shown that three other D. melanogaster
P450s can also be involved in insecticide resistance (Brandt et al., 2002; Dunkov et al.,
1996; Maitra et al., 2000). This work showed that Cyp6a2, Cyp6a8 and Cyp12d1 are all
over-expressed in resistant strains. All these three genes confer DDT resistance but as
yet none appear to confer the same broad resistance profile seen from Cyp6gl over-

transcription (Le Goff et al., 2003).
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6.2 Future work.

The work carried out in our laboratory has now answered which gene is responsible for
the DDT-R phenotype. However, in answering this question it has asked a number of
new ones. We now know that one gene confers resistance to a broad range of chemicals
but we do not know how it does it. Work to investigate possible metabolites is an
important experiment, as it will show how one single enzyme can confer resistance to so
many chemicals. Some work towards this is shown in Appendix A but this work failed

to yield results.

Another area where work can continue is to analyse the Cy6a2, Cyp6a8 and Cypl2d]
phenotypes. Transgenic lines would facilitate a more controlled analysis of these other
resistance causing P450s as to date we have had no chance to work with Cyp6a2 at all.
Cyp6a8 is in a vestigial background, which could have caused uncontrollable problems
with fitness. The Cyp12d1 over-transcribing strain, Wisl, over-transcribes Cyp6g! as
well. Transgenic lines with each of these genes would allow controlled comparisons to
investigate the different resistance phenotypes seen with these different vP450s. This
work could also involve the production of antibodies to each P450 to investigate the

expression of the proteins.

One last experiment to carry out is the purification of the Cyp6gl antibody. This would
allow a more accurate analysis of protein levels. It could also be used to investigate
expression patterns throughout the lifecycle of resistant and susceptible insects. This
experiment might discover the native purpose of Cyp6g!, although it should be
remembered that given the evolutionary history of P450s there may be no native

function and it evolved to metabolise plant xenobiotic (Feyereisen, 1999).
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Appendix A: Metabolism of neonicotinoids in D.

melanogaster.

Al Introduction

The aims of this work described in this chapter were, firstly to create a robust protocol

for Syngenta as a part of my CASE scholarship to use for analysis of novel insecticidal
compounds and secondly to answer questions about the specific metabolites of
imidacloprid and other neonicotinoids from susceptible and resistant Drosophila strains.
A series of experiments were carried out to attempt to identify and analyse the
metabolites of the neonicotinoids from resistant and susceptible Drosophila. Several
previous groups have analysed the metabolites of imidacloprid and have categorised the
major metabolites and analysed their toxicity to M. persicae (Nauen et al., 1998).
Metabolites have also been reported for M. domestica in a injection screen (Miyagawa
et al., 2002). We are especially interested in creating a protocol, as this would allow a
comparison of all the different compounds apparently metabolised by CYP6G1. The
range of insecticide structures that increased expression of this enzyme confers
resistance to means that it could carry out a series of reactions or have a very non-

specific active site that can catalyse many diverse compounds.

Several other groups have investigated the metabolism of imidacloprid in both resistant
and susceptible insects. It has been previously thought extremely unlikely that P450
based imidacloprid resistance would be found (Byrne et al., 2003). This is because the
proposed metabolites of imidacloprid generated by a P450 are as toxic or more toxic to
some species than the parent compound (Nauen et al., 1998). Nauen found that the 4-
and 5-hydroxy metabolites and imidazoline (or olefin) derivatives were as toxic or more
toxic to M. persicae and Aphis gossypii than the parent compound (Nauen et al., 1998).
Byrne and his colleagues have investigated imidacloprid metabolism in Bemisia tabaci
and found a very low level of imidacloprid metabolites (Byrne et al., 2003).
Additionally work by Kagabu on M. domestica shows that many of the possible
imidacloprid metabolites are also toxic (Kagabu et al., 2002). However the work of
Schulz-Jander demonstrates that whilst P450s are capable of metabolising imidacloprid
P450 enzymes in mammalian liver microsomes and the human P450 3A4 show the
major metabolites to be the 5-hydroxy and imidazoline derivatives (Schulz-Jander and

Casida, 2002).
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A2 Methods

A2.1 Metabolism of imidacloprid and the other neonicotinoids

Five different methods were used to try to generate neonicotinoid metabolites in
resistant and susceptible D. melanogaster. These were then analysed using either thin
layer chromatography (TLC) or liquid chromatography/mass spectroscopy (LC/MS).
The two radio-chemicals used, ['4C] imidacloprid and ["*C] thiamethoxam, both
labelled on the B ring at the carbon atom linking to the Y group (see Figure 1.3), were
supplied by Syngenta, UK.

A2.1.1 Contact screen.

This was a screen based on the DDT assay used in Chapter 2. In this case [C)
imidacloprid was dissolved in acetone and vials were coated with 100, 200,400, 800 and
1600 pg of the chemical. Twenty flies were then placed in each of 4 vials at each
imidacloprid concentration and stoppered with cotton wool soaked in 5% sucrose

solution for 24 h at room temperature and then frozen at -20°C to kill the flies.

Flies were then decanted into 2ml Q Biogene Lysing matrix A FastPrep vials (Bio 101
Systems [North America]) vials and washed 5 times with 1 ml of methanol. 1 ml 75:25
acetonitrile:water (MeCN:water) was then added to each vial and macerated for 2 x 20
sec. The vials were then centrifuged at 13 KRPMina micro-centrifuge for 5 min and

the resulting supernatant decanted directly into glass vials and dried down and

resuspended in 200 pl acetone and 100 pl was loaded onto TLC plates.

A2.1.2 Topical application.

A 1:10 dilution of the radiolabelled stock was prepared containing 0.1 mBq in 10 ml.
Resistant and susceptible insects were rendered unconscious using carbon dioxide and
0.5 pl was applied to the abdomen of each using a microdroplet applicator. Insects were
then kept on sugar agar overnight and killed by freezing -20°C 1 h and prepared for
TLC analysis as in Section A2.1.1.

A2.1.3 Feeding bioassay.
A 24 well plate was prepared with 750 pl sugar-agar (see Section 2.3.1) per well
allowed to dry for 4 h 20,000 dps (2.6 pg) of radiolabelled imidacloprid was added to
each well (an aliquot of stock solution was diluted with HFE to required volume,
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roughly half and half). 10 flies were distributed into each well using a paintbrush and
the wells then sealed with breathable tape. The plate was left for 48 h in an incubator at
25°C. Flies were then killed by freezing -20°C 1 h and prepared for TLC analysis as in
Section A2.1.1.

A2.1.4 Abdominal screen.

Flies were dissected under CO, and the abdomen removed at the junction with the
thorax. 10 male and 10 female abdomens of each strain were placed in 200 pul PBS
buffer pH 7.2. Then 1 mM NADPH and either 20 pM imidacloprid or 20 uM
thiamethoxam was added to each tube. The samples were incubated for 2 h at 25°C and
the reaction was quenched with 200 pl acetonitrile. A control was also run in parallel
that contained no abdomens to show that the insecticide did not degrade under the
reaction conditions. 200 pl of each solution was then run on a TLC plate as in Section

A2.1.6.

A2.1.5 Larval screen.

This method was carried out using cold insecticides. Dry fly food was prepared in petri
dishes containing 0.05 pg/ml imidacloprid, 0.5 pg/ml acetamiprid, 1.0 pg/ml
nitenpyram and 0.3 pg/ml thiamethoxam. These dishes were placed in cages containing
either Hikone R or Canton-S flies and the flies were allowed to lay eggs on the dish for
24 h. The dishes were then kept at 25°C until the eggs had reached 3™ instar larvae. The
larvae were then collected and snap frozen in liquid nitrogen. They were then prepared

for LC/MS following the method outlined in Section A2.1.1.

A2.1.6 Thin layer chromatography method.

A glass TLC tank with 1 cm 5% methanol, 95% dichloromethanol had a piece of
chromatography paper (20 cm x 20 cm) placed and allowed to saturate the air in the
tank. A 20 cm x 20 cm Silica gel 60 F254 normal phase plates was used in all

experiments.

5 ul of 100 pg/200 pl treatment solution [**C] imidacloprid or thiamethoxam (125 dps)
was loaded at each end of the plate. 100 pl of each sample was then loaded using a
Hamilton micro syringe, applying small quantities and allowing it to dry to keep the

spot to the minimum size. Samples were loaded 3 cm onto the plate and the solvent
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front was allowed to proceed to 3 cm from the top of the plate. The plates were then
dried for 30 min and placed on a phosphor imager plate overnight (Fuji film). Plates
were imaged using a Fuji film Bas-1500 phosphor imager and the plate analysed using

Aida 3.1 software.

A2.1.7 LC/MS method.

The samples from Section A2.1.5 were analysed by LC/MS as they used non-
radiolabelled insecticides. A HPLC Waters 2795 was used for analysis under the
following conditions:

Detector Quattro Micro

Ionisation Electrospray +ve ion

Mode Single ion monitoring

Cone voltage 30 V

Nebuliser gas Nitrogen

Column ACE 3C18 50 mm x 3.0 mm i.d.

