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Abstract

The insecticide synergist, piperonyl butoxide (PBO®as been used to reduce resistance
factors and to characterise metabolic resistanseltnreg from mixed function oxidases

(MFOs). Studies have also shown that PBO can icitevith resistance-associated esterases.

It is well-documented that the mechanism by whi&@8ORnhibits P450s is the interaction of
the methylenedioxyphenyl (MDP) moiety of PBO molecwith the haem moiety of the
enzyme. To investigate the interactions between RB@ esterases, a structure activity
relationship (SAR) study was carried out using egaés of PBO and E4, a resistance-
associated esterase from the peach-potato ddlimis persicaeResults indicate that the
polyether and the alkyl chain were fundamentallpantant in this interaction. Removing one
oxygen atom from the MDP moiety of PBO did not effthe binding affinity, but increased
affinities resulted from the replacement of theypther with an alkynyl ether chain or by

increasing the length of the alkyl chain.

An analogue, EN 16/5-1, that retains the abilityntie@ract with esterases but loses the ability
to act on P450s, due to a modification to the MDd?ety, was used in conjunction with PBO
to facilitate characterisation of metabolic resisg& in M. persicae and pollen beetle

Meligethes aeneus.

Selected analogues of PBO containing the alkyryreside chain exhibited high synergistic
effectsin vivo and were found to be potent inhibitors@fdeethylation of 7-ethoxycoumarin

when tested against pyrethroid resistdnteneus

The capability of some of the analogues to actnasdticide synergists was investigated

vivo against twdMl. persicaeclones possessing different metabolic resistanuides.

Finally, the potential of PBO analogues to provigetent and/or specific synergism to

overcome insecticide resistance and reduce ingidetitre applied to crops is considered.
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Chapter 1

Introduction

1.1 Insecticide resistance

Insects are the largest animal group in the warlterms of number of species (75% of all
animal species are insects) and are of great dcalognd economical importance. In
agricultural systems insects can either be of belméfimportance, for example honeybees,
Apis mellifera Linnaeus (Hymenoptera: Apidae) a major pollinatdr food plants and
producer of honey, or be pests, destroying up té6 3tf the potential annual harvest
(Grimmelikhuijzenet al., 2007). Additionally, many insect species are vectdf human and

animal diseases (Lounibos, 2002).

The use of insecticides plays a major role in adliig populations of insect pests, but
widespread use of such chemicals has resulted lact®s of genotypes which display a
resistant phenotype and many species have developaghanisms to resist insecticide
treatments (Feyereisen, 1995). Indeed, resistanceany classes of insecticides is now
widespread and is viewed as an extremely seriongattho crop protection and control of

insect vectors worldwide (Nauen, 2007).

Insecticide resistance is a “pre-adapted” phenomeardd its development depends on the
genetic variability present in an insect populatibmany insect population individual insects
may have mutations that allow them to survive itisgte treatment (Denholm and Devine,
2001). This is best demonstrated when considehag the response to a stimulus, such as
exposure to insecticide, in an insect populatioth & normally distributed. This means that
some individual insects will be controlled at a Idese, others will require a somewhat higher
dose and a few will survive an even higher dosehénnext generation, insects derived from
the surviving individuals will not significantly gh the response dose of the resulting
population. These individuals represent the extrefr@enormal distributed population and are
unable to contribute to the resistance developmioivever, if the population contains
individuals that carry pre-existing genetic altemas, i.e random mutation which confers the
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ability to survive exposure to an insecticide, thigs genetic trait will be passed on to the next
generation. Individuals that do not possess thetgetrait will not survive and such a process
will “select” those individuals which have the “remnce gene”. Therefore, the gene pool is
enriched with such genes and “selection for restgaoccurs as the level of resistance in the

population rises (Price, 1991).

Many definitions of insecticide resistance haverbpmposed and probably that proposed by
Sawicki (1987) and subsequently modified by Fegemi(1995) is the most inclusive:
“Resistance marks a genetic change in responsddati®n. Individuals carrying genetic traits
for coping with the chemically hostile environmeuirvive and reproduce, thereby passing on
these traits to their progeny. Continued selecpoessure exerted by the insecticide rapidly

increases the frequency of the genetic trait (f@sce) in the population.”

The intensity, dose rate and timing of applicatiasfsan insecticide to control insect

populations result in the selection of resistaseot forms carrying resistance genes, which
survive and pass the resistance trait to theirpafigs (Nauen, 2007). The rate at which
resistance develops also depends on the reprodutti® migration and the host range of the
pest. Insects with short life cycles and high repiive rates can rapidly build up resistant
populations (Hemingway and Ranson, 2000). Developneé resistance can occur more

rapidly in greenhouses, where insects have a gen¢ration time, the gene pool remains
restricted as there is little or no immigration @isceptible individuals and the rate and

frequency of insecticide applications are high (Gwnl1977).

There are four main mechanisms that enable indectgsist insecticides and these are:
increased metabolism, changes to the target protemtuced penetration of insecticides
through the insect cuticle (not discussed in thesg@nt work) and behavioural resistance (not
discussed in the present work) (Oppenoorth, 19p&rkset al.,1989).

1.2 Metabolic Resistance

A major factor in the development of insecticidesiseance is the ability of an insect to

detoxify the insecticide at a rate to limit the @awlation of the active material at the target
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site. Insecticide detoxification by insects resudttsm a variety of metabolic processes in
which the active material is converted into a noxid substrate or into a form suitable for
rapid elimination from the body (Fukuto, 1990; N&hb2001). Three main groups of
enzymes, esterases, mixed function oxidases (ME@gd)glutathione-S-transferases (GSTSs)

have been reported to confer resistance in seves@tt species (Oppenoorth, 1985).

1.2.1 Esterases

Esterases are enzymes that catalyse the hydraysester-containing compounds to their
corresponding alcohol and acid (Figure 1.1). A camrand widely recognised classification
proposed by Aldridge groups esterases into thneestyA, B and C) based on their interaction
with organophosphorus insecticides (OPs). A-estsrdmve an active site cysteine residue
and hydrolyse OPs; B-esterases hydrolyse OPs areldraactive site serine; C-esterases do
not degrade OPs (Aldridge, 1953).

0 Esterase 0
Hydrolysis
Ring R,0H 4
0 R, HO R,
H,0

Hydrolysis products

Figure 1.1 Esterase hydrolysis. Esterases hydralgsester via the addition of water to form

the corresponding alcohol and acid (adapted frone&\dtket al.,2005)

Esterases play an important role in the metabohsih detoxification of many exogenous
ester-containing compounds such as OP, carbamdtpyaathroid insecticides (Wheeloek
al., 2005). Metabolic resistance associated with estaranvolves hydrolysis of ester bonds
and/or sequestration of the insecticides (Devorsaitd Moores, 1982; Gupta and Dettbarn,
1993; Casida and Quistad, 2004; Oakeshaitt al., 2005; Wheelocket al., 2005).
Overproduction of esterases (quantitative) andi@litative changes in enzyme structure are
both mechanisms by which esterases are associdtedesistance to insecticides (Yanal.,
20009).
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Overexpression of esterases associated with méatahsécticide resistance can occur either
by amplification of esterase genes or by upregufator a combination of both and has been
documented in numerous insect species (reviewdd byal.,2007). The overproduction of a
specific carboxylesterase, E4 or its closely relatariant FE4, by the resistant peach-potato
aphidMyzus persica&ulzer (Hemiptera: Aphididae) is perhaps the mneastnsively studied
example of insecticide detoxification by gene afigdtion (Fieldet al.,1988, 1993; Field and
Devonshire, 1998). These esterases with broadapg@rg substrate specificities can account
for as much as 1% of the aphid’s total protein ead hydrolyse and/or sequester insecticides
resulting in high levels of insecticide resistar{fPevonshire and Moores, 1982). In highly
resistant aphids the elevated levels of E4/FE4 rmegyresult from the amplified genes, with
gene copy number rising up to approximately 80 e®p(Fieldet al., 1999). Although
amplified E4/FE4 are not normally found togetheraisingle aphid or even population, the
two genes were present together in the progenwatwratory crosses between E4 and FE4
clones (Blackmaret al, 1996) and the combination has been found in allsmumber of
aphids collected from Greece (Blackmanal, 1999). Amplified esterases associated with
insecticide resistance have also been found in uitass of theCulexgenus such aSulex
pipiens pipiensC. p. quinquefasciatusndC. tritaeniorhynchud.innaeus (Diptera: Culicidae)
(reviewed by Hemingwayt al., 2004). For example, it was found that amplifieteesse-
based mechanisms 0. p. quinquefasciatusnvolved the co-amplification of two different
esterases, both present in 80 copies in the Pelsi&&n (Patonet al., 2000). Gene
amplification of an identical gene to that in inseide-susceptible insects was also found to
be the mechanism underlying elevated esterase $NtlEin OP resistant brown planthoppers

Nilaparvata lugensStal (Hemiptera: Delphacidae) (Small and Hemingviz@p0).

Overexpression of carboxylesterases associatedingétticide resistance may also occur via
upregulation of the corresponding genes. In OFstasiAphis gossypiGlover (Hemiptera:
Aphididae) it was found that the relative transtoip level and gene copy number of a
carboxylesterase were 4.54- and 0.97-fold highspeetively, compared to the susceptible
strain, indicating that the increased expressiothefcarboxylesterase resulted from increased
transcription levels rather than gene amplificati@aoet al.,2008). In OP resistant B-biotype

Bemisia tabaciGennadius (Hemiptera: Aleyrodidae) it was foundt ttwo carboxylesterase
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genes ¢oel and coed were associated with resistance witbel being overexpressed
approximately ~ 4-fold in the OP resistant stramd dhat the elevated expression was not
related to gene amplification. It was further sigigd that OP resistance in this strain was
associated with modified transcriptional controllgA et al., 2008). Overproduction of
resistance-associated esterases has been also sfestsgh in many other important
agricultural insect pests including theo-spotted spider mitdetranychus urticag<och
(Acari: Tetranychidae) (Van Leeuwen and Tirry, 200&hd the western flower thrip
Frankliniella occidentalidPergande (Thysanoptera: Thripidae) (Lopez-Setie.,2008).

Metabolic resistance may also result from qualimatichanges in esterase activity as
demonstrated in early studies on OP resistant fieseéMusca domesticainnaeus (Diptera:
Muscidae). In this case, resistant houseflies warmawn to be associated with decreased
esterase activity compared to susceptibles, dustriactural changes in the enzyme that
facilitated the hydrolysis of OP insecticides buéyented or reduced hydrolysis of model
substrates conventionally used for biochemical attarisation of esterase activity. This
became known as the “mutant ali-esterase thed@ppenoorth and van Asperen, 1960). A
mutant esterase has also been reported in mala#imdndiazinon resistant sheep blowfly,
Lucilia cuprina Wiedemann (Diptera: Calliphoridae) where strudtwtzanges in a specific
esterase, isozyme E3, have a null phenotype orstgetged using standard esterase substrates
(Campbellet al., 1997). It was shown that the gene encoding E3 éendiazinon resistant
sheep blowfly differed at five amino acid sites @amed to the OP susceptible. One of these
substitutions, replacement of glycine to aspar{@ky137Asp) was found to be within the
active site of the enzyme and alone was responéibléoth the loss of carboxylesterase
activity and the elevated OP hydrolase activity.delling of Asp137 in the homologous
position in acetylcholinesterase suggests that 3gpfhay act as a base to orientate a water
molecule in the appropriate position for hydrolysighe phosphorylated enzyme intermediate
(Newcombet al.,1997). Another mutation, Trp251Leu, was also idieat in OP resistant.
curpina conferring malathion resistance (Camplatlial., 1998). Both above mutations were
found in OP resistari¥l. domesticaconferring diazinon and malathion resistance, eesypely
(Claudianoset al., 1999). Additionally, the same tryptophan residwesiound to be mutated
to glycine in the parasitoid waspnisopteromalus calandrad¢Howard (Hymenoptera:
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Pteromalidae) (Zhwet al., 1999). Qualitative changes in esterase activityehalso been
documented in other OP resistant insect specidsdimg themosquitoC. tarsalis(Ziegleret
al., 1987), the diazinon resistant screwwo@ochliomyia hominivoraxCoquerel (Diptera:
Calliphoridae) (Carvalhoet al., 2006, 2009) and the malathion resistant parasitoid
Habrobracon hebetoBay(Hymenoptera: Braconidae) (Mendaoztzal., 2000).

1.2.2 Mixed function oxidases

Mixed function oxidases (MFOs) are an important ifgnof enzymes involved in the
detoxification of xenobiotics such as insecticideasd plant toxins and for metabolising
endogenous compounds such as hormones (Agosin,).198Gochrome P450 mono-
oxygenases (P450s) are the most important and sxédy studied component of the MFOs
(reviewed by Werck-Reichhart and Feyereisen, 2000).

The P450s belong to the group of heme-thiolateeprst which feature a proximal thiolate
ligand from the amino acid cysteine (Figure 1.2)e P450 enzymes derived their name from
the formed prominent peak at about 450 nm in tlbazamonoxide Soret optical difference
spectrum (Omura and Sato, 1964). This enzyme ca&Eslyhe reaction when one atom of
molecular oxygen is incorporated into a substratg. (insecticide) and the second atom of

oxygen is reduced to produce a molecule of wateoraing to the reaction:
Substrate (S) + NADPH +H O,# SO + NADP + H,0O
Activation of this reaction requires two electropsovided by the flavoprotein NADPH

cytochrome P450 reductase although sometimes tleendeelectron is provided by
cytochrome b5 (Feyereisen, 1999; Muratakéwal.,2008).
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Figure 1.2 P450 porphorin moiety in CYP3A4

visualised using Pymol, (DeLano, 2002). Oxygen
atoms are shown in red, nitrogen in blue, sulphur
in yellow and the iron in orange. Carbon atoms
are shown in green as bond only and the

hydrogen atoms have been omitted for clarity.