Mobile Phase Acetonitrile : 0.2% Acetic acid in ultrapure water (Fisher)

Flow rate 1 ml/min

Gradient Time min %MeCN %Aqueous Slope
0-0.5595

0.5-4.5955

linear gradient

45-57955

57-58595

linear gradient

58-6.0595
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A3 Results

The results in this section outline the work carried out to investigate the enzymatic
action of CYP6GI. It was hoped to discover the metabolites produced by this gene to a
range of insecticides and so be able to propose a hypothesis about the mode of action of

this enzyme and how it is capable of metabolising a wide range of molecules.

A3.1 Metabolism.

Five different methods were tested, a topical screen on adults, a contact bioassay on

adults, a larval feeding screen, a modified contact bioassay with the flies feeding on the
insecticide on food and a screen based on using dissected abdomens. None of these
methods showed significant differences between resistant and susceptible insects and no
metabolites were detectable when using LC/MS. Although, some of the TLCs appeared
to show increased metabolism of the parent compound, no metabolites were seen. TLCs
were carried out using both [**C] labelled imidacloprid and thiamethoxam and although
some metabolites were seen in the adult feeding bioassay, there was no discernable
difference in the intensity of these bands between the resistant and susceptible flies and
the metabolites were at too low a concentration to be analysed by LC/MS. The contact
bioassay, topical bioassay and abdominal screen were also run on TLC and showed no
clear metabolites but showed some differences in the level of parent compound between
resistant and susceptible flies. However, again there were no metabolites to be analysed
by LC/MS. The larval screen was deemed to be too unsafe to use with a radiolabelled
compound due to having to dispose of the increased amount of radioactive material as it
is heavily diluted in ready mixed fly food and all this would need careful handling and
disposal. Therefore, it was decided to do the larval screen on a variety of non-
radiolabelled neonicotinoids as this might have a higher chance of one working.
Unfortunately, again no metabolites could be seen and as this method was not done with

a radiolabelled insecticide, so it was not possible to run these samples on TLC.

The TLC results shown bellow are all phosphor imager pictures, where blue represents

a low signal, through green, yellow, and then red, a high signal.
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Fig. A1 TLC of Canton-S and EMSI1 in contact bioassav.

The two TLCs shown in Figure Al correspond to a contact bioassay carried out on
Canton-S (A) and EMS1 (B). Both strains were exposed to differing levels of
insecticide for 24 h. No metabolites were visible in on this TLC, but it there is a higher
signal for imidacloprid in Canton-S at each susceptible concentration than the
corresponding EM S1 concentration. This suggests that the imidacloprid is being
metabolised at a higher rate in the resistant fly than the susceptible fly. This would
agree with the results seen in the western Figure 3.6 where there is a clear signal for
CYP6GI in both the resistant and susceptible strain with resistance being caused by an

increase in the protein. Therefore, we would expect to see similar metabolites in both
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strains with their being more metabolite and less parent compound in the resistant

strain,

The problem with this assay apart from not showing the presence of any metabolites is
that we do not know how much imidacloprid was taken up by the fly. It is possible that
EMSI1 shows a decreased amount of parent molecule because it is less capable of taking
up the insecticide than Canton-S. This is extremely unlikely to be the case given that the
evidence suggests that imidacloprid resistance is due to the level of CYP6G1 rather than
the penetrability of the insect cuticle but it must still be considered. As the previous
method did not yield the expected answers about the metabolites produced by CYP6G1
it was next decided to use a topical bioassay where 0.5 pl of insecticide dissolved in
acetone was applied directly to the abdomen of each individual fly. With this method, it
was hoped that we would have a more controlled dose of insecticide directly onto the
insect. This is similar to the work done by Miyagawa injecting imidacloprid directly
into the abdomen of M. domestica (Miyagawa et al., 2002). Due to the size of D.
melanogaster, it proved impossible to inject a controlled amount of insecticide into the
fly without killing the fly from the injection or the solvent the insecticide is dissolved

in.
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Fig. A2 TLC of Canton-S and EMSI in topical bioassav.

Figure A2 shows the TLC results for the topical application ofimidacloprid to resistant
and susceptible insects. Insects were homogenised 0, 5 and 20 h after initial application
of'insecticide. As can be seen this method again yielded no significant differences in
metabolites between EMS1 and Canton-S at any ofthe time points tested. The slight
variety in products above the parent molecule, are, possibly due to variations in the
loading ofthe TLC plate or in slight variation in the amount applied to the flies. In this
case, there are some possible metabolites seen in all the flies at 5 and 20 hours below
the parent compound. However, this amount was too low to be seen when the samples
were run through LC/MS. In this case, when the two strains are compared there is
slightly less parent in the EMS1 sample than Canton-S at both 5 and 20 hours. This
again implies that there is more ofthe parent compound being broken down by the
insect but again it has proved impossible to see any metabolites. Either, they are at too
low a concentration to be visible using the phosphorimager, or they are not running up
the TLC plate due to the solvent. However as the metabolites expected are a mono

hydroxylated or a urea form ofthe parent molecule both would be expected to run in the
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Fig. A3 TLC of Canton-S and Hikone R in adult feeding bioassav. (Resuit supplied
by B. Cheek. Syngenta UK).

This figure shows the possible presence of metabolites in both resistant and susceptible
strains. However again, they were at too low a concentration for detection using
LC/MS. This method whilst working in part is currently being improved to attempt to
increase the yield of metabolite. It is interesting to note that in this case there would
appear to be less parent molecule in the Canton-S strain. This is the opposite result to
that seen in Figures A1 and A2. It is likely that this difference is due to mortality ofthe
Canton-S flies, so that these insects had less time to ingest the insecticide than the

resistant strain.

The next method to be used was an abdominal bioassay. It was hoped that this method
would give a more controlled insecticide dose and so give a better comparison between
the resistant and susceptible strain. This method could also remove possible problems
with insecticide uptake, as there was no longer a need to cross the cuticle or for

digestion.
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Fig. A4 TLC of imidacloprid in abdominal bioassay.

Fig. A5 TLC ofthiamethoxam in abdominal bioassay.
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These figures show a TLC of an abdominal bioassay carried out using Hikone R and
Canton-S. Insects were exposed to imidacloprid (IMI) and thiamethoxam (THI). This
method also yielded no possible metabolites with insufficient metabolism of the

insecticides to yield detectable levels of the metabolites either on TLC or by LC/MS.

The final assay tried was on larvae. This, is the life stage at which we know the insect to
be susceptible to neonicotinoids, and so it was thought that this life stage would yield
the most metabolites. Eggs were placed on to ready mixed dry fly food containing a
dose of imidacloprid, thiamethoxam, nitenpyram, or acetamiprid that was equal to the
LDs of Canton-S. As this experiment was done using non-radiolabelled compounds it
was decided to use the same dose on both susceptible and resistant insects as it would
not be possible to quantify the actual amount of insecticide taken up by the larvae. The
eggs were allowed to develop until the reached the 3™ instar and were then harvested,
this stage was chosen as larvae empty their gut contents before pupation so wandering
larvae and pupae would not contain as high a level of insecticide in their gut so this is
the largest feeding stage. The larvae were then homogenised and resuspended in

75%/25% acetonitrile water and run through the LC/MS.
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Fig. A6 Larval screen using new neonicotinoids.
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Figure A6 is split into three panels. Panel A shows the LC/MS peaks at 1 ppm for of the
neonicotinoids used in this experiment. It is clear that in all cases the parent molecule
can be detected by the apparatus at 1 ppm. The second panel shows the calibration curve
for each insecticide. This curve was then used to calculate the total amount of
insecticide present in each sample. Again, any possible metabolites were at too low a
concentration to be detected. Panel C shows the average amount of each parent
compound present in each sample when 5 pl and 10 pl were loaded onto the LC/MS. In
each case, the result is an average of three different samples. The result for imidacloprid
shows there to be imidacloprid present in Canton-S but not in Hikone R. This would
suggest that the compound has been metabolised and the metabolites are at too low a
concentration to be detected or were excreted from the larvae prior to collection. The
result for thiamethoxam shows that no parent molecule was detectable in any of the
samples. This would suggest that the insecticide is at too low a concentration for
detection or the compound has been metabolised by both strains or that the uptake of
thiamethoxam is very low. The result for acetamiprid shows a similar result to that of
imidacloprid, although there is a surprisingly large amount of parent molecule present in
the 5 ul Hikone R sample. This is probably an erroneous result. In this experiment,
nitenpyram allowed the highest discriminating dose as it has a high LDsq for Canton-S
and the LDs of resistant and susceptible flies are very similar. From Figure 4.6 and
Table 4.7 we can see that the LDsy of Canton-S is 8.99 and 27.98 pg/vial for Hikone R.
The relatively high LDs, for Canton-S allows a higher dose of insecticide to be applied
to the food and so gives the possibility of a there being more parent molecule and
metabolite present so allowing easier detection. In this table, we can see that when 5 pl
are loaded, there is 4.5 times more insecticide present in the susceptible insect and when
10 pl is loaded the value is 2.8 fold. This figure corresponds closely to the resistance
ratio seen in the nitenpyram DMC (Figure 4.6) where the resistance ratio for Hikone R
when compared to Canton-S is 3.11. This result would seem to imply that the resistance
ratio is a direct link to the relative amount of insecticide metabolised when the resistant
and susceptible strains are compared. Unfortunately as this experiment was done using

“cold” rather than radiolabelled insecticides, there is no way to know the total amount

of parent metabolised.

142



A4 Discussion

None of the methods used give us a robust method to investigate the mode of action of
CYP6G1 and so we have been unable to answer how it would appear that one enzyme is
capable of metabolising a broad range of chemical structure. These methods have in
places, worked but they do not appear repeatable. None of the methods used give
sufficient metabolites to be detected by LC/MS. The decreased amount of parent
molecule can be detected in some experiments but the possible metabolites are not at a
high enough concentration. There are a number of possible reasons for this. The
metabolites could simply be at too low a concentration to be detected by the phosophor
imager in the case of the TLC plates or by the LCMS. It is also a possibility that the
metabolites are in an ionic state that will not run on the TLC and so cannot be seen or
were undetectable by the LC/MS. It is also possible that in some bioassays the
metabolite is excreted quickly and so is not present in the insect when tested. We also
cannot be sure in the case of the contact bioassays that the insecticide is taken up by the

insect. The insecticide detected could be due to insecticide on the cuticle of the insect.

There are a number of possible improvements to be made to create a screen to test D.
melanogaster for insecticide metabolites. Two major methods suggest themselves.
Firstly, an in-vitro assay could be devised using a bacterial or yeast system and cloned
Cypb6gl. This method has been used in the past to express other P450s but is beyond the
remit of this thesis as it is a considerable undertaking to express active P450
(Feyereisen, 1999). It was also undesirable for Syngenta to use an in-vitro P450
expression system, as this does not mimic all the interactions between an insecticide and
the complete biochemical pathways of an insect. A second method would be to use a
microsomal preparation. This would dispense with problems of the entry into the insect
by the insecticide and would allow for a known concentration of insecticide to be run on
a TLC or LC/MS, as the rate of uptake would no longer be a factor. This method has
been used to investigate insecticide metabolism in both mammalian and insect

microsomes (Byrme et al., 2003; Schulz-Jander et al., 2002).
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Abstract Mutagenesis can be used as it means of
predicting likely mechanisms of resistance to novel
classes of insecticides. We used chemical mutagenesis in
Drosophila to screen for mutants that had become
resistant to imidacloprid. a neonicotinoid insecticide.
Here we report the isolation of two new dominant imi-
dacloprid-resistant mutants. By recombinational map-
ping we show that these map to the same location as
Rst*2)DDT. Furthermore, we show that pre-existing
Rst(2)DDT alleles in turn confer cross-resistance to
imidacloprid. In order to localize the Rst(2)DDT gene
more precisely, we mapped resistance to both DDT and
imidacloprid with respect to P-demcnt markers whose
genomic location is known. By screening for recombi-
nants between these P-elements and resistance we
localized the gene between 4KD5-6 and 4KF3-6 on the
polytcne chromosome map. The genomic sequence in
this interval shows a cluster of cytochrome P450 genes,
one of which. Cyptigl, is over-expressed in all resistant
strains examined. Wc are now testing the hypothesis that
resistance to both compounds is associated with over-
expression of this P450 gene.

Keywords Insecticide resistance * DDT
Imidacloprid *Cytochrome P450 ¢ Drosophila
melanogaster

Introduction

Chemical mutagenesis is a useful way of predicting
likely mechanisms of resistance to novel insecticide

Communcatcd by J. A. Campos*Ortega

P. Daborn S. Boundy J. Yen R. ITrencb-Constant £fm))
Department of Biology and Biochemistry.
University of Bath. Bath. BA2 7AY. UK

B. Pillendrigh
Department of Lnlomology. Purdue University.
West Lafayette. IN 47907. USA

Published online: 5 October 2001

classes. Mutagenesis has previously been used to pre-
dict mechanisms of resistance to the insect growth
regulators cyromazine and methoprene in Drosophila
melanogaster (Wilson and Ashok I99K; Daborn ct al
2000) and to isolate dieldrin-. diazinon-. malalhion-
and cyromazitie-resistant mutants of Luvifia vuprina
(McKenzie and Battecrham I99H). The neonicotinoid s.
including imidacloprid. arc a successful class of new
insecticides which act on the nicotinic acetylcholine
receptor as nicotine mimics or "agonists” (Bai et al
1991: Liu and Casida 199.?: Buckingham et al. 1997).
To date, few cases of field-associated resistance to
imidacloprid have been reported (Zhao et al. 2000).
Therefore, in order to predict likely resistance mecha-
nisms to these novel insecticides we have carried out a
chemical mutagenesis in D. melanogaster and screened
for mutants that tire resistant to imidacloprid.

Here we report the isolation of two new imidaclo-
prid-resistant mutants that map to the same chrom-
osomal location as Rs#(2)DDT. a gene responsible for
resistance to DDT. Furthermore, we show that indi-
viduals bearing existing Rst<<2)DDT alleles, such as
Rst(2)DDT*bki'"K R. display pre-existing cross-resis-
tance to imidacloprid. Resistance to both compounds
maps to the same location in the /). melanogaster
genome. This region contains a cluster of P450 genes,
which is consistent with the hypothesis (derived from
the analysis of other DDT-resistant strains) that cy-
tochrome P450s may be in the molecular
basis of resistance. In order to provide background for
the discussion of these results, previous attempts to
map Rst(2)DDT will be briefly reviewed here along-
side evidence for the involvement of P450s in DDT
metabolism.

DDT resistance in D. melanogaster has been map-
ped by numerous investigators. Crow (1954) concluded
that resistance was polygenic in the strain that he
studied. Later work by Ogila (I960. 1961) showed that
DDT resistance mapped to a single, dominant, locus
at 65 ¢cM on the right arm of chromosome 2. and that
new alleles could he generated with X-rays. Since then.

involved
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several other investigators have derived similar map
locations (King and Somme 195K Dapkus and Morrell
1977: Shepanski et al. 1977: Dapkus 1992). but none
of these has been sufficiently accurate to allow for
cloning of the gene responsible. However, given the
margins of error associated with the rccombinational
mapping of an insecticide resistance phenotype, all
previous estimates are consistent with the presence of
a major locus for DDT resistance at —64.5i 2 cM.

There is considerable circumstantial evidence to
support the involvement of cytochrome P450-bused
metabolism in insecticide resistance in D. mdanogashr.
Ogita (I1960) recognized that his DDT resistance alleles
also conferred negative cross-resistance to phenyltliiou-
rea. presumably because the products of the resistance
alleles preferentially metabolize phenylthiourea to the
toxic phenyiurea. The map position 65 on chromosome
2 was also found to he linked to increased P450
enzymatic activity in the Hikone-R resistant strain
(Mallstrom I9K5).

Much of the further work on putatively P450-me-
diated resistance hasbeen performed on different
strains, notably 91-R. which shows less than 10-lold
multi-factorial resistance to DDT. with resistance be-
ing associated with each of the three large chromo-
somes (Dapkus andMerrell 1977). Itis therefore
difficult to directly relate this work to the DDT re-
sistance locus on chromosome 2 discussed here.
However, some recombinant P450s such as CYP6A2
have been shown to lie capable of metabolizing in-
secticides including DDT (Dunkov et al. 1997: Berge
et al. 199S). Furthermore, resistance can involve both
changes in regulation as well as point mutations that
increase the cflkiency of DDT metabolism (Berge et al.
I199K).Regulatory loci may also reside at genomic
locations other than the sites of the structural P450
genes responsible for the metabolism of the insecticide
(Berge et al. 1998: Feyereisen 1999: Maitra et al.
2000).

In order to predict the likely mechanism of resis-
tance to the neonicotinoid insecticide imidacloprid and
to clarify the relationship between imidacloprid resis-
tance and DDT resistance, we have isolated two new
imidacloprid resistance mutants by chemical mutagen-
esis. Here we show that these new mutations map to
the same location as previously described Rst'2)DDT
alleles and also confer cross-resistance to DDT. Fur-
thermore. we show that flies bearing these pre-existing
R\t(2) DDT alleles are themselves cross-resistant to
imidacloprid. Via rccombinational mapping relative to
P-clements of known genomic location we localized the
R.\t(2)DDT gene to a specific region of the polytene
chromosome map. 4RD5-6 to 4RF.V-6. This region
contains a cluster of P450 genes, one of which
(Cypb6gl) is over-expressed in all the resistant strains.
The potential of this locus in DDT
resistance is discussed.

involvement
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Viterials and methods

As our standard insecticide-susceptible strain of I). tmintungmier.
uikl for domical mutagenesis. we used Canton-S. Wc compared
our two new mutants |/£vr, 2\2)1)IrMsl and Kxii 2)Dt)irM84 to
field-derived DDI resistance alleles: Hikone-K
[Kovr, Rj. a strain collected in Japan, and Wisconsin-1
K\, lODT*""). which was collected in Door County. Wis..
USA. Strains used for mapping were obtained from the Drosophila
Slock Center in Bloomington. Ind.. USA.

two

Mutagenesis and screening

We mulageni/ed Canlon-S males with ethyl methanesulfonale
(LMSi as described elsewhere (thighalii IVSfu. Mulagenired males
were oulcrossed to Canlon-S females and their progeny screened
for imidacloprid resistance. llnelly, up to 2.60 eggs were ploced in
vials with 1.5 g of instant Ily food (Carolina) and 6 ml of water
containing 1.2 pg of imidacloprid. This dose is above the LC IWfor
Canlon-S. Any emerging Hies surviving this dose were baefcemssed
to Canlon-S and re-screened.