P450s are found in virtually all aerobic organismduding mammals, birds, insects, plants
and bacteria. For insects, P450s can be detectadvide range of tissues such as midgut, fat
bodies and malpighian tubules (reviewed by Sc®@9) and the levels and activities can vary
with different stages of development (Chueg al., 2009). Existence of multiple P450
isoforms within individual organisms, different egpsion patterns and wide substrate spectra
confer high diversity (Scott and Wen, 2001).

Insect P450s are known to play an important rolehin metabolism of many insecticides
including the activation/detoxification of OPs (Hym®bn et al., 1995a). Due to the broad
substrate specificity of P450s, detoxification effeseveral classes of insecticides and thereby
can confer cross resistance to unrelated compo(dddgson, 1985; Oppenoorth, 1985).
Insecticide resistance has been associated withneeld detoxification of insecticides by
increased levels of P450 activity usually from gewverexpression rather than qualitative
changes. Genes belonging to the families CYP4, CYP8P9, and CYPlhave all been
reported to be associated with insecticide detcdifon (reviewed by Let al.,2007).

In many cases the role of P450 in resistance has imeplicated by correlation using model

substrates such as, 7-ethoxycoumarin and 7-metbaryarin or molecular techniques or by a

combination of both methods. Overexpression of Ra&vity results, usually, from increased

transcription rather than gene amplification (rexed by Liet al., 2007). Enhanced level of

P450 activity was reported to be correlated withnpthrin resistance in the head louse,

Pediculus humanus capiti3e Geer (Anoplura: Pediculidae) (Audieb al., 2005) and in the
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cotton bollwormHelicoverpa armigeraHibner (Lepidoptera: Noctuidae) (Yaagal., 2005).

In the latterH. armigeraexhibited resistance to various pyrethroid ingg#is after selection
with fenvalerate and phoxim. It was found that th@nooxygenase activities in the midguts of
sixth-instar larvae of the selected strain to wagicsubstrates such as p-nitroanisole, 7-
ethoxycoumarin and 7-methoxycoumarin were 3.7-; 4d 10-fold higher respectively,
compared with that of the unselected strain (Yahg@l., 2005). Elevated P450 activity has
also been reported in combination with high estelasels in a field resistant strain of
urticae exhibiting resistance to bifenthrin, dicofol andhlbeitatin (Van Leeuwent al., 2005).
With imidacloprid, correlation between elevated @4&ctivity and resistance has been
reported in B-biotypd. tabaci(Rauch and Nauen, 2003; Waagal., 2009) and recently it
has been found that overexpression (up to 17-fold single P450 gene, CYP6CM1, was
correlated with imidacloprid resistance in both & Q- biotypes (Karunkest al., 2008,
2009). Overexpression of P450 activity by co-uplagon of three P450 genes has been
reported in a permethrin resistaht. domesticastrain after continual exposure to this
insecticide (Zhwet al.,2008).

Elevated P450 activities have also been reportéadiman disease vectors such as mosquitoes
(reviewed by Hemingwagt al.,2004). Overexpression of P450 activities by upla&gun was
reported in OP and pyrethroid resistahedes aegyptiLinnaeus (Diptera: Culisidae) in
combination with a target site mutation (Marconddeal., 2009). Additionally, it has been
found that five P450 genes were upregulated (>@dy-in a pyrethroid resistant strain Gf
guinquefasciatuand the expression ratio for the three highestR&@M10, CYP4H34 and
CYP6Z10) was found to be 264-, 8.3- and 3.9- fadpectively, when compared to the
susceptible (Komagataet al.,, 2010). Although overproduction of P450 activity by
amplification is not common, an amplification haseh reported in the malaria vector
Anopheles funestuSiles (Diptera: Culicidae) where two genes (CYP@RE8 CYP6P4) were
amplified 25- and 51- times in pyrethroid resistEmales (Wondjet al.,2009).

Although metabolic resistance due to a qualitativange in P450 activity is also a rare event
pyrethroid resistance in a strainDfosophila melanogastavieigen (Diptera: Drosophilidae)

has been identified. This mutant P450, resultingmfrthree amino acid substitutions

26



Chapter 1 Introduction

(Arg335Ser, Leu336Val and Val476Leu) in CYP6A2, veasociated with DDT resistance in
the RDDTR strain, with the recombinant protein simgyvan enhanced ability to metabolise
DDT (Amichotet al.,2004).

1.2.3 Glutathione-S-Transferases
Glutathione-S-transferases (GSTs) are a large yaohienzymes found in vertebrates, plants,
insects, yeast and aerobic bacteria involved in de&oxification of a wide range of

endogenous and exogenous compounds (Salinas angl, \\28D).

Generally, GSTs metabolise a wide range of hydrbghdoxic compounds such as
insecticides and other endogenous substrates,talysiag the conjugate of endogenous GSH
to the hydrophilic centre of the toxic substrat&&is conjugation process converts the
products to more water soluble forms, allowing therbe more easily excreted from the cells
(Dauterman, 1985).

The implication that GSTs could be involved in tmetabolism of insecticides was made
initially by the correlation of enhanced GST adinin insecticide resistant insects compared
with their susceptible counterparts (reviewed byyati et al., 2005). Elevated GST activity
has been associated with gene amplification or nmyemonly through increases in
transcription rather than changes in the enzymesiefived by Ranson and Hemingway,
2005).

Due to the broad substrate specificities of indraldGSTs, these enzymes perform a wide
range of functions including metabolism of differertasses of insecticides. High enzyme
activity was detected in abamectin resistanturticae and resistant strains d@. tabaci
(Konanz and Nauen, 2004; Rauch and Nauen 2004)Mement of enhanced GST levels in
OP metabolism has also been reportelllilomesticgWei et al.,2001;Kristensen, 2005), in
the chlorfluazuron resistant diamondback métltella xylostellaLinnaeus (Lepidoptera:
Plutellidae) (Sonoda and Tsumuki, 2005) and theathain resistant tarnished plant bug
Lygus lineolarisPalisot de Beauvoi@Hemiptera: Miridae) (Zhet al.,2007). Additionally, it
has been suggested that elevated GSTs in pyrettesistant insects may protect the insects
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by sequestering the insecticide (Kostaropow@bal., 2001). Insecticide resistance associated
with enhanced levels of GST has also been repamtedrious mosquito species (Lumjuan
al., 2007; reviewed by Che-Mando=,al.,2009).

1.3 Target site resistance

Target site resistance occurs when genes encoldéngroteins on which the insecticides act
mutate, resulting in insensitive proteins. Modifiedetylcholinesterase ankinockdown
resistance (kdr) are two resistance mechanisms wincive modifications to the target site
of an insecticide and result in insensitivity tattinsecticide (Feyereisen 1995).

Other known target site resistance mechanisms laee “Rdl” mutation(s) in the -
aminobytyric acid (GABA) receptor, conferring reaisce to cyclodiene insecticides such as
dieldrin (not discussed in the present work) (fileiConstanet al., 1993) and mutation(s) in
the nicotinic acetylcholine receptor (nNAChR), tlaget for neonicotinoid insecticides (not

discussed in the present work) (latial.,2005).

1.3.1 Modified acetylcholinesterase

Acetylcholinesterase (AChE) is the key enzyme & tholinergic system that terminates
nerve impulses in the nervous system by catalyieghydrolysis of the neurotransmitter
acetylcholine (ACh) (Eldefrawi, 1985). AChE, a serihydrolase, is the target of carbamate
and OP insecticides (Casida and Quistad, 2005habaates and OPs exert their toxicity by
inhibiting AChE, thereby impairing the transmissioh nerve impulses across cholinergic

synapses, resulting in death of the insect (Fouamd Mutero, 1994).

Alterations in the primary structure of AChE redgemsitivity to OPs and carbamates leading
to the development of insecticide resistance teghmmpounds (Fournier, 2005). Initially,
mutant forms of AChE were characterisgdyitro, by a lack of inhibition in the presence of a
diagnostic concentration of insecticide. Such momast usually result in a less active enzyme,
but insensitive mutations can also result in a nawtve enzyme (Devonshire and Moores,
1984; Mooreset al., 1996; Byrne and Devonshire, 1997). Sequencing &éngitive AChE
genes has revealed several point mutations, moshiwh encode amino acids in the active
site gorge (Fournier, 2005).
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In the dipteran order of the Cyclorrhapha (trued)i only one AChE gene is presesmte
(Huchardet al.,2006). However in many other insect species, stheen shown that there are
at least two genesce-1and ace-2 encoding AChEl and AChEZ2, respectively (Fournier,
2005). InM. persicaeandA. gossypiiit has been shown that although #oe-2gene has high
similarity with the ace of D. meganogasterit is mutations inace-1 that correlate with
insensitivity to insecticides (Li and Han, 2002;dkewset al.,2002, 2004).

Identification and characterisation of AChE in stantM. domesticastrains revealed five
amino acid substitutions that either singly, orcombination, conferred different spectra of
insecticide resistance. All mutations were locatétiin the active site of the enzyme, close to
the catalytic triad (Walsbt al.,2001). Recently, it has been shown that point tiarts in the
AChE gene ofT. urticaestrains correlate with OP and carbamate resistéiflcajiehaliet al.,
2010). Mutant AChE correlates with reduced inséngitto insecticides in several other
insects including the olive fruit fl{Bactrocera oleadrossi (Diptera: Tephritidae) (Vontas
al., 2002), the stored product insetiposcelis bostrychophilaBadonnel (Psocoptera:
Liposcelididae) (Chagt al.,2007), the oriental fruit flyBactrocera dorsalifHendel (Diptera:
Tephritidae) (Hsuet al., 2006, 2008), the codling motiCydia pomonellaLinnaeus
(Lepidoptera: Torticidae) (Cassanedit al., 2006) and vectors of human diseases such as

mosquitoes (reviewed by Hemingwalyal.,2004).

1.3.2 Knockdown resistance

The voltage-gated sodium channel (VGSC) proteimdboin nerve-cell membranes plays a
critical role in the function of the insect nervosigstem. The VGSC is responsible for the
conduction of sodium ions (N) across the membrane underlying the propagaticactén
potentials in the neuronal cells. During an actpamtential, the VGSC undergoes transitions
between closed-resting, activated and inactivatedtional states and the normal function of
VGSC is essential for normal transmission of nempulses (reviewed by Wang and Wang,
2003). The insect VGSC is a large membrane proteat contains four repeating and
homologous domains (I-IV) with each domain consgstof six hydrophobic transmembrane
segments (S1-S6) (reviewed by Catterall, 2000). PX$ analogues, pyrethrins and
pyrethroid insecticides act on the VGSC, modifyithg gating kinetics and resulting in
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prolonged opening of individual channels, leadig paralysis and death of the insect
(Narahashi, 2000).

Resistance to DDT and pyrethroids was first repbieresistaniM. domesticaby Busvine in
1951 and this type of resistance was termed “knoekdresistance” (kdr). When the VGSC
was sequenced from different insects, comparis@ebtwden resistant and susceptible insects
identified a number of amino acid substitutions thrare associated with VGSC insensitivity
(Soderlund and Knipple, 2003; Davied al., 2007a). Two substitutions in the VGSC,
Leul014Phe and Met918Thr were identified in pymthrresistant housefly strains and
originally named as kdr and super kdr resistanekd(y respectively (Williamsonet al.,
1996).

The LeulOl1l4Phe mutation within the 1IS6 transmeméraegment of VGSC, has been
identified in pyrethroid-resistant clones . persicae(Martinez-Torreset al., 1999). Later
the Met918Thr mutation (s-kdr), in the domain betwsegments IS4 and 11S5 of the channel
protein, was also detected together with the LedP@& mutation in sonid. persicaeclones.
Presence of both mutations was associated witteraetiresistance to different pyrethroids

relative to aphids lacking the mutations (Anstegdl.,2004; Eleftherianost al.,2008).

Different alterations in the amino acid sequencéhef VGSC protein by inherited mutations
in the VGSC genes have been identified in sevedtaropyrethroid resistant insect species
(reviewed by Daviest al.,2007b; reviewed by Soderlund, 2008). For exangblanges in the
VGSC have also been associated with pyrethroigteeste including the whitefl. tabaci
(Roditakiset al., 2006), the two spotted mite urticae(Tsagkarakotet al.,2009), the onion
thrip Thrips tabaciLindeman (Thysanoptera: Thripidae) (Toda and Mutags2009), the cattle
tick Rhipicephalus microplu8oophilus (Morganet al., 2009) and the human head louse
Pediculus himanus capiti®e Geer (Kasaket al., 2009). The genes that confer kdr are
recessive which means that the trait will only Rpressed in homozygous individuals (Daves
et al.,2008).
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1.4 Cross resistance and multiple resistance

Metabolic detoxification, in contrast to targetsihsensitivity, can often confer resistance to a
number of different insecticides belonging to difiet chemical classes and this phenomenon
is known as ‘cross resistance’. Resistance meamznis insects may be present individually
or in combination. The presence of a number otaste mechanisms in the same population

is known as ‘multifactorial’ or ‘multiple resistaac(Oppenoorth, 1985).

The occurrence of different resistance mechanismasect populations has the potential to
present relatively high levels of resistance to onenore insecticides and thus confer cross
resistance within or between chemical classes.prsence of such combinations has been
demonstrated in many insect populations. For exampi M. persicae it has been
demonstrated that elevated E4 and insensitive ACéE enhance the resistance level to
pirimicarb by up to 600-fold (Moorest al.,1994). Furthermore, a kdr mutation which on its
own conferred 35-fold resistance to deltamethrias wnhanced to 540-fold when present with
highly elevated E4 (Martinez-Torres al., 1999). Several different combinations of elevated
E4 activities and target site mutations (AChE, &dd s-kdr) were also found in Italian strains
of M. persicaeconferring different levels of resistance to vasauosecticides (Crinitet al.,
2008).

Elevated P450 and GST activities were also fourahimbamectin selected strainBoftabaci
conferring cross resistance to abamectin, imidacoand emamectin benzoate (Wang and
Wu, 2007). Additionally, elevated P450 and esteladévity were reported to be correlated
with resistance to thiamethoxam, imidacloprid, aoeprid and abamectin in a strain Bf

tabaciafter 36 generations of selection with thiametmoxX&enget al.,2010).

1.5 Insecticide synergists

Metcalf (1967) defined synergists as compounds d@natnon toxic in the dosage used but

which serve to enhance the toxicity of a pesticaemical when they are combined.

Insecticide synergists act by inhibiting metabotiesistance mechanism(s) that would

otherwise break down insecticide molecules and testre the susceptibility of insects to the

chemical (Georgiou, 1983; Ishaaya, 1993). Synexdiatre been used commercially for many
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years to enhance the efficacy of insecticides ak ftontributed significantly to improve

insect control, especially where resistance haaroed (Bernard and Philogéne, 1993).

An observation in 1938 that specific compounds anéd insecticidal activity initiated the
use of insecticide synergists (Weed, 1938). Mangnmmunds were tested and in 1940
Eagleson described the use of sesame oil as agsstnaihen combined with insecticides
containing pyrethrum or rotenone. Although Eagletested a range of different compounds,
mostly other plant and animal oils, sesame oil Wes most effective synergist (Eagleson,
1942). Later, Halleret al., (1942) fractionated sesame oil and tested thetidras with
pyrethrum against houseflies, identifying the m@amponents as sesamin and sesamolin, two
methylenedioxyphenyl (MDP) compounds (Figure 1Shce then, many MDP compounds
have been investigated as insecticide synergisttidimg some compounds with high
synergistic effects such as sesamex, tropitalafsole, safrole, propyl isome and piperonyl
butoxide (PBO) (Figure 1.3). Of all of these synstigy only PBO was the first truly effective
and commercially viable synergist (Wachs, 1947;id2gs1970; Wilkinson, 1976).
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Figure 1.3 Structures of methylenedioxyphenyl coumuis
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1.5.1 Piperonyl butoxide as an insecticide synergis

Piperonyl butoxide was first synthesised by Waehd4947 using the raw material safrole,
derived from the sassafras tree, which suppliedMb® moiety of the molecule. Nowadays
PBO is made synthetically. Naturally occurring MB&mpounds such as safrole, isosafrole
and myristicin are found in a wide range of plantduding those used as human food, such as

parsnips, parsley, nutmeg, sesame seeds, peppéetoelgson and Philpot, 1974).

It was initially suggested that PBO inhibited thedative metabolism of insecticides based on
in vivo tests using houseflies (Sun and Johnson, 1960bsefuentin vitro studies
demonstrated that PBO and sesamex inhibited thdatixe detoxification of carbamates by
rat liver microsomes (Hodgson and Casida 1960, 196Vitro studies using houseflies and
rat liver further demonstrated that microsomal axioh inhibition was due to the direct
effects of P450 with MDP compounds. These studesaahstrated an apparent reduction in
P450 levels in microsomes prepared from houseflies mice treated with PBO (Perry and
Bucknor, 1970; Matthewst al.,1970).

It was suggested that PBO inhibited P450s by thedtion of a complex between the haem
iron of the P450 and the carbene formed by eithexcd hydrogen abstraction from the
methylene carbon or possibly by elimination of wdtem a hydroxylated methylene carbon
of the MDP compound (Figure 1.4) (Dahl and Hodgs®v,9). Although the carbene, a short
lived reactive intermediate, has never been dematest directly, this mode of action of the
MDP compounds upon P450 receives the widest suppuit no evidence has been put
forward to shed doubt on its validity (Wilkinset al.,1984; Correia and Ortiz de Montellano,
2005).

Although PBO was generally considered to be a fipeiahibitor of microsomal oxidases

(Casida, 1970), it has been shown to inhibit resis¢ associated-esterases in some

agriculturally important pests and also enhancedtiside efficacy against insects where

esterase resistance mechanisms are present (Guetrahgl998; Mooret al., 1998; Young

et al, 2005, 2006). Nevertheless the mechanism(s) bghMABO interacts with resistance-

associated esterases remains unclear. The alulitytéract with esterases means that using
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PBO to identify the presence of metabolic resistatige to oxidases should be viewed with

[Fe=0]** [Fe—OH]*
—_— e
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Figure 1.4The inactivation of P450 enzymes by methyleneditveyryl compounds involves
oxidation of the methylene bridge to a species thiahs a tight complex with the haem iron
atom. As shown, the coordinating species is prgbabtarbene (adapted from Correia and
Ortiz de Montellano, 2005).

1.5.2 Use of piperonyl butoxide

Piperonyl butoxide has been used to enhance thenpptof many classes of insecticides
including pyrethroids, OPs and carbamates (Cadid0) and more recently it has been
shown to exhibit synergistic effects when used widonicotinoid insecticides (Binghaet
al., 2008).

The synergistic effects of PBO have been demomestrat many cases where insecticide
resistance is present and it has been suggestadsakition to control insect infestations
including vectors of diseases such as mosquitoesnéet al., 2002; Vijayanet al., 2007,
Fakoorzibaet al., 2009; Yadav,et al., 2009), scabies miteSarcoptes scabieDe Geer
(Astigmata: Sarcoptidae) (Pasatyal.,2009), horn flyHaematobia irritans irritangDiptera:
Muscidae) (Liet al., 2008) and agricultural insect pests suctBasabaciand M. persicae
(Bingham, et al., 2007, 2008). Recently, PBO has been shown to geosiynergism with
pyrethrins against different Liposcelidid psocicesigs for stored-grain protection and it has
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been suggested that PBO be recommended for pateatid disinfestation in storage (Nayak,
2010).

In agriculture, PBO has been used as a mixture pytiethroids to improve their efficacy
againstH. armigerain Australian cotton fields since the early 19904cCaffery, 1998;
Forresteret al., 1993). Younget al., (2005) demonstrated that following topical appiioat
PBO required around 5 h to inhibit the resistarsssaiated esterases kh armigera.After
this time esterases gradually recovered untildatlvity was regained after 24 h. B tabaci
similar studies revealed that PBO required arouich 1o inhibit the resistance-associated
esterases (Younet al.,2006). These findings show that the success of BB@n insecticide
synergist can be enhanced by using an appropmatérgatment time. Treatment with PBO
prior to the insecticide application allows time tbe metabolic enzymes to be fully inhibited
before the insecticidal component is applied. Subbchnique is known as ‘temporal synergy’
(Mooreset al.,2005). The ideal pre-treatment time is dependarthe insect species (Young
et al., 2006). However, pre-spraying crops with PBO sdvieoairs before spraying with the
insecticide is clearly unsuitable for large aread therefore novel formulations consisting of a
microencapsulation of PBO and an active ingredidrdve been designed. These
microencapsulated formulations give a burst reledseBO several hours before the burst
release of the insecticidal component such as lpyiels, carbamates or neonicotinoids. Such
formulations have been used successfully to oveecomatabolic resistance B. tabaci, H.

armigera, A. gossypandM. persicag(Binghamet al.,2007, 2008).

Studies on PBO usage alone showed that PBO exhilvaage of different effects on several
insect species. The toxicity varies greatly betwaed within insect and mite species (Devine
and Denholm, 1998a). In relatively high concendradi (>300 ppm), PBO was found to be
lethal to all stages of the cattle tidkoophilus microplusCanestrini (Acari: Ixodidae)
(Schuntnert al., 1974). Furthermore, it has been found that atédngioncentrations (>1000
ppm), PBO had insecticidal effects against all etagf the woolly whiteflyAleurothrixus
floccosusMaskell (Hemiptera: Aleyrodidae) except eggs (€astet al., 1989; Garridcet al.,
1990). In laboratory experiments using strains Bf tabaci with different resistant
backgrounds and in field trials, it was shown tR&O has little lethal effect upon adults at
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concentrations around 2000 ppm resulting in insigfit control. The slight mortality
observed was not correlated with the resistancehamem or enzyme banding patterns
exhibited by the whitefly strains (Devine and Delmnol998b; Devinest al.,1998). However,
bioassays using a leaf dip method and field trett®wed that PBO was an effective
nymphicide against early instars of susceptible imsdcticide-resistance whiteflies (Devine
and Denholm, 1998b; Devire al.,1998). InM. domesticait was found that in artificial diets
of 100-5000 ppm, PBO increased 11-fold the micradomidase activity in 8 instar larvae
and inhibited 15-100% pupation and emergence. Axditly a concentration of 10000 ppm
PBO caused approximately 50% decrease in egg piioducru and Terriere, 1974). Field
and laboratory experiments also demonstrated tbatment with PBO can cause slow growth
in the mealwornirenebrio molitorLinnaeus (Coleoptera: Tenebrionidae), the milkwbad
Oncopeltus fasciatuBallas (Hemiptera: Lygaedae) (Bowers, 1988)gossypi(Satohet al.,
1995),L. curpina(Kotze and Sales, 1994) aBdtabaci(Devine and Denholm, 1998b).

It has been shown that an selected insecticidstagsP. xylostellastrain developed resistance
to PBO after larvae were selected with PBO alonwitr a mixture of PBO and fenvalerate
for 5 and 6 generations, respectively (Chen and, 3986; Hung and Sun 1989). In the
mixture selected strain, the resistance to PBOtarfeBO plus fenvalerate was unstable and
reverted within five generations to those levelsipio selection. In the same report, Chen and
Sun (1986) suggested that the strain selected thwlmixture of PBO and fenvalerate may
develop cross resistance to other MDP synergiktgugh the same strain remained sensitive
to the synergistic action of another microsomablase inhibitor, MGK 264. Considering the
PBO selected strain, although Hung and Sun (198§Jjested that the resistance to PBO may
develop due to qualitative or quantitative changkshe microsomal monooxygenases, the

mechanism(s) were never resolved.

There are a few reports where the toxicity andfer $ynergistic effects of PBO against

beneficial insects have been studied. Contact s&yasswith surfaces treated with 10000 ppm

did not cause mortality to adults of the parasitewdsp, Diglyphus begini Ashmead

(Hymenoptera: Eulophidae) (Rathamanal., 1992). However, a low concentration (1200

ppm) killed 74% of the pupated parasitoid wa€kles noackiHoward (Hymenoptera,
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Aphelinidae) developing irA. floccosushosts (Castenest al., 1989; Garridoet al., 1990)
probably as a result of toxicity to the host (De&vend Denholm, 1998a). Synergistic effects
of PBO with different classes of insecticides hails® been reported in other parasitoid wasps
such asDiaeretiella rapae M’Intosh (Hymenoptera: Aphidiidae) (Wu and Jiarizf)03),
Pteromalus puparumLinnaeus (Hymenoptera: Pteromalidae) aBeadromus collaris
Gravenhorst (Hymenoptera: Ichneumonidae) (Wu aadgJi2005). There were also high
synergistic effects of PBO when used with differelaisses of insecticides (OPs, carbamates,
pyrethroids), against th®. xylestellaparasitoid, Cotesia plutellaeKurdj (Hymenoptera:
Braconidae), although no synergism was reportednwlRBO was used with the chitin
synthesis inhibitor chlorfluazuron (Wu and Jian@02). Investigations of insecticide toxicity
and synergistic effects of different enzymatic biturs including those caused by PBO
against 18 different species of insects and thatunal enemies have shown that PBO
exhibited the highest synergism. The authors spé&dilthat this resulted from PBO having
multiple effects on the activity of esterases, G&md AChE (Wu and Miyata, 2005; Wi

al., 2007). Based on the high levels of synergismm seken PBO was used with various
insecticides irB. tabacj a similar assumption was made for the inhibiteifect of PBO on
esterases and AChE (Kaagal.,2006). Finally, it has been observed that PBObithiAChE

in carbamate resistaht armigera(Gunning 2002, 2006).

1.5.3 Biphasic response of piperonyl butoxide
Many studies have shown that MDP compounds and suoiitmer xenobiotics can act as
inducers as well as inhibitors of P450 activity ahds the effect on the enzyme activity is
biphasic. The time course of these two activitisglyction and inhibition) differs, with
inhibition being relatively rapid and induction bgirelatively slow. It has been observed,
mostly in mammalian P450s, that following a sindlese of compound there is initially a
decrease of P450 activity below control levelslofwked by an increase above control levels
with, ultimately, a return to the control level (#gsonet al., 1995b). Studies have shown that
MDP compounds including isosafrole and PBO are loigpaf inducing mammalian P450s
and that both inhibition and induction may be isoeyspecific and different isozymes may be
involved in the two activities of the same chemi¢atamset al., 1993; Hodgsoret al.,
1995b). Induction of P450 activity by isosafrole mon—mammalian species such as the
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southern armywormSpodoptera eridaniaStoll (Lepidoptera: Noctuidae) has also been
demonstrated (Marcwet al.,1986). In another study it was reported that PB43 wapable of
inducing the expression of P450 and GST gen&s melanogaste(Willoughbyet al.,2007).
More recently, induction of P450 activity in a segtble strain ofT. urticaewas investigated
using a range of known P450 inducers includingMii¥” compound isosafrole in a series of
in vivo andin vitro assays. Although many of the tested compoundse®&450 activity, 24

h treatment of mites with isosafrole did not infice the P45@-deethylation activity (Van
Pottelbergest al.,2008).
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1.6 Aim and objectives of the project

The overall aim of this project was to investigtte interactions of the insecticide synergist
PBO and its analogues with metabolic enzymes confeinsecticide resistance in the peach-
potato aphidM. persicaeand the pollen beetl®leligethes aeneugabricius (Coleoptera:
Nitidulidae) by employing a combination of biocheali techniques anih vivo assays. The
overall objective of the project is to identify neogpecific and potent insecticide synergists.
The hypothesis tested is that by altering the cbelnmoieties of the PBO molecule, more

specific and potent insecticide synergists candsegthed.