Dose-response curves and cross-resistance

We derived dose-response curves with both imidacloprid and DDT
lor the IMS mutants using the computer program POM) (Rob-
ertson el al. 1%0). We also bioassayed helerozygoles generated by
backcrossing resistant strains to Canlon-S. In addition, wc bioas-
sayed 1K existing DDT-resistanl strains with imidacloprid to check
for cross-resistance. lor tests with imidacloprid. 50 eggs were
added per vial and the number of emerging adults counted. I or
DDI. females I 3days post-edosion were used in a contact assay.
DDI was coaled on the inside of glass scintillation vials by ap-
plying 200 |il of acetone containing varying concentrations of DDT
and rolling the vial until the acetone had evaporated. Vials were
plugged with cotton wool soaked in 5% sucrose. Then 20 Hies were
placed in each vial and mortality was scored after 24 h. [ or IxHli
assays, live replicates at each concentration were used, and each
doso-respon.se curve is constructed from al least live concentra-
tions. Control mortality in the absence <4 insecticide was taken into
account in deriving dose response curves.

Resistance mapping and Northern analysis

We mapped insecticide resistance in the dillerenl strains in throe
slages. first, we crossed each resistant strain to live multiply
marked balancer strain uv 7¢2J) up”VCvO: T.UJ.Sh in order to
determine with which chromosome resistance was associated
(fig. I). Survival of both males and females in screened progeny of
a cross between allached-X females and resistant males indicated
that resistance was not sex-linked (data not shown).

Having esLaHislied that resistance mapped to chromosome 2 in
each case, we then performed three-point mapping relative to the
visible markers cimitihar (<w) and vestigial (vgi (Fig. 2aj. We then
crossed Hsu J.i/)/)/"" 1 to slocks containing P-elements at known
diromosomal locations (fig. 3a). to aBow for more precise local-
ization of resistance by recombinalional mapping against each
P-clenient.

Northern analysis of poly(A) mRNA was carried out with
K R-dcrived probes from several P450 genes prev iously reported
to be involved in insecticide resistance. TRI Reagent (Sigma) was
used to isolate total RNA from adults I 3 days post-edosion.
and mRNA was Ilien isolated using the PolyA liracl mRNA Iso-
lation System (Promega). Probes were made using the Prime-1l1 II
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Random Primer Labeling Kil (Slralagenei with |[i-""p|dC"IP.
I raclionalion of RNA and Northem hybridization* were per-

formed using standard methods.

Restdts
Dominance and cross-resistance

Resistance to imidacloprid in the new EVIS mutants was
-'-8-fold higher than in the wild-type stock |ihe LC>> for
Canton-S was 0.53 fig/vial. with 90% confidence limits
of 0.42 and 0.68 jag, vial: and for EMSI was 4.11(3.19-
4.97} pg.vinl). The imidacloprid-resistant mutants also
show '-7-fold higher cross-resistance to DDT |[LC><, for
Canton-S is 1.45 (1.22-1.72) pg vial and for EMSI is
10.5 (6.73-13.74) pg, vial] (Table I). The dose-response
curves for the new mutants show that resistance to both
imidacloprid and DDT is dominant, as the response of
the heterozygotes is similar to that of the resistant
homozygotes (Fig. 4). Conversely, the field-isolated
DDT-resistant strain Wisconsin-1 shows cross-resistance
to imidacloprid and levels of dominance for resistance to
both compounds are similar (Fig. 4. Table I).

Resistance mapping and Northern analysis

In both of the new EMS-induced imidacloprid-resistant
mutants, and also in both of the field-derived DDT-
resistant strains, resistance to imidacloprid and DDT
maps to the chromosome 2 (Table 2). Furthermore,
resistance in both E.VIS mutantsand also the Wisconsin-1

Raistae

c)o r\n
9 x Cf
Xa
Vial imithdopml
Rrshlunty
cvo T™ 3

O x == f

Xa Cvf>  TM3

1.2ugi vial imidacloprid

score phenotype o f each resistant tly

Lie. I Crossing scheme used to map imidacloprid resistance to a
specilk autosome. Xa'CyO; TMJ is a multiply marked balancer
strain in winch chromosomes 2 and 3 (marked with «/*"> co-
segregale due to a chromosome transposition. Ilre oilier copier of
chromosomes 2 and 3 {CvO and 7"M3, respcctivdyj assort
independently. Males of Rxti2)t)!)IrMsl ami Rxi(2)DDTm si
are crossed to Xa}/CyO;TM3 females and progeny are reared on
medium containing imidacloprid (1.2 (ig/viali. Ltnerging resistant
males are crossed to Xa/('yO;TM3 females and llreir progeny are
again reared on 1.2 pgvial imidacloprid The numbers of emerging
flics of each phenotypic class arc recorded in fable 2. The absence
of the CyO marker in lire resistant progeny indicates that
imidacloprid resistance maps on chromosome 2 in both
H.ui2H)D TrMii' and Hstf2)D1)!*tust

field strain maps to '-65 ¢.M by three-point mapping
with respect to in and ig (Table 3. Fig. 2b). More pre-
cise localization by rccombinational mapping of
tol(2)D D f*wl relative to P-elemcnts whose chromos-
omal location is known shows that the resistance locus
lies between PIOHO and P49I. defining a region of the
chromosome extending from 48D5-6 to 48F3-6
(Table 4. Fig. 3b). Examination of predicted ORFs
within this region of the genome shows that there is a
cluster of P450 genes present (Fig. 3b). which is consis-
tent with the hypothesis that resistance may be associ-
ated with a P450-encoding locus.

The expression of thirteen P450 genes were examined
by Northern analysis. These were chosen from the esti-
mated 72 P450genes in D. nk'Innoynsitron thebasisof(l)
their documented over-expression in other resistant
strains o CD. nwinnngash'r. or (2) because their putative
orthologs have been reported to be over-expressed in re-
sistant strainsofother species and/or (3) because putative
orthologs are known to lie induced by chemicals or to map
near position 65 on chromosome 2. Of the thirteen P450
genes examined by Northern analysis only the Cypfigl
transcript was significantly over-expressed. Furthermore,
the transcript of this gene was over-expressed in all the
resistant strains examined (Fig. 5). In contrast. Cyp6g2
and Cyp6t3, two genes in the same cluster, showed similar
levels of expression in the resistant and susceptible strains.

a v o RAHT
o Y fisnnm
0 ails
Rslf2tD 01 ¥ &ﬁ cr

T gyl i

score phenotype o feach resistant fly

DPFe
o461 21
65.1 ttUS

64.6t0 75

R*O>DDT*"”’
65.0:10.55

Rst(2)DOrM-

cn
(575

Yt
J I 18-IT

Fig. 2a. b Mapping of imidacloprid resistance relative to visible
mutants on chromosome 2. The mapping cross (aiand the resulting
map position of imidacloprid resistance <bi in the strains
Rxti2)l)bIHA*'*K. Rs;i2>00Iw"\  Rsri2)DDIrMsl  and
Rxti2)007' arc depicted. Imidacloprid resistance maps to
approximately 65 c¢M in all four strains, between the visible
markers cinnabar {in) and vestigial (if), Mapping data arc shown
in fable 3
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Fig. 3a, b Mapping of ULJI _ui
resistance relative to F-elements
of known chromosomal loca-
tion. Lach F-clemenl insert
carries a «iibr tif i gene
within the F-elemelit construct.
I his gene is expressed, serving
as a visible marker for the
F-element. Crosses were per-
formed in a while mutant Or)
eve background, a Mapping
cross in which females are gen-
erated which ate heterozygous
for Hia 2'D )] and a F-ele-
menl whose chromosomal
location is known. Rceombi-
nanls are then scored for the

o

'

presence or absence of the iy.il 517 l’M
resistance gene, thus localizing -SSI- 2480 ASHUAT |
the gene to one side or the other
of the F-element, b Location of n]f* ~9
the DDI resistance gene rela- €KY (1;446172 L AK 'Elu;éob ;%\/]!6
tive to a number of dilfeienl )
F-elements. The uiw n invlicale 1
the direction of the resistance
gene relative to the dillcrenl cn I/g
F-elements. Ihe numbers of
A . (57.5) (67.0)
recombinants scored for resis- B11517 P56
tance to both DU I and imida- s
cloprid is given in lable 4. The N
in.ut shows genes in the 4SU3 3
41sl T legion to which resistance c‘zslrim %
maps )
= ->4 = <-
CGM41  lij'l fg2 (XI COMM

table I Dose-iesponse data for DDT and imidacloprid-tiealeil 1), miimgaster
Strain DDI Imidacloprid

n“ LCio<>0% CLf Slope =S.L. RRI1 if LCi0<90% CLj"  Slope=S.L. RR*
Canlon-S 780 1.45(1.22 1.72) 291 =0.25 1.00 1300 033 10.42 0.41) 3.86=0.97 1.00
UMSI 800 10.50(6.73 13.74) 2.53=0.24 714 1830 4.11 (3.19 4.971 3.11 =0.36 7.75
LMSI x Canlon-S M0 7.66(6.64 8.56) 3.69=0.32 528 1750 3.42(2.98 3.94) 3.26=0.57 6.45
Canlon-S x LMSI MO 10.36 (8.69 11,XIs 4.09=0.38 7.14 1700 235(2.06 2.68) 6.14=0.67 443
Wisl 780 41.741>>32 53.04) 1.98=0.20 28.79 4000 330(2.52 4.30) 2.34=0.22 6.M)
Wist x Canlon-S 600 3K.46 (26.0 106.0) 1.13=0.22 2632 38S0 1.47 (1.20 1.73) 1.86=0.17 177
Canion-S x Wisl MO 13.02(09 17.37) 1.62=0.21 8.98 4100 1.40 11.17 1.62) 2.07=0.13 2.(4
Hikonc-R 780 1S.97113.03 24.75) 2.21=0.18 13.08 IM)0 4.74 (371 5.75) 3.00=0.57 8.94
Hikonc-R x Canton-S 340 S.1616.5S 9.5()j 6.35=0.54 563 1900 2.10(1.84 2.38) 273=0.21 3.96
Canlon-S x Hikonc-R 600 8.61(5.32 11.13 2.(>2=0.26 5.94 1750 2.16(1.92 141) 6.86=10.48 4.08

“Total number of samples tested

"Concentration of lest compound (in pg vial)
“Resistance ratio (RR). ir. level of resistance relative to Canton-S

as did the ten other P45l]) genes examined from dilTercnt
locations throughout the genome (Table 5).