The specific objectives of the project were:
To investigate the interaction between PBO andrasts. Biochemical assays were
performed using purified E4, a carboxylesterasévddrfrom M. persicaeconferring
broad spectrum insecticide resistang®.vitro investigations included a structure
activity relationship (SAR) study using a seriesstiucturally similar compounds to
PBO (analogues) and the differences in their bigdaffinities towards E4 were
assessed (Chapter 3).
To characterise the metabolic resistance mechasjsm(@ GreekVl. persicaeclone
(clone 5191A) to imidacloprid and the metabolic téms conferring differential
response to —cypermethrin in fourM. aeneuspopulations using PBO and the
analogue, EN 16/5-1. The two insect species weaeneed in a series @f vitro and
in vivo assays incorporating the analogue in conjunctiath wBO and results
compared with those from insects with previouslgreleterised resistance mechanisms
(Chapter 4).
To determine the synergistic effects of selecte@RBalogues against folt. aeneus
populations by comparison with PBO in a seriegofivo andin vitro assays (Chapter
5).
To examine the synergistic effects of selected RB&oguesn vivo against twoM.
persicae clones with different resistance mechanism prsfilesing two different

classes of insecticides (Chapter 6).
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Chapter 2

General Materials and Methods

2.1 Insects

2.1.1Myzus persicaeearing

Aphids for bioassays were reared on Chinese callbages Brassica rapa.. var. Pekinensis
c.v Wong Bok) (Brassicaceae) in small plastic bages (Blackman boxes) (Stewart Plastics
Ltd, Surrey, UK) maintained at 18 +@with a 16 h light: 8 h dark photoperi@@lackman,
1971). Each box contained two adult aphids plageé ¢eaf and left for 5 days to produce
nymphs. After the 8 day the adults were removed and their esterasssleletermined to
ensure that no contamination or loss of esterapeession (reversion) among the different
clones had occurred during the rearing processitRaet al., 1980; ffrench-Constardt al,

1988; Fieldet al, 1989). After approximately 13-15 days adultsevesed for bioassays.

Myzus persicaeclones, 5191A and 794JZ used for esterase purdicavere reared on 2
week-old Chinese cabbage plants, as above, innfitied cages under conditions described
above. Cultures in cages were left for 3-4 weekkthan the aphids were collected and frozen
at -20°C until required for esterase purification.

2.1.2Myzus persicaelones

Five differentM. persicaeclones were used in this study: 4106A, TIV, 7949Z6B and
5191A. Clone 4106A is a laboratory insecticide-gpsible standardClones T1V and 794JZ
are laboratory standard resistant variants possed®i and R levels of E4, respectively
(Fosteret al., 2005). Clone 794JZ additionally carries a kalrtation conferring resistance to
pyrethroid insecticides (Martinez-Torres al., 1999). Clone 926B is a highly resistang)XR
clone possessing FE4 variant of enhanced estekésardset al., 1994). Clone 5191A was
collected from tobacco in Greece in 2007. All clerigave been established from single
parthenogenetic females (Foseral., 2005). All of the parthenogenetic stock culturesrav
provided by the Plant and Invertebrate Ecology $on, Rothamsted Research (for more

details see Appendix 1.)
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2.1.3Meligethes aeneupopulations

Five pollen beetlé/. aeneusamples were collected throughout the spring anthser (May
until July) 2008 from oilseed rape fields. A Swigspulation, (Stein), was collected from
Stein, Switzerland, in May 2008. Three populati@nginating from different locations in
Poland (Rogalin, Lebork and Leszno) were kindlymigal by Dr Pawel Wegorek (Institute of
Plant Protection, National Research Institute, iajain July 2008. Polish samples were
immediately sent to Rothamsted in fine-netted faggsesting. All samples arrived in good
condition and were testedh(vivo andin vitro) within 2-3 days. The sampling locations were
regions of intensive rapeseed cultivation and heehbsprayed heavily with many classes of
insecticides, especially pyrethroids (personal camication Dr Pawel Wegorek). A putative
susceptible population (UK) was collected in Jul§02 from Hertfordshire, UK. All

populations contained adults only and were kepp@t temperature (+ 20°C) prior to assay.

All in vivo andin vitro assays with pollen beetles (non-sexed adults) warged out at
Rothamsted Research with the exception ofinhévo assays with the Stein population Stein

population, which | carried out in the laboratofySyngenta (Stein, Switzerland).

2.1.4Musca domesticatrain

A standard susceptibM. domesticastrain, (WHO) was obtained from Dr Michael Kristen
(Danish Pest Infestation Laboratory, Denmark) amihtained at 28 +'€ with a 16 h light:8
h dark photoperiod according to Basden, (1947). ddfly heads were supplied by Dr.
Graham Moores, Rothamsted Research.

2.2 Synergists, insecticides and other chemicals
Technical PBO (‘Ultra’, 94%) and PBO analogues @)0vere supplied by Endura SpA,
Italy. The analogue structures are presented @vaat experimental chapters and in Appendix
2 (in numerical order). Design of analogue strugsuwvere proposed jointly between myself,
Dr Moores (Rothamsted Research, UK) and Endura 8fsly) as an ongoing process
following preliminary results. Technical imidaclaghr (analytical standard 99.7%) was
obtained from Promochem Ltd, Welwyn Garden City,; Wg&chnical azamethiphos (analytical
standard 99%) was from Ried#d® Haen,UK and technical -cypermethrin (analytical
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standard 98%) was from Sigma-Aldrich, UK, as welepchemicals, e.g. 1-naphthyl acetate
(1-NA), 7-ethoxycoumarin (7-EC), NADPH, EDTA, DTPTU, PMSF, DTNB, ATChl and
Fast Blue RR. Triton X-100 (specially purified fmembrane research) was from Roche, UK.

2.3 Biochemical methods
For the recipes and preparations of buffers, galssaibstrates see Appendix 3.

2.3.1 Polyacrylamide gel electrophoresis (PAGE)

Native gel electrophoresis was carried out as desitrby Devonshire and Moores (1982).
Briefly, individual apterous aphids of eakbh persicaeclone were homogenised in 1.6 % v/v
Triton X-100, in 0.02 M phosphate buffer, pH 7.Qtwsucrose, containing a few grains of
bromocresol purple as indicator. Following homogation, 10 L samples (from each aphid

homogenate) were analysed by electrophoresis 0B% folyacrylamide gel using barbitone
buffer, based on the method described by Williams &eisfeld (1964). After 1.5 h

electrophoresis at 150V, gels were rinsed in d¢hstilwater, stained in 100 mL 0.2 M
phosphate buffer, pH 6.0 containing (0.06%) FaseBRR, to which 1 mL of 30 mM 1-NA in

acetone (100% AR) was added and stored in the ddté&r 20 min, the esterase banding
patterns were clearly visible on the gels. Thensthigels were then washed with distilled

water and 7% acetic acid added to stop the reaction

2.3.2 Enzyme assays
2.3.2.1 Determination ofMyzus persica¢otal esterase activity
Aphid esterase activity was measured using a cohatiric assay modified from Graet al.,
1989. Briefly, single apterous aphids from ea@nelwere homogenised in a total volume of
250 pL 0.02 M phosphate buffer, pH 7.0 with 0.1 A Vriton X-100 in separate wells of a
NUNC microplate (Fisher Scientific) using a muléphomogeniser (Burkhard Scientific,
Middlesexx, UK), (ffrench-Constant and Devonshit888). Aphid homogenate (25 pL) was
transferred into each well of a new microplate astérase activity determined by measuring
the rate of hydrolysis of the model substrate, 1-N& 1-naphthol and acetic acid in the
presence of Fast Blue RR (200 pL/well). Concerdretiof substrate and Fast Blue RR before
addition to the plate were 0.58 mM and 15.46 mMpeetively. The assay was performed
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using a Tmax kinetic microplate reader (Moleculaevides, Corporation; Menlo Park,
California) at 450 nm for 10 min, taking readingzgery 10 sec. The integrated software
programme Softmax Pro version 4.6 was used tanial regressions, the slopes of which

were summarised as a rate of milli optical dengéyminute at 450 nm (mQBE min™).

Aphid clones were categorised as S(Rusceptible), R(high level) or B (extreme high)

according to the total esterase activity (persocnaimunication Dr Graham Moores).

2.3.2.2 Direct determination ofMyzus persicaesterase inhibition by PBO and analogues
(conventional spectrophotometric assay)

Stock solutions of PBO and analogues (10 mM) weepared in acetone. Aliquots (10) of
purified E4 diluted in 0.02 M phosphate buffer, gt (total volume 35 pL) were incubated
for 10 minutes with 2-fold serial dilutions of PB@ analogues starting from 0.428 to
8.36x10°'mM (concentrations before addition of substratepiflUNC microplate. Enzyme
lacking synergist was used as the control in tHwdll of the microplate. Enzyme incubated
with a serial dilution of acetone was used as agtome control. Esterase activity was
measured as described in section 2.3.2.1.

2.3.2.3 Determination of AChE activity

Musca domesticdhead homogenate was used as the source of AChgoxXimately 10
frozen housefly heads were homogenised in a tataihve of 1 mL 0.02 M phosphate buffer,
pH 7.0, in an Eppendorf tube. The homogenate wasifteged at 10 00@ for 1 min and the
supernatant used for the assays described below.

Musca domesticéAChE activity was measured using a colourimetrssay according to
Devonshire and Moores, (1984) and Moceesal.,(1996) and described initially by Ellmat
al., (1961). Housefly homogenate (25 pL) was loaded iseparate wells of a NUNC
microplate followed by the addition of 75 uL 0.02 phosphate buffer, pH 7.0, 100 pL
dithionitrobenzoate (DTNB) and 100 pL of the modabstrate for AChE, acetylthiocholine
iodide (ATChI). Final concentrations of ATChl andr®B were 0.5 mM. The product, 2-
nitro-5-thiobenzoate, was determined colourimeliycaising a Tmax kinetic microplate
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reader (Molecular Devices, Corporation; Menlo P&dlifornia) at 405 nm for 10 min, taking
readings every 10 sec. The integrated softwarergnoge Softmax Pro version 4.6 was used

to fit linear regressions, the slopes of which warmmarised as a rate of m@pmin™.

2.3.3 Reactivation oMyzus persicaesterase, E4, following inhibition by azamethiphos
Hydrolysis of azamethiphos by E4 was performed ating to Devonshire and Moores
(1982) with some modifications. Briefly, the kineteaction of esterases with OP compounds
is the same process that occurs when the enzyraéyses the hydrolysis of its substrate

(Aldridge and Reiner, 1972) and it is describedt®yfollowing equations:

Ky ko
EH +AB <— EHAB — EA + BH
k-1
ks
EA — EH+ AOH
H,O

The active enzyme (EH) combines with the organophate (AB) to form an enzyme-
substrate complex (EHAB) followed by the rapid fation of the phosphorylated enzyme
(EA). The final step of the reaction is the hydsiyof EA and generation of the free enzyme
EH. The rate constanks, k., andks; describe the rates associated with each steioatalytic
process. The rate constdatrepresents the catalytic centre activity (or tweronumber) of

the enzyme for a particular type of substrate bibitor.

To calculateks for the hydrolysis of azamethiphos the following assay vpasformed.
Enzyme, E4, (1 mL) in 0.02 M phosphate buffer, pBl dontaining 10 pL of insecticide (£0
M) in acetone was incubated at room temperatur&3anin. Enzyme activity before and after
incubation was measured using the model substrit@ {section 2.3.2.1) and the enzyme
inhibition (%) was recorded. The excess of unboamamethiphos was removed by passing
the sample through a column of Sephadex TM G-2%:e(Fi(Amersham Biosciences,
Buckinghashire, UK) (d:2 x h:10 cm) and eluted gsth02 M phosphate buffer, pH 7.0.
Fractions (1 mL) were collected and enzyme reaftinawas evaluated by taking 10 pL
aliquots from each fraction and measuring estesasigity (section 2.3.2.1). Aliquots were
taken approximately every 5 min, for approximately h. A further enzyme sample (1 mL)
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incubated under the same conditions with 10 pL adt@ne served as a control. The rate
constantk; was calculated using a single exponential decagf{i{G3.0, Leatherbarrow, R.J.,

Erithacus Software).

2.3.4 Enzyme purification

2.3.4.1 Purification ofMyzus persica@sterase, E4

The resistance-associated esterase, E4, fkbmpersicaeclone 794JZ was purified as
previously described by Devonshire (1977) with somedifications. Briefly, 5 g aphids
(stored at -2C) were homogenised on ice, in 10 mL 0.02 M phosphaffer pH 7.0 and
centrifuged at 20 00@ for 10 min. The supernatants were filtered usihgese-cloth and
passed through a column of SephadexTM G-25 (FiAe)efsham Biosciences) (d:4 x h:15
cm) which separated low molecular weight matefidle proteins were eluted using 0.02 M
Tris/HCI, pH 8.5 buffer. Unretarded fractions wemlected and 10 pL aliquots assayed for
total esterase activity as described in sectior2l3Fractions with the highest activity were
pooled and loaded onto an ion exchange column (DE&jgharoseTM Fast Flow, Amersham
Biosciences) (d:4 x h:15 cm) and then eluted uaitigear 0-0.35 M NacCl gradient in 500 mL
of 0.02 M Tris/HCI pH 8.5, as described above. #oas (5 mL) were collected and tested for
total esterase activity and those fractions with lighest activity were pooled. The samples
were de-salted, concentrated to approximately 15imh filtration concentrator (Amicon,
Hertfordshire, UK) and re-chromatographed on theABESepharoseTM ion exchange
column. Samples were eluted with a linear 0-0.35N&LCI gradient in 500 mL of 0.02 M
Tris/HCI, pH 8.5 as described above. The purifiddvias stored at -0 after exchanging the
0.02 M Tris/HCI pH 8.5 buffer for 0.02M phosphatéffer, pH 7.0.

2.3.4.2 Semi-purification ofMyzus persica@and Meligethes aeneussterases
Esterase from th¥l. persicaeclone 5191A and non-specific esterase(s) fromLetzork M.
aeneuspopulation were semi-purified using the purificatimethod described in section
2.3.4.1 with some modifications. Briefly, aphids pollen beetles (stored at -2) were
homogenised in 0.02 M phosphate buffer, pH 7.0. bigenates were centrifuged at 20 @00
for 5 min and the supernatants filtered, passeoutiitr a SephadexTM G-25 column and the
proteins eluted using 0.02 M Tris/HCI, pH 8.5 buffénretarded fractions were collected and
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tested for total esterase activity according torttethod described in section 2.3.2.1. Fractions
with the highest activity were pooled and loadetbaan DEAE ion exchange column. Aphid
samples were eluted with a linear 0-0.35 M NaCtgmat in 500 ml of 0.02 M Tris/HCI pH
8.5 as described in section 2.3.4.1. Pollen beetleples were eluted with a linear 0-1 M NacCl
gradient in 500 mL of 0.02 M Tris/HCI, pH 8.5. Fiaas (5 mL) were collected and tested for
total esterase activity (section 2.3.2.1) and thivaetions with the highest activity were

pooled and used immediately in the esterase im&rée assay.

2.3.5 Indirect determination of esterase binding @erase interference assay)

The esterase interference assay indirectly measheebinding affinities of inhibitors (e.g
PBO, analogues and insecticides) to the esteradefsg¢rase(s) was incubated with and
without the inhibitor and binding affinities monitm by the inhibition of housefly AChE
using azamethiphos (Khet al.,, 2008).

2.3.5.1 Preparation of AChE
Homogenates oM. domesticaheads were prepared according to the method 8escin
section 2.3.2.3.

2.3.5.2 Incubation of esterases with synergists amasecticides

Stock solutions of technical synergists (PBO orl@mazes) and insecticides-Cypermethrin

or imidacloprid) in acetone were pre-incubated pp&hdorf tubes for 16 h aiwith either
purified esterase fronVl. persicaeclone 794ZJ (E4) or semi-purified esterases froomec
5191A or semi-purified esterases fravh aeneugE,). Esterase(s) incubated in acetone was

used as control.

2.3.5.3 Indirect determination of esterase binding
To the wells of a 96-well NUNC microplate, 2% 0.02 M phosphate buffer, pH 7.0 was
added, followed by an additional 22 of the same buffer in the first well of each rofwtwo-
fold serial dilution of azamethiphos (10, dissolved in acetone) was prepared across the
plate starting with the addition of & in the first column. The dilution was made byitak25
L from the first column to the next until the"Ltolumn of the row, from which the 23
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was discarded. The last column {12ontrol) contained 25L of phosphate buffer. The rest
of the microplate contained the following: row AQ 5L per well of phosphate buffer (‘no
esterase’); row B: 15L per well of esterase pre-incubated overnight aitetone (‘esterase’
e.g E4) followed by 35 L of phosphate buffer; row C and thereafter: 15 per well of
esterase pre-incubated overnight with samplesEéd#PBO) as described in section 2.3.5.2
and 35 L of phosphate buffer. After 1 h of incubation abm temperature, 25L housefly
head homogenate, as a source of AChE (section.2)3was added to each well and the plate
incubated for a further 15 min at room temperat&ieally 100 L of DTNB followed by an
equal volume of ATChIl was added to every well teega final concentration of 0.5 mM.
AChE activity was then determined by the hydroly&fisATChI and detection of the released
thiocholine colourimetrically, at 405 nm, by itsagtion with DTNB as described in section
2.3.2.3. Buffer only (row A) and esterase(s) preulated in acetone (row B) served as the
negative and the positive controls, respectivell). tieatments were performed at least in
duplicate.

2.3.60-deethylation of 7- ethoxycoumarin (ECOD assay)

2.3.6.1 Enzyme preparations

Microsomal preparations of rabbit liver ahtyzus persicae

Fresh rabbit liver (1 g) was diced and homogenizedce, in 1 mL homogenisation buffer
(0.1 M phosphate buffer, pH 7.6, containing 1 mMMT2D 1 mM DTT, 1 mM PTU, 1 mM
PMSF and 1.46 M sucrose) and diluted with the shoféer lacking sucrose to give a final
10% w/v homogenate. This was centrifuged at 20 @@& 5 min. The resulting supernatant
was centrifuged for a further 1 h at 105 0§Gand 4C. The pellet was resuspended in
homogenisation buffer without sucrose (1 mL) anedusnmediately as a microsomal enzyme
source fotO-deethylation assays.

Fresh aphids (0.16 g) derived fravh persicaeclone 5191A, were homogenised on ice, in 0.5
mL homogenisation buffer and diluted in the samiéelodo give a final 10% w/v homogenate
as described above. This was centrifuged at 2002 5 min. Supernatants were further
centrifuged at 105 00§ for 1 h at 4C. The resulting pellet was resuspended in 300 uL
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homogenisation buffer and aliquots used directlytfe determination of aphid microsomal
oxidase activity.

Meligethes aeneusomogenisation

Approximately 55 adult pollen beetles of mixed sexffom each population were
homogenised on ice in 1 mL 0.1 M sodium phosphatéelh pH 7.6, containing 1 mM
EDTA, 1 mM DTT, 1 mM PTU, 1 mM PMSF and centrifugatd 20 000g for 5 min. The
resulting supernatant was used directly as theceafrpollen beetle oxidase.

2.3.6.2 Determination ofO-deethylation activity

O-deethylation of 7-ethoxycoumarin (7-EC) was meeguaccording to Ullrich and Weber
(1972) and adapted to the microplate format, asries] by DeSouset al., 1995. Briefly, 7-
EC was dissolved in ethanol (absolute high, 100% #Rgive a 20 mM stock solution and
diluted by the addition of 0.1 M, sodium phosphiatéfer pH 7.8 to give a concentration of
0.5 mM. Enzyme samples (5 final volume) were added to the wells of a midedg
(OptiPlaté™ Perkin Elmer) followed by the addition of 80 of 0.5 mM 7-EC to every well.
The plate was incubated for 5 min at 30°C and daetion initiated by the addition of 10 pL
9.6 mM NADPH in 0.1 M sodium phosphate buffer, pi8./Enzyme activity was measured
using a Victof 1420 multilabel counter (Wallac, Milton Keynes, Ufr 1 h with readings
taken every 2 min, using an excitation wavelendt8# nm and an emission wavelength of
460 nm. Linear regressions of fluorometric uniterotime were calculated to provide the rate

of O-deethylation activity. All treatments were perfaunin triplicate.

2.3.6.3 Determination ofO-deethylation inhibition in Meligethes aeneusiomogenate by
PBO and analogues
Pollen beetle enzyme (50 pL) was incubated with L3 gi 10 mM inhibitor (PBO or
analogues) stock solutions in acetone. Enzyme (50with 3 pL of acetone was used as a
control (uninhibited). After 10 min incubation atom temperature, 80 puL of 0.5 mM 7-EC
was added and oxidase activity monitored as de=ttrib section 2.3.6.2. Wells including
homogenisation buffer, inhibitor diluted in acetpideEC and NADPH were used to measure
the ‘background’ activity. All treatments were perhed in triplicate.
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2.4 Insect Bioassays

2.4.1 Full dose response bioassays withyzus persicaelones

Apterous aphids were transferred from Blackman bdsection 2.1.1) to the abaxial surface
of Chinese cabbage leaf discs (approximately 10tsagher leaf disc) held on 1% agar in
plastic containers (4 cm in diameter, A.W. Greg&r€o Limited, Kent, UK). The upper edge
of each container was coated with Flfigwhitford Plastics, Cheshire, UK) to prevent aphid
escape from the leaf surface. Netted lids were cdiddeensure apterous aphids could not
escape. After allowing 30 min for the aphids tdlegeach was dosed with 0.25 pL of 1§ L
synergist dissolved in acetone or acetone onlygusirBurkard microapplicator (Burkhard
Scientific, Middx, UK). Synergist concentrationsosen conferred no significant mortality
compared to the acetone control treatment in pneling bioassays. Five hours later, aphids
were further treated with 0.25 puL insecticide (iagtbprid or -cypermethrin) in acetone at a
range of concentrations (0.1-3000 ppm, at leasiplicates per concentration per bioassay).
Controls were treated with 0.25 pL of acetone ot Tgynergist in acetone and after 5 h with
a further 0.25 pL of acetone. This 5 h pre-treatntane was found to be optimal fod.
persicae(Khot, 2009).

Treated aphids were kept at 18 £ 2 C and 16 h:light dark photoperiod and scored 72 h
after treatment. Aphids incapable of co-ordinateovement (after gentle touching with a
paint brush if necessary) were scored as deadbigdissays were performed a minimum of

three times.

2.4.2 Discriminating dose bioassays witMyzus persicaelones

Topical application bioassays using synergists (1'¢BO or 1 g [* EN 16/5-1) and a single
diagnostic concentration of an insecticide wereiedrout againsM. persicaeclones 5191A
and 794JZ, as described in section 2.4.1. Insdetidiscriminating doses were derived from
the insecticide full dose response bioassays (se@i4.1) and were chosen to give low
mortality (below 25%) in the absence of a synerdiscriminating dose bioassays were

performed a minimum of three times.
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2.4.3 Full dose response bioassays witheligethes aeneupopulations

The bioassay method for pollen beetle bioassays bagsd on that recommended by the
Insecticide Resistance Action Committee (IRAC, mdtmo 11, 2008) and was used to
investigate responses tocypermethrin. Glass vials (d:2.3 x h:5.7 cm) (SrMy & Co,
Surrey, UK) were coated with 0.5 mL solution e€ypermethrin dissolved in acetone using a
blood-roller (Luckham Multimix Major, Denley Instments Ltd) at room temperature until
the test solution had completely evaporated. Fovest adults of mixed sexes were placed into
the vials and the top closed loosely with a scrap-cThree replicates of each insecticide
concentration (0.01 ppm-100 ppm) were used. Viaatéd with acetone only were used as
controls.

Treated vials were stored at 18 ‘€ 2nd 16 h light: 8 h dark photoperiod. All bioassavere
scored 24 h after exposure to the insecticide eRdbeetles were considered dead if inactive
after gentle prodding.

2.4.4 Discriminating dose bioassays witNeligethes aeneupopulations

Due to limited numbers of pollen beetles, no syis¢gfudies were carried out using full dose
response bioassays. For the single dose respooasshys, glass vials were coated with 0.5
mL solution of a mixture of a synergist (0.01g)land a single diagnostic concentration of
cypermethrin as described in section 2.4.3. Previstudies had shown that, with pollen
beetle, a synergist pre-treatment had no advartage application of a mixture (personal
communication Dr G Moores). Insecticide discrimingtdoses used in this section were
derived from the full dose response bioassaysi(ge@.4.3) and were chosen to give low
mortality in the absence of a synergist. Vialstedavith 0.01g [* synergist and acetone only
were used as controlBive to 15 replicates were used for each treatdepéending on insect
numbers available. Synergist concentrations chaserierred no mortality in preliminary
bioassays. Treated vials including the pollen lesetlere stored and scored as described in
section 2.4.3.
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2.5 Analysis of data

2.5.1 Interference assay data

Concentrations of azamethiphos required to intbb% of the AChE activity, (I€), were
calculated by fitting 4-parameter logistic curvé&rdfit 3.0, Leatherbarrow, R.J., Erithacus

Software). Details of the statistical analysisiarthe relevant experimental chapters.

2.5.20-deethylation of 7-ethoxycoumarin (ECOD assay)

Oxidase activity was measured by the rate of prooliof 7-hydroxycoumarin (7-OH) and
expressed as Fluorometric Units per minute (FUsYjrfiollowing subtraction of ‘background’
activity. After stability of the reaction was establish#te mean absorbance of three replicates
at each time point was calculated and a linearessgon plotted. Oxidase activity was
represented by the slopes (rates) of these regrebses. The efficacy of the inhibitors (e.qg.
PBO) was expressed as a percentage of the cotdpd &nzyme + acetone). Details of the

statistical analysis are in the relevant experi@ecttapters.

2.5.3 Full dose response bioassay data

Pooled raw data from at least three separate l@gassere analysed by probit analysis
(Busvine, 1951; Finney, 1972) using the statistipapbpgramme PC Polo Plus (LeOra,
Software, Berkeley, USA). Polo Plus programme dated the concentrations required to Kkill
50% of the population (L£), 95% confidence limits (CL95%), slopes with startberrors
(SE), chi-square ¢) and degrees of freedom (df) (see Tables in rekesperimental chapters
and full data analysis outputs can be found in Alpe 4). Natural response was also
estimated when control mortality occurred. If nortality was observed in the controls then
the natural response was estimated as zero (Robetsl.,2007). Comparisons using k&

values were based on non-overlap of 95% confideneevals.

The LG5 values were used to generate a ‘Resistance fa@ét) and a ‘Synergistic factor’
(SF) as follow:

Resistance factor (RF) = FH@r resistant population

k&¥or susceptible population
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The resistance factor (RF) estimates the effeet adrtain treatment on a population of insects
if tested against both resistant and susceptigpellptions. Generally, RF indicates how much
more insecticide is required to provide equal acadrdigainst a resistant population compared
to a susceptible population.

Synergistic factor (SF) = tfnsecticide for population

k&synergised insecticide for population

The Synergistic factor (SF) estimates the effec siynergist when used in conjunction with
an insecticide on a particular insect populatiathés resistant or susceptible) (Metcalf, 1967).
The toxicity of the insecticide normally increasesh the relative amount of synergist in the

synergist/insecticide treatment (Brindley and Seli®84; Binghanet al.,2007).

2.5.4 Discriminating dose bioassay data

For discriminating dose response bioassays, a @kzest Linear Model (GLM) was fitted to
the data calculated as proportions (number of dmaltids out of the total) assuming a
Binomial distribution for the probability of deatind using a logit link function (for model

equation see Appendix 5).
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Chapter 3

Use of piperonyl butoxide analogues to investigatde interactions between
piperonyl butoxide and E4, a resistance-associatezsterase from the peach -
potato aphid, Myzus persica&ulzer (Hemiptera: Aphididae)

3.1 Introduction

It has been shown previously that PBO exhibits gyistc effects against insects with phase 1
metabolic enzyme systems that confer insecticidestance, namely esterases and oxidases
(Casida, 1970; Wilkinsoet al.,1984; Gunninget al.,1998; Mooret al.,1998; Younget al.,
2005, 2006). Although the mechanism by which PB®Gibits P450s is well-documented
(Dahl and Hodgson, 1979), the mechanism by whicl RRhibits its inhibitory effects on
resistance-associated esterases remains uniriean. attempt to elucidate the mechanism(s)
involved in these interaction(s), biochemical assaere performed using purified E4, a
carboxylesterase derived frorW. persicae which confers broad spectrum insecticide

resistance (Devonshire and Moores, 1982).