Discussion

Implications for insecticide resistance

The nconicotinoids are an increasingly successful class
of new insecticides which act as agonists upon the

559

R.vf2)DI) Tl K  Fn"/
Rxi/JtDfiRv clo

Pfuj

jV X W Pfw'ii<

Jicore fix DDT resisraiuv

nicotinic acetylcholine receptor of insects (Bai et al
1991: Liu and Casida 1993: Buckingham et al. 1997). In
this study we have used mutagenesis and screening in
Drosophila to isoLite imidacloprid-resistant mutants
and therefore to predict likely mechanisms of resistance
to these new compounds. Theoretically, resistance could
be conferred either by mutations that result in more
rapid metabolism of imidacloprid or make its target
receptor insensitive to the compound. Both of the new
mutants isolated here map to positions that do not
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560

(uuc.dl S » KMS 1

LUS IT (Man S
ul
<faiilmi <UMill S XIIkHU X
Hikem K ILkMh & | Ontan N
T

Imidacloprid (pg/vial)

Hu. 4a. b Dose-response clines for ilie mutants that are resistant
lo both imidacloprid Ui and DD I Ib). Noie how die response of
the respective helerozygoles is similar lo llial for llie resistanl
homozygoles. slmwing that the resistance lo both compounds is
largely dominant (see Iable I for statistical analysis)

correspond to known locations of genes for subunits of
the nicotinic acetylcholine receptor, but appear to carry
new alleles of a gene. Rst(2)DDT. that is involved in a
known resistance mechanism that confers resistance
to DDT. The new EMS-induced imidacloprid-resistant

Tabic 2 Imidacloprid-resis-
tance in Rs;t2)l)D TtMS> and
/v, 21IW | ™ '- maps to chro-
mosome 2

Genotype

Ti2:3) up*’:Cv0O; I'MJ.Sh males

T(2:3) up*1 CvO: IWU.Sh females

T(2:8t op*1 ivO: males
Ti2;Jf up* CvO. i females
7V 2:3) up*I1 R: T.\t3.Sh males
77 2:3) up*; R: TMJ.Sh females
T(2:3i ap™IR; t males
T(2:3) up*!'R: t females
RiCvb; 1IRL.1 Sb males
RICyO; v;TM3, Sh females

ITINA S Nx LV
IVSI KVB I\ AMwiS
IbimS — CiMaft N H*out M
t i‘IHvA—Mt] © wikour x TLIHI S
H s
2 1m
C
% 1j Hik N\ |
al Win I x< S

DDT (pg/vial)

mutants [Rsf(2)D D TtMS> and Rst'2)D D PiMSi] there-
fore also show cross-resistance to DDT. Correspond-
ingly. pre-existing alleles that confer DDT resistance,
such as Rst(2)DD Ttukmc* and R.st(2)DDTWi*'. also
show cross-resistance to imidacloprid.

Assuming that this phenomenon is conserved across
other insect species, as in some other cases of resistance
(ffrench-Constant et al. 1998). then we can predict that
initial resistance to imidacloprid may be conferred by pre-
existing DD T resistance alleles in pest populations. Given
that Rst<<2) DDT also confers broad cross-resistance to a

UMSI* fcMST
Controll Screened" Control Screened
9 0 7 0
15 0 5 0
11 0 15 0
15 0 19 0
8 12 6 4
Il 14 X 4
21 to 7 9
14 IS 7 12
8 19 K to
5 16 7 9

INumbers refer lo progeny of each genotype from die cross in I ig. I
"Control flies were reared on medium llial contained no imidacloprid
‘Screened Hies were reared on medium containing imidacloprid <1.2 fig vial)
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lable 3 Recombination

mapping of imidacloprid Genotype Selected
;izljt‘)ar;cdrianvc to the mark- R stt{D (ri% s>

t i 566
<> i 36

t Y% 9
tvg 0
Rxti

it 302
[ 47 16

* 1
at'g 0
Ksl"li >DDI**""K

ot 33?
tv 1 33

I ve b
tvg 0
Hstciimi*'”]

il 0
tv 7

1 19
[ A 157

‘Ksn 2) 1)01*" °’ was mapped using a m Rst<

M

Control lilnessl Map positionl
VI LOK 5.9S (i «j
23 1.06

IN 0.83 1.90 Ivgj
192 0.93
300 Lil

32 1.12 4.9%2um
24 0.S4
243 0.90 0.41 (vifi
174 1.14 19K il
20 1.25

14 0.K7 2.56 (vjf)
140 0.92
IN4 1.19 7.82 (<«)
19 1.05

17 1.17 3.21 (vgi
132 0.S5

\g strain

'Tilness is calculated Irom unselected lines using numbers predicted with the imp position of markers
‘The genetic distance between the resistance gene and IIk* indicated marker was calculated, following
adjustment for lilness. as recombinants total x 100

table 4 Mapping of DL)'l resistance in Rst(2)D 1)/

I’-element strain Cytological position

of P-eleinenl insertion

PI 133 4SA3 5 \
P631 4SHI 2 4
P447 KC 12 s
P537 48C5 6 >
P397 4KC6 K 4
P1080 4KD5 6 2
P491 4113 6 0
P1032 481 10 11 0

"livery line resistant to OUT was also resistant lo imidacloprid

range of organophosphorus and carbamate insecticides
(Ogita 1960. 1% 1). it is also likely that resistant alleles at
this locus will be maintained in insect populations by
selection with these compounds, long after the with-
drawal of DDT itself. As there have been few repotted
cases o f resistance to imidacloprid in the field to date, it is
difficult to test this hypothesis. However, imidacloprid
resistance has been detected in populations of Colorado
potato beetle on Long Island, and has hcen inferred
to involve P450-mediated metabolism based on syner-
gism studies with piperonyl butoxide (Zhao et al. 2000).
This observation would be consistent with our prediction
that P450-mediated mechanisms will
imidacloprid resistance. However, at present we can not
be certain if this involves cross-resistance associated with
an existing resistance gene [such as that described here
with Rst(2)DDT] or whether it represents a novel
mechanism.

play a role in

Number of DDT
resistant line.<*

relative to I-element insertions of known location

Total number of
lines tested

Number of imidacloprid
resistant lines"

==

32
21

31

24
28
33
12

[=RN SRV

Cyptgh

mdV

~ 00

I

=
SLpOwo

Hk- 5 Northern analysis of poly(A) mRNA from resistant and
susceptible fly strains, probed with Cyfrigl. The same lanes were
also probed with rp49 (O'Connell and Rosbash 1984) lo illustrate
the amount of mRNA loaded. Note that Cypfitg/ is over-expressed
in both laboratory-generated (LM S1) and field-derived (Hikone-R
and Wisl) resistant strains but not in susceptible strains (y w and
Canton Sj
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Tabic 5 ). oieianogasttr P430 genes examined for over-expression
tie ne Cytological position Northern analysis*
t yp6a2 iq<:42(4 5 *

(yp*'2 2R:44t 13

( ypfif!! 2R: 4KM ut

('vpdg2? 2R:4SI 1

CvpAi.l 2R: 4KI 1

C'ypfialT 2R: 31D2

( »whrso®™> 2R: 31D2 n.d.n.d.

( ypfinS 2R; 3102 4

('yp4aai 2R: 31DI1 14

(ipM: 21< 3X12 3

Cypl2a! 3R:9KAT 2 n.d.n.d.