The carboxylesterase E4, first described in 197&v@dshire, 1977) is a classic example of
the important contribution of this class of metab@nzymes to insecticide resistance. It has
been shown that E4 can detoxify a significant propo of a toxic dose by hydrolysis and
also by sequestration (Devonshire and Moores, 1¥83pite the critical role that E4 plays in
insecticide detoxification and the cloning of theng encoding E4 (Fieldt al., 1993), the
crystal structure of the protein is still unknowhhis clearly limits understanding of the
interaction(s) between PBO and E4. However, thecsire of E4 can be predicted from other
closely related serine hydrolases such as othdroxglesterases and AChEs with known

crystal structures, since they share a similacairal framework (Xieet al.,2002).

To investigate PBO and E4 interactions, a strucagtesity relationship (SAR) study using a

series of structurally similar compounds to PBOa(agues) was carried out, measuring the
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differences in binding affinities to E4 and inclodi theoretical aspects of molecular

recognition by these molecules. The crucial rolenolecular recognition between a protein

and a ligand was first highlighted by the Dutchraie#, Emil Fischer in 1894 who suggested a
simple and very comprehensive model that “the emzwamd the substrate must fit together

like a lock and key” (Fischer, 1894). Although Fask “Lock—and—Key” model is still valid,

a recent and expanded “hand and a glove” modealdes those cases where macromolecule
enzymes and ligands are flexible and adopt theal fshapes during the recognition process
(Harmat and Naray-Szabi, 2009). These approaches leen used to study possible aspects

of the interaction between PBO and EA4.

In the present work extensive use was made of #terase interference assay initially
described by Khoet al, (2008). This indirect assay was developed taanrae the lack of

observed inhibition of esterase activity in theserce of PBO when using a conventional
spectrophotometric assay. This biochemical assayusad to study the interactions/binding
between purified esterase (E4) derived frismpersicae(clone 794JZ) and synergists (PBO

and its analogues).

The overall aim of this chapter is to give insightto the possible mechanism(s) by which
PBO interacts with E4 through a series of biochamassays including a SAR study with
PBO analogues. Conclusions regarding the potendypassible specificity of the analogues

are also discussed.
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3.2 Materials and Methods

3.2.1 Piperonyl butoxide and analogues
Analogues of PBO with modifications in the MDP mtgiealkyl and polyether side chains

were synthesised and used (section 2.2). The stagcof analogues are given in Appendix 2.

3.2.2 Purification of E4
Purified E4 derived fronM. persicae(clone 794JZ) was used in all biochemical assBys.
was purified as described in section 2.3.4.1.

3.2.3 Direct determination of E4 inhibition by PBOand analogues
Direct determination of E4 inhibition by PBO andaligues was performed as described in
section 2.3.2.2.

3.2.4 Reactivation of E4 following inhibition by aamethiphos
Inhibition of E4 activity by azamethiphos and rézation was performed as described in
section 2.3.3.

3.2.5 Indirect determination of E4 binding using diferent concentrations of PBO

Different stock concentrations (0.3, 3 and 3% yof technical PBO diluted in acetone, were
pre-incubated in Eppendorf tubes with purified E8 b at &C), to give final concentrations of
0.003, 0.03 and 0.3 %n, respectively. Purified E4 incubated with acetarss used as control.
Indirect determination of esterase activity inhimt was performed as described in section
2.35.3.

3.2.6 Indirect determination of E4 binding using diferent incubation intervals

Stock solutions (3 #1) of technical PBO in acetone were pre-incubate&ppendorf tubes
with purified E4 for 1, 2, 4 and 24 h aiC4 Purified E4 incubated with acetone at the same
incubation intervals was used as controls. Theyasss performed as described in section
2.35.3.
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3.2.7 Structure—activity relationship study using he esterase interference assay

Stock solutions of technical PBO and analogues $3) nim acetone were pre-incubated in
Eppendorf tubes with purified E4 for 16 h &€ 4Purified E4 incubated with acetone was used
as control. Indirect determination of E4 inhibitiby PBO and analogues was performed as
described in section 2.3.5.3.

3.2.8 Analysis of data

3.2.8.1 Direct determination of E4 activity inhibiton by PBO and analogues

The mean activityriOD,sgmin™) of two replicates was calculated and plotted agairsbitor
concentrations (concentrations before the additibthe substrate). Slopes were calculated
using Grafit 3.0 (Leatherbarrow, R.J., Erithacuf\@are).

3.2.8.2 Indirect determination of E4 binding

Concentrations of azamethiphos required to infBbi% of the AChE activity, (I€), were
initially calculated in Grafit 3.0 (section 2.5.1Then, 1Gy, values were converted into
percentages giving the “Index” (1) value. The higtree | value, the lower the binding affinity
of the compound to the enzyme (E4). ConfidencetdifttL) 95% for the | value were also
calculated and treatments considered significatitfgrent if the CL 95% did not overlap (see
Appendix 6 for details).

3.2.8.3 Correlation between results obtained fromhie direct and indirect esterase assays
for the inhibitory potency of PBO/analogues to E4

Simple linear regression analysis was used to testhe correlation between the results
obtained from the direct (conventional spectrophwtric assay) and the indirect (esterase
interference assay) esterase assays for the ioyibfiotency of PBO/analogues to E4
(GenStat 1% Edition, VSN International).
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3.3 Results

3.3.1 Direct determination of E4 inhibition by PBOand analogues

Ten representative analogues of PBO containingagibes in the MDP ring and/or side

chains were tested for the ability to inhibit E4idty using the conventional esterase assay.
Results (change in hydrolysis rate versus inhibttmmcentrations-slopes) are given in Figure
3.1 and Table 3.1. Results showed that analogues djiferent responses after incubation
with the enzyme, but no evidence of inhibition wiatected. In fact, EN 14-05 and PBO gave
highly increased catalytic centre activity of thezyme for its model substrate (activation).

Three other analogues, EN 1-179, EN 16/5-1 and EM,1gave an intermediate level of

increased activity whilst activity with the otheradogues did not differ from the control.

100 L L L e Control
s0 L | PBO
L 4 o EN16/5-1
£
(S - _
5 60 e EN1-40
L2
A EN 1-42
o 40
S e ENI129
20 ® EN25-35
e EN1-183
0 L | L | L | L | L o EN16.17
0 0.1 0.2 0.3 0.4 0.5
. N EN 25-10
Concentrations of inhibitors (mM)
EN 14-05
e EN1-164
e EN1-179

Figure 3.1 Activity (mODRsgmin™) of the aphid esterase (E4) versus inhibitor cotregions.

Data are means * SE, n=2.
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Table 3.1 Slopes (mQgyminmM™) corresponding to PBO and analogues (refer torBigu
3.1).

Treatment Slope + SE
Control (acetone) 0.45+1.25
PBO 124 + 3.08
EN 16/5-1 68.2 £ 2.03
EN 1-40 9.28 + 0.55
EN 1-42 68.9+1.51
EN 1-129 1.68+1.91
EN 25-35 24.0 £ 0.85
EN 1-183 3.08 + 2.89
EN 16-17 0.44 £ 2.26
EN 25-10 15.5+£0.82
EN 14-05 167 £ 6.95
EN 1-164 10.5+£3.73
EN 1-179 75.1 + 3.43

3.3.2 Reactivation of E4 activity following inhibiion by azamethiphos
Incubation of E4 with azamethiphos M) for 15 min gave ~77% inhibition of activity
(Table 3.2).

Table 3.2 Activity (mODRsgmin™) before and after 15 min incubation of E4 withraethiphos
(103M). Data are means + SE, n=2.

Treatment Activity + SE % Remaining activity + SE
Before incubation 81.1+2.89

_ _ 22.7+0.41
After incubation 18.4 £ 0.33

Reactivation ratekg) of E4, after monitoring at intervals for approataly 1.5 h, was found
to be 1.63 (+ 0.16) hindicating that the enzyme had significant phospbaiactivity (Figure
3.2).
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Figure 3.2 Recovery of E4 activity after 15 min ibition with azamethiphos (It\)

followed by the removal of excess inhibitor by pagghrough a G-25 column. Data are mean
+ SE, n=2.

3.3.3 Indirect determination of E4 binding using diferent concentrations of PBO

The esterase interference assay depends upon tioe & unsequestered azamethiphos
against housefly AChE, so it was necessary toiteBBO or analogues inhibited housefly
AChE directly using the standard Ellman assay (&firet al., 1961), with ATChl as the
substrate for AChE. No inhibition was observed §dait shown).

The principle behind the esterase interferenceydsdaat in the absence of esterase, housefly
AChE activity is inhibited by azamethiphos and tlisdetected as low AChE activity (in
Table 3.3 and Figure 3.3 indicated as no E4). & phhesence of E4 (E4 only) where
sequestration may remove the azamethiphos befoeadhes the AChE (i.e. E4 ‘protects’ the
AChE), higher concentrations of azamethiphos aexleé to inhibit the AChE. When E4 is
pre-incubated with PBO prior to exposure to AChE4 @& PBO), if there is an interaction
between the E4 and the PBO, the E4 will no longestect’ the AChE from the azamethiphos
and AChE inhibition will be similar to that seen ihe absence of E4. Hence this would
indicate indirectly if E4 has interacted with (bkacled) PBO.
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The 1G, values of the AChE activity, after incubation of4 Bwith three different
concentrations of PBO, are presented in Table Bd3Ragure 3.3. Thé values, represent the
binding affinity of PBO to E4 as a percentage (Feg8.4). The lower the | value, the higher
the binding affinity (where the Kgvalue for E4=100% and for no E4=0% see Appendior6
details). Results showed that binding potenciesbéed by 3 mM PBO and 30 mM PBO
were very similar, whilst 0.3 mM PBO gave the lowbsding potency. Based on these
results, 3 mM PBO was the concentration used iméxt assays (see sections 3.3.4 and 3.3.5)
to allow evaluation of the differential binding iafities when a range of PBO analogues were
tested in the SAR study (section 3.3.5).

Table 3.3 Concentrations of azamethiphos requicgd50% inhibition of AChE activity,
(ICs0), after incubation of E4 with different concenioats of PBO with the Index values, (1),

calculated as described in the text (see also Afipeéd). Data are means + SE, n=3.

Samples IG( M) SE < | (%)
AChE only (no E4) 0.12 0.004 0
E4 only 1.93 0.027 100
E4+0.3mMPBO 0.73 0.032 48.8
E4 + 3 mM PBO 0.17 0.008 4.14
E4+30mMPBO 0.15 0.003 2.51
LI R LI R T Trrrrm
O noE4
e (4

0O  E4+0.3mM PBO
= E4+3mM PBO
A E4+30mM PBO

AChE activity (%)

Concentration of azamethiphos (hM)

Figure 3.3 AChE activity (%) after incubation of Evth different concentrations of PBO

(refer to IGo values from Table 3.3).
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Figure 3.4 Graphical representation of Index valwésbinding affinities of different

concentrations of PBO to E4 (Index values refeéfable 3.3).

3.3.4 Indirect determination of E4 binding using diferent incubation times
The results presented in Figure 3.5 show that theirgy of 3 mM PBO to E4 did not change
when the incubation time was increased from 1 tch2Z his suggests that PBO acts as a

reversible inhibitor for the protein.

100
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50
40
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0

Index (%)

C R "R

1h PBO

2h PBO 4h PBO 24h PBC

Figure 3.5 Graphical representation of Index valofebinding affinities of PBO to E4 using

different incubation times. Data are means + SB, n=
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3.3.5 Structure activity relationship study for theinteractions between analogues and E4

Results from the interference assay were groupéul tiree categories according to the
modifications to the structure of the analoguesgamad to PBO. Data in Table 3.4, Table 3.5
and Table 3.6 show the structures and the correlspgh values with the lower and the upper
CL (95%). Analogues, such as PBO, EN 1-126 and ENB( are repeated in Tables and

Figures for easier comparison.

3.3.5.1 Analogues with general modifications in thelkyl and polyether side chains
(aromatic ring type A)

Results in Table 3.4 and Figure 3.6 show signitiadifierences in the analogues’ ability to
blockade E4. The highest binding affinity of analeg to E4 was observed with an increasing
length of the alkyl chain. Hence, EN 1-16 contagnahexyl side chain showed the highest
binding affinity compared to the other analogueswidver, the butyl chain in EN 1-14 did not
increase the binding affinity to E4 compared to PB@moval of the propyl side chain in EN
1-40 resulted in a significantly lower binding thBBO. Introduction of a second polyether
chain in EN 1-42, restored the ability to bind gndicantly higher amount of E4 than EN 1-
40 but less than PBO. Alterations at the end ofpibigether chain by the addition of either a
carboxyl (-COOH) or a sodium carboxylate (-COON&up, as shown in EN 1-101 and EN
1-162 respectively, resulted in failure of thesalagues to blockade E4. A similar response
was observed when the long polyether side chainre@aced by a carboxyl group (EN 1-93).
Replacement of the polyether chain by a dodecyincaad absence of the propyl alkyl chain
in EN 1-129, resulted in a significant reduction bimding affinity, although its binding
affinity was higher than EN 1-101, EN 1-162 and E{93. EN 1-126, where the polyether
chain was replaced by an alkynyl ether chain, slkiowehigh ability to blockade E4 and
restored the inhibitory failure of EN 1-101, EN 621 EN 1-93 and EN 1-129, although the
EN 1-126 binding affinity was significantly lowenan PBO, EN 1-14 and EN 1-16. EN 1-180
which is structurally similar to PBO but has an geg atom (from the polyether chain) bound
directly to the aromatic ring by removal of the mgéne bridge group, -CH (changing from

a phenyl methyl structure to a phenyl structurefr@nm aromatic type A to aromatic type B)
did not show any significant difference in bindipgtency compared to PBO. The last two
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analogues in Table 3.4, EN 1-126 and EN 1-180, wserl to generate further analogues

presented in the next two sections 3.3.5.2 an®.3.3.

Table 3.4 Analogues with general modifications Ire talkyl and polyether side chain

(aromatic ring type A) and corresponding Index ealUl) with lower and upper 95% CL.

<ﬁ
o] R,
A

Name Aro.matic R, R, | (%) Lower Upper
ring 95%CL 95 %CL

PBO A CHCH,CHjs (CH,OCH;)3CH,CH,CH3 5.86 5.14 6.60
EN 1-14 A CHCH, CH,CHs; (CH,OCH;,)3sCH,CH,CH3 4.82 4.27 5.34
EN 1-16 A CHCH; CH,; CH,CH,CH3;  (CH,OCH,):CH,CH,CHjs 2.17 1.70 2.65
EN 1-40 A H (CHOCH,)3sCH,CH,CH3 28.1 26.1 30.1
EN 1-42 A (CHOCH,)sCH,CH,CHs (CH,OCH;)3CH,CH,CH3 10.3 9.11 115
EN 1-101 A CHCH,CH;z (CH,OCH;,)sCOOH 85.9 77.8 94.0
EN 1-162 A CHCH,CH;z (CH,OCH;,)sCOONa 84.0 78.2 89.8
EN 1-93 A CHCH,CHs COOH 89.8 80.8 98.8
EN 1-129 A H (CH)11 CH3 61.1 56.2 66.0
EN 1-126 A CHCH,CH;z CH,O CHCHCCHs 12.8 10.9 14.7
EN 1-180* A CH,CH,CHjs (OCH,CH,)3CH,CHj3 4.67 4.07 5.27

* EN 1-180 is represented as an analogue havireg@natic ring type B in the following Tables andgjiies.
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i

Figure 3.6 Graphical representation of Index vahfesnalogues with general modifications in

the alkyl and polyether side chains (aromatic typge A). Data are means = SE, n=3 (refer to
Table 3.4).

3.3.5.2 Phenyl methyl and phenyl analogues (aromatring type A and B)
When phenyl methyl and phenyl analogues (aromatg type A and B, respectively) were
tested, EN 1-164 exhibited the highest bindingndffi (Table 3.5 and Figure 3.7). Thus, it
seems that an oxygen atom bound directly to theatic ring (by removing the -GHgroup)
increases the binding affinity of EN 1-164 compaweth EN 1- 126 which retains the -GH
group (aromatic ring type A). Lack of an alkyl ahamn EN 1-163 gave lower binding affinity
than EN 1-164. Furthermore, reduced binding potemag also observed with EN 1-125,
which is structurally similar to EN 1-126 but whialso lacks the alkyl side chain. A similar
trend was observed with EN 1-175 compared to ENA.-An analogue having an alkynyl
moiety with the triple bond at the end of the sahain, as in EN 1-183, displayed high
binding affinity and was similar to the binding poty of EN 1-164. However, when the alkyl
side chain was absent as in EN 1-181 the affindg veduced. EN 1-179, a compound having
a polyether and an alkynyl ether chain, with bdthaios bound directly to the aromatic ring,
showed higher binding potency than PBO or EN 1-18terestingly, EN 1-186 having the
shortest polyether chain and a propyl side chameated higher binding potency than PBO,
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EN 1-180 or EN 1-179. Finally EN 1-182, an analogastaining an alkynyl ether moiety and
a branched methyl group (aromatic ring type A),ileitéd slightly different binding affinity to
EN 1-126.

Table 3.5 Analogues with phenyl methyl or phenyusture (aromatic ring type A and B,

respectively) and corresponding Index values, {ihvower and upper 95% CL.

<Oj©[Rl <o )
°© Ry © OR,

A B

Name Aro.matic R, R, | (%) Lower Upper
rnng 95 %CL 95 %CL

PBO A CHCH,CHz (CH,OCH,)3CH2CH,CH; 5.86 5.14 6.60
EN 1-180 B CHCH,CH;3 (CHCH20),CH; CH,CH,CHjs 4.67 4.07 5.27
EN 1-186 B CHCH,CHs CH>,CH,OCHs 231 1.78 2.84
EN 1-175 B H (CHCH20),CH; CH,CH,CHz 26.5 243 28.7
EN 1-179 B OCHCYCH;  (CH,CH;0),CH; CH,CH,CHjs 2.98 2.47 3.50
EN 1-126 A CHCH,CHs CHO CHCHCCHs 12.8 10.9 14.7
EN 1-164 B CHCHxCHs CH.CYCCHs 0.98 0.65 1.30
EN 1-125 A H CHO CH,CYCCH;s 37.1 31.7 42.6
EN 1-163 B H CHCAUCCHz 10.3 9.3 114
EN 1-183 B CHCHxCHs CHxCUCH 2.06 1.67 2.44
EN 1-181 B H CHCYCH 63.9 60.3 67.5
EN 1-182 A H CH CH (CH)CHO0CH,CYCHs 9.62 8.84 10.4
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I = I_Il_ll

Figure 3.7 Graphical representation of Index valaesnalogues with phenyl methyl and

phenyl structure (aromatic ring type A and B, respely). Data are means + SE, n=3 (refer
to Table 3.5).

3.3.5.3 Analogues with modifications in the MDP meity and side chains (aromatic ring
type C, D, and E)

The absence of one oxygen from the MDP moietyndsN 16/5-1 and EN 16-06, (Table 3.6
and Figure 3.8) did not affect their binding affies compared to PBO. In contrast, absence of
both oxygen atoms, as in EN 14-05, resulted inecedbinding affinity. EN 16-17 containing

a propyl side chain and an alkynyl ether moietywsdo the highest binding affinity to E4.
Nevertheless, an absence of the alkyl chain in ENL& resulted in a significantly reduced

binding affinity compared to EN 16-17.

Verbutin, (common name for EN 25-10, Ratpal.,2001) showed lower binding affinity than
PBO although a structurally similar compound, EN3B5 gave a similar affinity as PBO. The
absence of the propyl side chain in EN 25-37 cbeldorrelated with low binding to E4 in the
same way as previously seen for the presence/abséice alkyl moiety. Similar to previous

observations (Table 3.5 and Figure 3.7), a trigladbat the terminal position of the alkynyl
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moiety affected the binding affinity and hence, EB36 showed lower binding affinity than

PBO.

Table 3.6 Analogues with modifications in the MD®iety, the side chains (aromatic ring

type C, D, E)and PBO (aromatic ring type A) and correspondirdginvalues, (1), with lower

and upper 95% CL.

Ry

R, CH30. Ry
° R R, CHZ0 R,
C D E

Name Aro'matic R, R, | (%) Lower Upper
rng 95%CL 95 %CL
PBO A CHCH,CHs (CH,OCH;)3CH,CH,CH;3 5.86 5.14 6.60
EN 16/5-1 Cc CHCH>CHs (CH,OCH;,)3:CH2CH,CHs 7.63 6.94 8.33
EN 16-06 C (CHOCH,)sCH.CH,CH; H 6.89 6.13 7.64
EN 14-05 D CHCH2CH;s (CH,OCH;)3CH,CH,CH;3 21.6 20.2 23.1
EN 16-17 C CHCH>CHs OCH, C¥CCH;s -1.17 -1.42 -0.94
EN 16-18 C OCHC%CCH; H 28.6 24.7 324
EN 25-10 E H CH (CBOCH,CHCCH; 28.4 23.6 33.2
EN 25-35 E CHCH>CHs OCH, C¥CCH;s 5.10 4.09 6.10
EN 25-37 E H OCHCYCH; 39.1 36.1 42.1
EN 25-36 E CHCH>CHs OCH,CUCH 151 13.0 17.3
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Figure 3.8 Graphical representation of Index valokanalogues with modifications in the
MDP moiety and side chains (aromatic ring type CHpandPBO (aromatic ring type A).

Data are the means + SE, n=3 (refer to Table 3.6).

3.3.6 Correlation between results obtained from thelirect and indirect esterase assays
for the inhibitory potency of PBO/analogues to E4

The response (slopes) from the direct determinatioB4 inhibition by PBO and analogues
(conventional esterase assay, section 3.3.1) wetteg against the | values obtained from the
esterase interference assay (Table 3.6, Tablengl Table 3.8). The correlation of the results
between the two biochemical assays is shown inr€i@u0. There is a positive correlation
between the slopes and the | values revealing ttieatsmaller the | values (stronger the
binding affinity) the less elevated the catalytmtre activity of the enzyme for the 1-NA (less
activation). Statistical analysis showed that thees a significant regressiop=0.005) (the
model being: Slope = 16.6 + 7.09%xIndex, SEs 15d& Hhfi6, respectively). However, three
analogues EN 25-10, EN 1-40 and EN 1-129 do nothfg correlation and the common

characteristic of these three analogues is thedathke alkyl side chain.
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Figure 3.9 Correlation between the slopes and Inédixes derived from the two biochemical
assays (standard conventional assay and the estatagerence assay excluding EN 25-10,
EN 1-40 and EN 1-129).
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3.4 Discussion

The mechanism by which PBO interacts with P450@gek-known (Dahl and Hodgson 1979;
Wilkinson et al.,1984). In contrast, the mechanism by which PBOrauis with resistance-
associated esterases has not been elucidatede Ipréisent work, a series of biochemical
assays including a SAR study was undertaken tardete the interaction(s) between PBO
and E4, an esterase derived from the peach-potdtm &1. persicae which is known to

confer broad spectrum insecticide resistance (D&viom and Moores, 1982).

It has been observed that although PBO can ach &starase inhibitor, it does not interact
directly with the active site serine of the protéfinot et al.,2008), as commonly reported for
other esterase inhibitors such as PMSF (FahrneyGahd, 1963). This was demonstrated by
standard spectrophotometric assays using the mmdedtrate 1-NA where homogenates
derived fromM. persicaeM. domesticaandB. tabaci(Q-biotype) still hydrolysed 1-NA after
incubation with PBO showing no detectable inhibiti(Khot et al., 2008). In the present
study, results from the conventional esterase asgly purified E4 in the presence of
PBO/analogues and using the model substrate 1-Néwed that PBO/analogues either did
not affect substrate hydrolysis or increased thelyic center activity of E4 (Figure 3.1 and
Table 3.1). The former reaction where no inhibitimas detected is in agreement with
previous observations (Khet al., 2008) and implies that these analogues do not et

the enzyme catalytic centre. However, in the samsgaya some analogues increased the
catalytic activity and this implies that compoursilgh as EN 14-05 and PBO and to a lesser
extent compounds such as EN 1-179, EN 16/5-1 and1E® are actually “helping” or
“guiding” the substrate to reach and act at thalgat centre at a higher rate. Nevertheless, it
confirmed that the conventional assay fails to destrate inhibition of E4 activity by

PBO/analogues.

Results also show that the organophosphate egtamedhiphos, acts directly on the E4 active

site serine by forming initially a phosphoserineteesbond followed by enzyme

dephosphorylation and finally recovery of E4 adyi\iTable 3.2 and Figure 3.2). However,

the esterase interference assay showed that iprésence of PBO, azamethiphos is not
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sequestered by E4. This suggests that PBO is pirgethe azamethiphos reacting with the
active site of the protein. Given that PBO preveatamethiphos from interacting with the
catalytic centre but allows 1-NA to reach and acttle active site, it seems that PBO is

binding to the protein at an area that preventstistrate reaching the active site.

Carboxylesterases such as E4, AChE and butyrylogstierases (BuChE) are classified within
the super family of serine esterases and into tlestBrase group (Aldridge, 1993). These
esterases share a common structural framework thighactive site containing a serine
hydrolase catalytic triad which is composed of ange(Ser), a histidine (His) and either an
aspartate (Asp) or a glutamate (Glu) residue (Wdakekt al., 2005). For example E4’s
catalytic triad consists of Serl91, His440 and G&i3esidues (Fielcet al., 1993). The
catalytic triad ofTorpedo californiceAChE (TCAChE), one of the most extensively studied
examples of a serine hydrolase, is composed of(0BerRis440 and Glu327TCAChE
numbering). X-ray crystallography of the structwé& TCAChE has also shown that its
catalytic triad is located at the bottom of a daed narrow cavity - the active site gorge (or
aromatic gorge). The active site gorge is linedlByconserved aromatic residues and there is
a site located close to the rim of the active gitege, the so-called peripheral anionic site
(PAS) (Sussmaet al., 1991). The contribution of the 14 conserved aracramino acids in
the active site gorge is fundamental since theyideoboth a substrate guidance system and
flexibility in protein-ligand interactions (Xet al., 2008). The arrangement of these residues
accelerating the passage of substrate accountthéoextremely high turnover number of
AChE (Ripollet al.,1993). In particular, a tryptophan residue (TryZV@AChE numbering)
positioned at the lip of the aromatic gorge is oegible for directing substrate molecules
towards the active site and removal of this residyesite-directed mutagenesis results in an
enzyme with a decreased catalytic centre actiHgrélet al., 1995; Morelet al.,1999; Xuet
al., 2008). Alignment of the amino acid sequencesTGAChE with E4 (23.7% sequence
identity) shows that only 7 of the 14 conservedvatic amino acids present TtAChE are
conserved in E4 (Figure 3.10). Taking account efdimilarity between E4 and AChE and the
findings in the present study showing that in thhespnce of the enzyme, PBO allows
acylation by 1-NA but prevents phosphorylation @graethiphos, it can be hypothesised that
PBO (and analogues) bind to amino acid residuestédcnear the rim of the active site gorge.
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Furthermore, it is possible that analogues showimgncrease in the catalytic centre activity
of the enzyme in the conventional assay (e.g EN3.4nd PBO) may bind in such a way that
the aromatic moiety of these analogues acts siyitarthe Try279 residue ofcAChE, i.e.

guiding the substrate down the aromatic gorge.df@ogues in which the catalytic centre
activity is not increased (e.g EN 1-101, EN 1-16@ &N 1-129), the aromatic moiety is
presumably not in the preferred configuration. Thusdrance of azamethiphos may still be

apparent, but passage of 1-NA is unchanged.