CypfaiM 3K: 98AT 2

( ypa(J 3R: 100111 2

“n.d.n.d. not delectable in susceptible or resistant strains.
equally expressed in susceptible and resistant strains. i over-
expressed in resistant strains

Implications for molecular mechanisms of resistance

Given the considerable evidence suggesting that P450s
tire involved in metabolic resistance in D. nw/anofiaMtr,
we have examined the predicted ORFs in the 48D 5-6 to
48F3-6 chromosomal region. This region does contain a
cluster of P450 genes, comprising Cyp6gl. Cy/if>2 and
Cyp6i13. Of these only Cyp6gJ is over-expressed in the
resistant strains examined here. Significantly, this one
gene is over-expressed both in the two field-derived
strains and also in the mutants generated in the labo-
ratory. Furthermore, the two other P450 genes in this
cluster show no differences in their expression levels
between resistant and susceptible strains. Although not
quantified in the current Northern analysis, the level of
Cypdgl mRNA transcription in the EMSI strain ap-
pears higher than that in the Wisl strain. This contrasts
with levels of resistance to DDT. which are 7.2-fold
higher (relative to Canton-S) in EMSI and 28..Vfold
higher in Wisl. It is therefore still a formal possibility
that Cyp6gJ transcript levels arc not the only factor
contributing to resistance. Thus, amino acid substitu-
tions within CYPOG L. as found in CYP6A2 (Berge et al.
1998). may also increase the efficiency of insecticide
metabolism.

Several alternatives therefore remain for the possible
molecular basis of DDT imidacloprid resistance. First,
resistance may be associated with over-expression of
Cypb6gl itself: i.e. elevated CYPO6GI is capable of me-
tabolizing both DDT and imidacloprid. Such over-ex-
pression may result cither from mutations within the

Documented expression in otlier Reference

strains and speciesT

Waters et al. (1992):
Hum et al. 119%)
Amichol el al. <19941

Over expressed in P. uuitivagushr
DDTR and 91-R strains

Over expressed in 1). iiidaiiogasur
Raleigh DDTR strain

(VIViW anvl I ypfihS induced by Ueienbaum el al. (1990)
xanlbotoxin in /apifo giaucus
Over-expressed in i). unhiitogiishr
91-R strain

Over-expressed in ). miiauogasur
91-R and MH111-D23 strains

(yjy(ni! induced by nicotine in
Mauduta si'xtu

(iy.«WI over-expressed in Musm
Jnunstuu Learn-PyrR strain

I\pl2ttl over expressed in Musm
iiouitsiim Rutgers strain

( ip'ti/l over expressed in Musm
JuHusiittt Ringers strain

(yp4m3 induced by nicotine in
Millhim it Sixhi

Mailra el al. 119%)
Mailra el al. (200D)
Snyder et al. (1993)
lomita et al. <1993j
liu/ov el al. t [99K)
t ariiio et al. (1994)

Snyder el al. (1993)

Dilierenee in protein and.or KNA levels between resistant and
susceptible strains or H430 involved in toxin metabolism

Cyp6gl locus itself, or at another regulatory locus some
distance away from Cyp6gJ itself. Second, several
studies of both insecticide resistance and die expression
of specific P450 genes have shown that P450 genes can
lie up-regulated by Zium-acting factors. Alternatively,
therefore. CYP6G1 may metabolize a rraiiv-acting fac-
tor which then up-regulates presently uncharacterized
P450 genes, as postulated for the ali-esterase gene in
houseflies (Feyereisen 1999). Finally, linkage of elevated
Cypb6g/ transcription with resistance may be coinci-
dental. and the resistance gene could correspond to
another ORF in the identified region. At this stage we
postulate that the association between elevated Cvpf>gl
expression and resistance is causal, but the precise
mechanism, whether direct or wwi.wicting, remains un-
certain. To differentiate between these alternative hy-
potheses we will test which of the ORFs in the region
corresponds to the resistance gene via P element -medi-
ated germline transformation of a susceptible Droso-
phila strain. Furthermore, we will examine the potential
of recombinant CYPO6GI itself to metabolize insecti-

cides.

Avkuowk-di'climit* Wc¢ Thank M. kreilman for ideas on llic
mapping of DDT resistance and in whose laboratory U.P. per-
formed initial mapping studies on Wisl. We are also indebted
to R.T. Roush for lirsl drawing our attention lo this gene whilst
R. fI-C was a postdoctoral fellow in his laboratory at Cornell
University. S.U. was supported by a UBSRC CASL Studentship
between lire University of lialh and Syngenta co-ordinated by
Robert Lind. K. fl-C is supported by a Royal Society Merit Award.
This paper is dedicated lo Jim Crow for his initial work on
mapping DDI resistance.
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Abstract

Insecticide resistance in laboratory selected Drosophila strains has been associated with upregulalion of a range of different
cytochrome P450s. however in recent field isolates of D. ifelanogaster resistance to DDT and other compounds is conferred by
one P450 gene. Clp6gl. Using microarray analysis of all Drosophila P450 genes, here we show that different P450 genes such as
Cypl2dl and GpfiaS can also be selected using DDT in the laboratory. We also show, however, that a homolog of Clp6gl is
over-expressed in a field resistant strain of I} simians. In order to determine why Cyp6gl is so widely selected in the field we
examine the pattern of cross-resistance of both resistant strains and transgenic flies over-expressing Cypogl alone. We show that
all tliree DDT selected P450s can confer resistance lo the neonicotinoid imidacloprid but tliat (ypoaS confers no cross-resistance
to malathion. Transgenic flies over-expressing C)p6gJ also show cross-resistance to other neonicolinoids such as acetamiprid and
nilenpvram. We suggest that the bread level of cross-resistance shown by Cypogl may have facilitated its selection as a resistance
gene in natural Drosophila populations.

2003 Elsevier Scietve Ltd. All rights reserved.
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I. Introduction comprising all known family members the role of spe-
cific genes in resistance can be more readily dissected
(I>ahorn cl al.. 2002). We are using this approach lo

facilitate a genetic dissection of P450 mediated resist-

With the advent of complete, annotated, genome
sequences for different insects such as Drosophila

(Misra et al.. 2002) and Anopheles (1101l el al.. 2002:
Runson et al., 2002: Zdobnov el al.. 2002), the study of
insecticide resistatKe is entering a genomic era
(Oakesholl el al.. 2003). Genomic approaches are parti-
cularly attractive where resistance is controlled by indi-
vidual members of large multigene enzyme families,
such as the cytochrome P450s and glulalhione-S-trans-
ferases (Ranson cl al.. 2002). Here, the role of individual
family members in resistance may be unclear due the
large number of candidate genes. By using microarrays
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1 These authors contributed equally to the work

ance in Drosophila.

'Hie genome of Drosophila melanogaster contains
approximately 00 recognized cytochrome P450 genes
O'ijet et al.. 2001). several of which have been inpli-
caled in insecticide resistance associated with different
strains. Early genetic studies mapped resistance to differ-
ent locations on chromosome II and chromosome III
Later studies then implicated specific chromosomal
regions, notably map position 1*4.5 ¢cM on the right arm
of chromosome II. specific genes such as Cyp4e2.
Cyp6u2. Cyp6a9 and Cyp6aS (Amichol et al., 1444;
Maitra et al.. 1946: Dunkov et al.. 1447; Mailra el al..
2002) or even specific mutations (Berge et al.. 1448). In
some cases the P450s implicated, such as CYP6A2, have
been functionally expressed and shown to be able to met-

(W65-1748ID1"S - see front mailer C*2003 Elsevier Science LId. Alt rights reserved,
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abdize various insecticides (Dunkov et al.. 1997). The
diversity ofP45Us implicated in insecticide resistance in
Drosophila has been reviewed elsew here (Berge et al..
1998: Feyeivisen. 1999). however, many of the different
studies examined were carried out on strains selected for
lone periods in the laboratory and the relevance of any
one specific P45G lo field associated resistance often
remains unclear. Recent work on DDT resistant field iso-
lates Iras shown that C\p6gl is over-transcribed in 20
resistant strains of diverse global origin (Dabom cl al,.
2002). Moreover, transgenic
Cypbgl in susceptible Ilies is both necessary and suf-
ficient lo restore DDT resistance (Daborn et al.. 2002),
Hie resistant allele of Cyp6gl contains an Accord trans-
posable element in the 5’ end of the gene and this allele
is identical in flanking nucleotide sequence regardless of
its global origin (Daborn cl al.. 2002). This suggests that
field associated resistance is associated with the single
origin of a single resistant allele and that the presence
of the transposon up-regulates Cyp6gl transcription.
These results, whereby a single allele of a single gene
confers resistance in the field, stand in marked contrast
to the handful of genes implicated in resistance by lab-
oratory studies. Several, not mutually exclusive, expla-
nations may account for this apparent disparity. First,
individual genes such as Cyp6gl may be particularly
prone to resistance-associated mutations in field popu-
lations. Second, particular P450s may show unusually
broad cross-resistance, potentially facilitating their selec-
tion by the wide range of alternative insecticides used
in the field. In this paper we begin to investigate the
second hypothesis by comparing which P450 genes are
upregulated in laboratory selected and field isolated
strains and subsequently examining the breadth of cross-
resistance to oilier insecticides that they confer.

over-transcription of

2. Materials and methods
2.1 Fly strains, insecticide selection and mapping

I'he origins of the DDT-resistant strains Wisconsin-I
(WISI) and Hikone-R have been described previously
(Dabom el al.. 2001). Canlon-S was used as a standard
susceptible strain for comparative purposes. Methods of
larval (neonicotinoids and malathion) and adult (DDT)
bioassay and dose mortality analysis have been
described elsewhere (Dabom et al.. 2001). Prior to this
study, adult flies from WISI were repeatedly selected
on 1Oltg'vial DDT al each of five generations, whereas
Hikone-R was not subjected to further DDT selection in
the laboratory. WISIlab was generated by crossing
WISI to the Ir.vg mapping strain, baekcrossing progeny
to u*;vg and then selecting for DDT resistance for five
generations in progeny with vestigial wings. Strains used
for mapping DDT resistance were obtained from the

Drosophila Sleek Center. Bloomington. IN and from the
Szeged Drosophila Slock Center, Szeged. Hungary. The
susceptible. BO. and DDT resistant. OVI1. D. simu/ans
strains were collected from Bento Gonqalves and Onda
Verde in Brazil, respectively. DDT resistance in Hikone-
R and WISllab was mapped using male recombination
at 11k site of /'-elements (Chen el al.. 190$). Recombi-
nation events in males were detected using the flanking
markers < and vg, and adults of each recombinant line
were tested for DDT resistance. Classical recombination
between the markers cn and vg was used lo map WISI.
Forty recombinant lines were isolated, and each line was
screened for DDF resistance ami genotyped for 12 Restric-
tion Fragment Length Polymorphisms (RFLPs) between
cn and vg. Transgenic Ilies over-transcribing Cvp6gl
driven by the GAL4/VAS system were derived as described
previously (Daborn cl al.. 2002) except that o\cr-lraascrip-
tion of Cyp6gl was driven by GA1.4 under the regulation
of a tubulin driver in the v|I|w|I|:P)w|rmC |=tubP-
GAL4{1.1.7 TM-'.Sbl 11 iBloomington) strain.

2.2. RdfA extraction

Three day old adult Drosophila were flash frozen in
liquid nitrogen and homogenised with a pestle and mor-
tar. The resultant powder was tlten re-suspended in (500
ftt of 4 M guanidine thiccyanale, 25 mM Na citrate.
0.5";. sodium N-lauryl-sareosine and 1% 2-ineicaptoe-
thanol and following the addition of 500 ftl of phenol,
120 ftl of chloroform and 56 ill o f Na acetate 5SM pHS5.2.
the mixture was incubated on (Ik ice for 15 min. After
phenol extraction, the aqueous phase was precipitated
with one volume of isopropcinol by incubation on ice for
I h. 11k resultant pellet obtained aller centrifugation was
washed with 70% ethanol, dried and re-suspended in
RNAse free water. DNA was removed from the sample
by adding I ftl of DNAse (Promega) and incubating for
50 min al 57 C. A further phenol-chloroform extraction
and isopropanol precipitation was then repeated as
described above and the resulting RNA used directly
for labelling.

2.2. Microarray construction and hybridization

A microarray of PCR products from 152 genes of D.
melanogaster was constructed. Iliese genes represent all
90 cytochrome P450 genes predicted from the full gen-
ome sequence, several oilKr genes encoding metabolic
enzymes, such as esterases and glulathione-S-lransfer-
ases (GSTs) and several "housekeeping’ genes included
as controls. A fragment of each gene was amplified via
the polymerase chain reaction (PCR) and spotted on the
array in four independent locations. To label sample
RNAs for hybridization. 10 ug RNA was labelled with
the CyScribe First-Strand c¢DNA labelling kit
(Amersham), according to llie manufacturer’s instruc-
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lions. Unlalvlled RNA was removed by digestion will)
100 tig/ml of RNAse A al 37 C forlh. The array was
hybridised lo cDNA from bolh rcsistani and susceptible
strains simultaneously using C'y3 and Cy5 labels.
Fxperiments were repealed in triplicate in which tlie Cy3
and Cy5 labels were swapped between strains lo account
lor potential differences in labelling efficiency.

Ilie Cy3 and Cy5 labelled samples were purified sep-
arately using a QIAquick (Qiagen) nucleotide removal
kit. according lo the manufacturer's instructions. The
samples were then dried under vacuum and resuspended
into L* til of DIG easy Hvb solution. The Cy3 and CyS5
labelled samples were then combined immediately prior
to hybridisation. This hybridization mixture was then
placed on the mieroarray and covered by a 22 > 40 mm
glass eoverslip. Arrays were then placed in a hybridiz-
ation chamber and submerged in a water bath at 50 C
for 16 20 h, in the dark. Following hybridisation, arrays
were washed in I x SSC. 0.03% SDS lor 5 min.. taking
care to float the eoverslip gently off the array. Then two
additional washes in 0.2 x SCC and 0.05 x SC'C at room
temperature, each for 5 min. were carried out before the
slides were dried by centrifugation.

Labelled arrays were scanned with a GMS 418 array
scanner (Genetic Microsystems), llie best dynamic
range of the data was achieved by adjusting the gain so
that the highest signal was just under saturation. Quanti-
fication of the signal from each spot, and superinipo-
sition of bolh dye channels, was performed using the
ImaGene software, version 4.2 (Biodiseovery). Data files
generated by ImaGene were downloaded into GeneSpr-
ing version 5.0 (Silicon Geneticsj whcie data normaliz-
ation and statistical analysis was perfonned. Values of
less than O were set to 0. and the daia normalized using
an intensity dependent algorithm (Lowess). The statisti-
cal significance of the over-lraascription of specific
genes was tested using individual T-tests comparing the
mean value for a specific P450 gene against the mean
of all other P450 genes combined (GeneSpring).

3. Results

3. /. DDT resistance maps to different chromosomal
locations

We compared two D. melanogaster strains extensively
selected with DDT in the laboratory. WISI and WISI-
lab. with the field derived strain Hikone-R. WISI and
WISI lab were derived from the same field collection in
Wisconsin but were subjected to different selection
regimes in the laboratory. WISI was repeatedly selected
with DDT with no genetic intervention. Whereas in
WISI lab. the region encompassing Clp6g! was removed
from the strain via recombination and DDI selection
then continued, llie resulting levels of DDT resistance

displayed by each strain are shown in Table 1. Following
these different selection regimes, we subsequently
mapped DDT resistance in these three strains using P-
clement markers and RFLPs of known genomic location.
In Ilikone-R. DDT resistance maps to llie physical
location of Cyp6gl. whereas resistance in the other two
strains maps either to the left (WISI) or the right
(WISIlab) o fCyp6gl (Fig. I). Iliese results are consist-
ent with the previously observed over-transcription of
Cvpb6gl in the field derived Hikone-R but suggest that
different P450s may be ovcr-iranscrilvd in the strains
selected with DDT in the laboratory, either alone or in
combination. We also examined a recently field collected
strain of D. simulates from Brazil for resistance. This
strain shows resistance to DDT. malathion and imidaclo-

prid (Table I).
3.2. DDT resistance is associated Writ different P450s

We llien made RNA from each of the resistant strains
and hybridized it to a mieroarray of all the D. mel-
anogaster P450 genes in the presence of RNA from Can-
lon-S, a standard susceptible strain. This analysis con-
firms that Cypdgl ak>ne is over-transcribed in Hikone-
R (Fig. 2a). However, both Cypfigl and CvpJ2dl are up-
regulated in WISI (Fig. 2b) but only Cyp6a8 in Wisl lab
(Fig. 2¢). Hybridization o f live array with aJD.DT resistant
D. simulans strain, a different but closely related species,
shows that a gene probably ortholqgous to Cyp6gl is
over-transcribed, alongside a glutothione-S-transferase
gene, temied DsGSTSI (Chelvanayagam el al.. 2001).
Tlie relative levels of over-lranscriplion for each of these
genes and their statistical significance are given in
Table 2.

3.3. Cross-resistance in resistant strains

All three DDT resistant D. melanogaster strains
six:-wed cross-resistance to the neonicotinoid imidaclop-
rid (Table I). Two of the resistant strains also sliowed
cross-resistance lo the organophosphorus compound
malathion. However Wisllab. which only over-tran-
seribes Cyp6aS, was not cross-resistant to malathion. To
detenmne tlie extent of cross-resistance to different neo-
nicolinoids conferred by Cyp6gl we examined a trans-
genic strain over-transcribing Cvp6gl under GAL4/UAS
control. Two different transgenic strains, each with a sin-
gle U.\S-Clp6gl transgeix* inserted either on the X- or
the second-chromosome, both over-transcribed only
Cvp6gl when driven by a tubulin promoter as shown by
mieroarray analysis (Fig. 3). Levels of transgenic over-
expression were not affected by chromosomal location
or sex of progeny tested. Progeny expressing the Cyp6gl
transgenes showed cross-resistance to malathion and all
three neonicotinoid insecticides tested, imidacloprid.
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Table 1
LDi,, estimates and resistance ratios for iJtosapiiila strains

bpr Imidacloprid®
Strain P450* NJ LD50 (90%CI) Slope 1S.E. RR N¥ LD50 (90%CI)
7). melanogaster
Canton-S 780 1.45 11.22-1.72) 2.91+0.25 1.00 1500 0.53 (0.42-0.68 t
Hikone-R Cyp6g! 793 18.97(13.03-34.751 2.2110.18 1308 1603 4.74 (3.71-5.75)
Wisl Gypb6glJ, 710 104.34 (+>0.99-113.70) 2.14£0.19  71.96 4000  3.50 (2.52-4.30t

Cyp!2dj

Wisl lab  Qp6aS 680 44.39 (36.10-51.93) 2571025  30.61 2250  2.18 (1.76-253)
D. simulans
BC. 900 0.63 (0.00-1.32) 1.47+0.20 100 2500  0J (0.09-0.56)
OVl Cyp6gl 910 2.46(0.05-6.83) 0.8610.19 3.90 2000 202

¢ Assayed as 2-3 day old adults

b Assayed as larvae

¢ P450 genets) over-transcribed in each strain, see Table 2
J Number of individuals assayed

Slope +S.E.

3.86+0.97
30Qtt0.57

2J 410.22
325 +0.47

0.4310.03
0.74+0.19

RR

1.00
8.94
6.60

411

1.00
6.73

Malathion1

N*

2500
2000
2000

2500

2000
2000

LD50 i9G%Cll

4.S8! 4.26-5.4 It
20.26116.73-23.17)
21.23 i 18.75-23.36 "

2.72 '2.19-3.16t

1.79 10.89-2.62)
21.42< 18.2%3-24.23)

Slope £S£.

8.5911.00
6.7110.59
6.0910.53

4.2210.50

1.7910.14
3.9210.>3

RR

1.00
4.15
4.35

1.00
11.97

JBIBXWpp Fw*2</vp
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Fig. . Mapping of resistance in field and laboratory selected DDT resistant strains of DnmtphTa. The diagram i» a linear representation of
chromosome II with cytological divisions (47E-51D1J indicated. The relative Iccalion of gene* and /-elements used in mapping ate shown. The
anows indicate live region within which resistance in the different strains has been umpired. For simplicity, only cytcehrumc P450 genes invoked
in insecticide resistance are shown.

Hikone-R WIS1
10000
1000
Canton-S 100 Canton-S
m 1C0C
Drosophila simulans
DD wisi1ab oVl
10000
1000
m Canton-S mo BG
100 1000 1CO 1000 iccece

Fig. 2. Mieroarray analysis 0fP450 gene transcription in DDT resistant /Jnasojwi//.;. (A) The field isolated strain 11iLoire-R shows over-transcription
of Cr/rigl alone. IB) The field isolated, but laboratory selected, strain WISI shows up-regulation of both CypGpl and /\i>12d!. (C) The sub-strain
WISllab. front which (yw g/ was genetically removed, shows up-regulation ol* CyjnUtS. (D) A field isolated I). ihsulms strain shows over-
transcription of the homologous gene lo 7 Y/tftg( and also lire glutithione-S-traist'crase gene, GsGSTSI. The three parallel lines correspond lo three
different ratios of resistant versus susceptible signal; 1.0 tcenter). 2.0 iabove! and 03 (below t.

resistance to DDT. However, resistance in recent field
isolates, both of D. melanogaster and D. simulates is
associated with over-transcription of Cvp6gl.

Hie observation llial a single gene is selected for in
field populations, potentially by numerous insecticides,
whereas different genes can be selected for in the labora-

aeetamiprid and nitenpyram, whereas their sibs not
expressing the transgenes did not (Fig. 4).

4. Discussion

Here we have shown, using both laboratory selected
and field isolated D. melanogaster resistant strains, that
several different 1%450 genes can be associated with

tory using a single insecticide, is interesting. Selection
of a single gene in the field may be related not only to
the likelihood of any one gene acquiring a viable resist-
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Tabic 2
Levels of over-lransoription of the different P450s in DDT resistant

i). WihsoistsUr and />. j\imaia>:»

Species Strain ~ P45u Fold over-expression P value
(versus susceptible’' iT-tesl)
1.
tselmiofstkUr'
Hikone-R (yiS)yl 31 7.1c-6
Wist IypOyi 4.3 1.6e-8
CvplZit 1.7 5.1e-7
Wist Lab (ypOu'S 27 1,4e-6
jJ. jjuuianJ
oVl ( 21 2.5¢3
homolcy
(iuS1 homolop 1.8 1.8e-3

Canlon-S used as /). nk'laiktya>ler susceptible reference strain
h DC used as ). siteuSiuik susceptible reference strain

ance associated mutation but also lo llie extent of cross-
resistance lo different compounds confertvd by different
P450s. thus genes conferring a wide range of cross-
resistance can be selected for by a wider range of com-
pounds. We investigated this question by examining
cross-resistance in strains in which different P450s were
upregulaled by DDT selection in the laboratory and also
by examining cross-resistance in transgenic Ilies only
over-transeribing Cyp6gl.

Following prolonged laboratory selection with DDT.
we were able to co-select over-lranscriplion of Cypl2u’l
in a strain already over-transcribing Cyp6gl, as reported
previously (Brandi el al.. 2002). and also to select a
strain only over-expressing Cyp6aS. We note however
that we are unable lo separate between over-transcription
of either Cyp!2dl or Cypl2d2 on the mieroarray as these
are closely linked genes that differ by only three nucleo-
tide substitutions (http: P450.antibes.inra.lr). Selection
of these different genes was confirmed both via genetic
mapping of the associated DD T resistance which maps
to various locations on chromosome II and corresponds
to the known location of these genes (Fig. I) and also
by analysis of a mieroarray containing all Drosophila
P450 genes (Fig. 2). The rapidity with which individual
candidate resistance associated P450s can be identified
using mieroarray technology stands in marked contrast
to the length of time it takes to map resistance genes
genetically. Importantly, examination of a complete
Drosophila mieroarray. containing all other metabolic
enzymes such as esterases and glulathione-S-transfer-
ases. also makes no assumptions about live nature of the
underlying resistance mechanism beyond over-transcrip-
tion (Oakesholl el al.,, 2003). Mieroarray analysis of
insecticide resistance in Drosophila and pest insects
therefore looks poised to revolutionize the way we ana-
lyze metabolic resistance. Further, because mieroarray

NIT i20tt.h 70170s

1) 10000

3

O; 1000
Q@
to
<
D 100
100 1
VAS-Cyp6g 1*TM3
10000 CypOgi
100 1000 10000

UAS-Cyp6p F/'TM3

Fig. 3. Scaler plot of mieroarray analysis showiim that only the
CypOgl P450 pene is over-transcribed in transpene expressing pro-
geny. Results for crosses of two dilTercnt Iranscenes, one on the X
chromosome (A), and one on the second chromosome (Bl arc shown.
Note that in each case, of the 8¥) other P450 genes samples, no other
P450 is over-transcribed in sympathy with the transpcnic over-lran-
scriplion ofiypOgl. For this analysis RNA was isolated front a mix-
ture of males and females. :ts no X-linked variation in over-transcrip-
tion was delected. The three parallel lines conespond lo three different
ratios of resistant versus susee/Miblc signal: 1.0 (center). 2.0 (above)
and 0.5 ibelow).

analysis can recognize genes that are over SO", identical
at the nucleotide level (Xu et al.. 2001). microarrays con-
structed for one species, such as D. melanogaster, can
be used to detect related genes in closely related species,
such as D. simulans (S. Tares, personal communication).

llie extent of cross-resistance afforded by each of the
P450 genes, or gene combinations, in each of the strains
was examined bv looking at the neonicotinoid imidaclo-
prid and llie organopliosphorus compound malathion.
Flies over-transcribing Cyp6gl. or both Cyp6gl and
CypJ2JI together, show cross-resistance to both imkla-
eloprid and malathion. Whereas Ilies only over-transcrib-
ing Cypbaft show cross-resistance to only imidacloprid
and not malathion bv our assay methods. Transgenic
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Fig. 4. Discriminating dose larval bioassays lo test for cross-resist-
ance to three different nconicotinoids in transgenic flics over-transcrib-
ing Cyjrti!] alone. Percentage mortality at a discriminating dose of (A)
acetamiprid (1.2 flg'il 1 (B) imidacloprid (0.2 fig,'mb and (C) nilenpy-
ram (2 Mg'ml) is shown for the different Iransgene expressing (UAS~
Cyp6gl* *m:c']Cal4 | and non-exptcssing ((,AS-C*>6gfx "*'K/T W or
nr x UAS-iypdgl* " 'r'h genotypes. Tire susceptible Canlon-S and
resistant Hikone-R were included as negative and positive controls
respectively.

Ilies over-expressing Cyp6gl alone also sitow cross-
resistance lo two other neonieotinoids. ucelameprid and
nitenpyram. Together with earlier data also showing
Cyp6gl mediated cross-resistance to the growth regu-
lator lufenuron (Dabom et al.. 2002). this broad cross-
resistance to a wide range of old and new insecticide
classes is consistent with the hypothesis that Cyp6gl
may have been broadly selected due to its ability to
metabolise a wide range of compounds, litis hypothesis
is consistent with the observation that the same gene has
been selected for in both D. mvhmngusteraitd D. sinwl-
ans. presumably by a wide range ofdilTereni insecticides
across the globe. Confirmation of 1*450 involvement in
resistance in vivo using synergists and insecticide metab-
olism. and metabolism in vitro by CYPOGI. are
underway in our laboratory. However, importantly, such
bioad cross-resistance suggests that old classes of insec-
ticide such as DDT can select lor P450 alleles llial confer
resistance to new classes of clientislry such as the neo-
nicotinoids and lufenuron (Daborn et al.. 2002). Given
previous observations on the high degree ofconservation
of different insecticide resistance mechanisms between
species it will be interesting lo compare llie resistance
associated mutations found in Cypfyl, putalively an
Atx-ortf transposon. with its resistant homolog in D.
simulans. Finally, it seems likely that if similar P450s
with broad cross-resistance spectra are selected in pest
insects they may be Itard to control with alternative
insecticides in the field.
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