Since the conventional spectrophotometric assajdaoat be used to study the inhibition of
esterase activity by PBO and analogues, all furthedies investigating the interactions of

PBO and E4 were performed using the esteraseenteide assay.

Results from the esterase interference assay ddifegent incubation intervals of PBO with
E4 showed that PBO acts as a reversible inhibRgufe 3.5). This suggests that PBO binds
to the enzyme with non-covalent bonds such as lyairdoonds, hydrophobic interactions,

steric effects, etc.

In an attempt to elucidate the interactions betweB@® and E4, a SAR study was undertaken
using a series of PBO analogues. Binding affinibéthe analogues to E4 were usedjive
insights into the structural requirements of PBQraximise the binding interactions in the
protein-ligand complex. The SAR study could providiermation about the future design of

more potent and selective inhibitors.

Results from the SAR study revealed that the psei the alkyl chain may be of major
importance for binding to the enzyme as shown whth analogues PBO/EN 1-40 (aromatic
type A, Figure 3.6) and EN 1-180/EN 1-175 (aromayiee B, Figure 3.7) where the only
difference in their structures is the presencebseace of the alkyl chain and the effects seem
to be independent of other changes that have aztuo the structure. A similar trend was
observed with two analogue groups where the patyethain was replaced with an alkynyl
moiety, EN 1-126/EN 1-125 (aromatic type A, FigGt&) and EN 1-164 /EN 1-163 (aromatic
type B, Figure 3.7). With the triple bond at thel e the alkylnyl moiety and the propyl side
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chain, EN 1-183 bound a greater amount of E4 coethéw EN 1-181 (aromatic type B,
Figure 3.7). Given the same presence/absence afkghside chain, compounds having a
modification in the MDP moiety and an alkynyl mgieEN 16-17 and EN 25-35 showed
higher binding potency than EN 16-18 and EN 25+88pectively (aromatic type C and D,
respectively, Figure 3.8). Additionally, increasitite length of the alkyl chain to a hexyl
substituent in EN 1-16 is correlated with an ineeeaf the binding potency to the esterase.
These observations are in line with previous figdishowing a positive correlation between
the inhibitory potency of a series of compoundsntammalian carboxylesterases and an
increased length in the alkyl chain (Wadkieisal., 2007). Results from the present study
suggest that the presence of the hydrophobic alilgktituent is of considerable importance
and may interact with a corresponding hydropholeigian of the protein by hydrophobic
effects.Assuming that E4 has a similar structur&d tdChE and possesses an aromatic gorge,
(as described above) this would be relatively hgtabic and provide a suitable binding area
for the hydrophobic substituent of the analogueyrophobic interactiond he alkyl side
chain is also likely to exert steric effects thaaymmprove interactions with the amino acid

residues of the binding area.

The present results also demonstrate a significantribution of the polyether chain to the
binding affinity of the analogues to E4. This isbseen when the polyether chain is replaced
with a dodecyl side chain (EN 1-129) resulting ifoaer binding affinity compared to PBO
(Figure 3.6). In this case, findings imply that #lectron-donating effects of the oxygen atoms
in the polyether chain play an additional role afigct the binding affinities. This suggests
that electrostatic attraction/repulsions are imguartin improving the interactions with
surrounding amino acids of the protein. Additiopalthese lone pairs of electrons could
support certain types of shapes of the structureaffect bond angles providing a better

orientation of the compounds.

A combination of an alkyl hydrophobic substituentla polyether chain in analogue structure

(as in PBO) provides a higher binding affinity thidwe presence of two polyether chains, as

found in EN 1- 42 (Figure 3.6). The presencetwbd long and bulky polyether chains,

containing lone pair electrons from oxygen atomsreé@ses the binding potency of EN 1-42
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and this may occur because of extensive steric réumog effects resulting from the
electrostatic repulsions of the two chains. Thuthlibe alkyl chain and the polyether chain

may be deemed necessary for close binding of gamdi to the esterase.

For EN 1-101 and EN 1-93 both having a carboxylugr¢-COOH), binding affinities were
significantly low (Figure 3.6). Since the carboxgrbup is a strong functional group, it may
bind rapidly to an area of the protein before thaselogues actually reach the appropriate
binding area. Alternatively, this carboxyl group ynarevent the analogues taking the same
orientation as the other structures, even if botondhe same residues. This hypothesis is
supported by Rebek (1987) who suggested that “maitattached groups tend to diverge or
become directed away from the cavity and from thiessates that are held inside”. It is also
likely that a similar action occurs in the caselef EN 1-162 (Figure 3.6) since in an aquatic
environment the -COONa group of EN 1-162 can reaédrm a —COOH group following the

reaction: RCOONa + #0# RCOOH + NaOH.

When the oxygen atom is bound directly to the atawang as in EN 1-180 (aromatic type B,
Figure 3.7), results show there was no significhfierence in the binding potency compared
to PBO. This may imply that the oxygen’s contribatito the binding potency, by the
presence of lone pair electrons, is not affectedthmir position in the polyether chain.
Interestingly, EN 1-186 having the shortest polgetbhain showed higher binding affinity
than EN 1-180 (Figure 3.7). This may suggest thatdtructure of EN 1-186 is allowing a
better configuration of the molecule and thus iasheg the interactions in the suitable binding

area.

When the polyether chain was replaced by an alketiyer moiety with the oxygen bound
directly to the aromatic ring (aromatic ring typg Bie binding affinity increased dramatically
in some analogues compared to PBO. A combinatioanofilkynyl ether moiety and the
propyl chain as in EN 1-164 (aromatic ring type Byreased the binding potency compared
to PBO, EN 1-126 or EN 1-125 (aromatic ring typeFigure 3.7). This increase is possibly
due to the delocalized electrons associated wihttiple bond and the lone pair electrons

spread across the oxygen which is bound directlyhto aromatic ring. A combination of
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delocalized electrons from the triple bond and ¢htrem the aromatic MDP moiety could
form a conjugated system that interacts with aramangs from surrounding amino acid
residues, providing further forces through aromatacking interactions. It is possible that
these aromatic stacking interactions stimulatanbkertion of the aromatic ring moiety into an
aromatic pocket/binding area in the protein. Thasild explain the observation that analogues
such as EN 1-164 and EN 1-183 exhibited high bigdaffinities. Similarly, delocalized
electrons from the triple bond could occur in tleyayl ether moiety of EN 1-179 (Figure
3.7) in a combination with the lone pair electrafithe oxygen atoms in the polyether chain
(as discussed above). However, the slightly lowedibg affinity of EN 1-179 is likely to be
due to the electrostatic effects in both side chaieating repulsion forces, thus contributing

to a sub-optimal orientation of the molecule to Ibireding area.

The presence of the branched methyl group in thgngl ether moiety of EN 1-182 (aromatic
ring type A, Figure 3.7) is possibly correlatediwihe relatively high binding affinity to the
protein. This structure may allow free rotationtloé methylgroup that could either provide a
closer orientation of the molecule or the branchedthyl group “wedged” between
hydrophobic groups of the protein and improve théraction with the binding area.
Furthermore, the presence of the branched metloylpgin the side chain gives additional

hydrophobic properties to the molecule.

Alteration of the MDP moiety by the removal of omeygen atom in EN 16/5-1 and EN 16-06
(aromatic ring type C) did not affect the bindinffiraties (Figure 3.8). Nevertheless,
removing both oxygen atoms from the MDP moiety iN E4-05 (aromatic ring type D),
resulted in reduction of the binding potency compato PBO (Figure 3.8). The requirement
of an oxygen in the MDP ring to retain a high bimgliaffinity could be explained by the
electron donating effects and/or the provision difuéky structure which could interact with
the appropriate binding area. A lack of oxygen aamthe MDP ring of EN 14-05 provides
the molecule with a near-planar structure thatoseasily retained within a binding pocket.
EN 16-17 and EN 16-18 (aromatic type C, Figure 3&)th having an alkynyl side chain
showed different binding affinities with the formesvealing higher than the latter, probably

due to the presence of the hydrophobic alkyl skd@rc(as discussed above).
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Compounds where the MDP moiety was replaced bybky methoxy groups, similar to the
verbutin structure (aromatic ring type E, verbutinalogues) first proposed by Papal.,
(2001), seem to affect the interaction with thetgiro(Figure 3.8). The two methoxy groups
replacing the two oxygen atoms connected with tkeégiene carbon of the MDiRoiety are
relatively bulky and probably fit in a binding ctwiike the MDP moiety. Although EN 25-10
has an alkynyl ether moiety, the relatively lowdimg potency observed is possibly related to
the absence of the hydrophobic propyl substituadta the position of the branched methyl
group in the alkynyl ether chain. In contrast te thranched methyl group in EN 1-182, as
discussed above (aromatic ring type A, Figure 3nhere the methyl group is positioned
between two -CH groups, the branched methyl group in EN 25-10eisveen the oxygen of
the alkynyl ether chain and the aromatic ring. Tgmsbably restricts itéree rotation because
of the free lone pair of electrons of the neighbmyroxygen atom (of the alkynyl ether
moiety) and the delocalised electrons of the armm@tg. EN 25-35 showed the highest
binding potency compared to the rest of the venbatialogues and it is likely to be correlated
with the presence of the hydrophobic alkyl chaid #re triple bond (as discussed above). The
lower binding potency of EN 25-36 compared to EN385is probably due to the position of
the triple bond, which in the former is locatedts end of the chain (R&") and the active
proton H (electric charge of +1) is acting as an attachatttional group, giving acidic
properties to the molecule. Subsequently, EN 2%@@d interact with surrounding amino
acid residues before actually reaching the appatgbinding site or may settle in a different

orientation.

A final observation is that there is a positiveretation between the increased rate of the
hydrolysis of 1-NA in the conventional assay (sEpand the | values obtained from the
interference assay (Figure 3.9). This suggeststiieatibwer the binding affinity obtained from
the interference assay the higher the increaseeotatalytic centre activity. Furthermore, it is
suggested that analogues such as EN 25-10, ENahd@®&N 1-129 lacking the propyl chain
do not follow the above trend and are giving lowddng affinities (high | values) with no
increase of the catalytic centre activity. This ingauggests that the alkyl side chain is

important in the final orientation of the analogues
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3.5 Conclusions

Results presented in this chapter suggest thahtéeactions between PBO/analogues and E4
are based on a balance of non-covalent interactideseral factors may contribute to the
relative binding strength of inhibitors to the mot depending on the chemical and structural
properties of both the ligands and the proteinc&iime crystal structure of E4 is unknown, the
binding properties with PBO/analogues can only pothesised. Considering that E4 has
similarities with other carboxylesterases, AChE BuChE (Xieet al.,2002; Imai, 2006), it is
hypothesed that PBO and analogues are binding lteation near the active site gorge.
Hypothetical aspects of the ligand-protein intdmacthave been discussed, involving
conformation and flexibility of the inhibitors witamino acid residues of the binding site due
to a combination of steric effects, hydrophobicdings and aromatic stacking interactions.

Using PBO analogues with specific organic grougshsas alkyl and polyether chains, alkynyl
moieties and functional groups such as -COOH ar@0ORa, some insights into esterase-PBO
interactions have been suggested. Sizes and sbhpedecules, electrical charge distribution
and geometry of bond angles of these organic greeesn to affect the properties of the
interaction with the protein. Preliminary resukwvealed a significant contribution of the alkyl
chain, suggesting that the presence of this hydroighsubstituents orientating the ligand
towards a hydrophobic area, possibly equivalerihéoaromatic gorge ofFcCAChE (Sussman
et al.,, 1991), by hydrophobic interactions and thus insirgg the binding affinity.
Furthermore, results suggest that increasing hydioigity by increasing the length of the
alkyl side chain, leads to an increase in the bigdiffinity, as seen in EN 1-16. The length of
the alkyl chain could also produce steric effeetsling to a better orientation of the molecules
in the binding area. The polyether chain is contiiig to the binding affinity possibly by the
lone pair of electrons of the oxygen atoms whiah aating as electron-donating substituents.
It may be that the polyether chain is also helphemolecule to a preferable orientation in the
binding area. Additionally, replacement of the mher chain with an alkynyl moiety
suggests that the contribution of the delocaliskedtens around a triple bond is also an
important factor. Thus, either the charge deriveanflone pairs of electrons on the oxygen
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atoms of the polyether chain and/or delocalisedtedas from the triple bond are likely to be

contributing to the high binding affinity seen beem the ligands and the protein.

Overall, this study has identified possible pararsef{such as the length of the alkyl chain and
presence of the polyether chain) that are imporfantthe binding potencies of PBO/
analogues to E4. Additionally, replacement of tbi/gther chain by an alkynyl chain in some
cases increases the binding affinity of the anadsgilthough conclusions at this stage can
only be speculative, in the long term such study oentribute to the design of novel esterase
inhibitors. Furthermore, since E4 can interact veitveral compounds, it is possible to search
for a specific inhibitor for this protein. This wiouhelp in the characterisation of metabolic
resistance which is not possible with the dual bitbry ability of PBO on oxidases and
esterases. Certainly, a crystal structure of E4ldveantribute dramatically to the design of
more potent and specific esterase inhibitors toramree insecticide resistance problems

arising from these metabolic enzymes.
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Figure 3.10 Alignment of thdMyzus persica@sterase (E4) antiorpedo californicaAChE
(TCAChE) showing the 14 conserved residuesT@AChE active site gorge#() and the 7
common conserved in E4 {¢# ) [Using the Programme: AlignX (Vector NTI Advance

10.1.1 2005 Invitrogen Corporation)]
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Chapter 4

Use of a piperonyl butoxide analogue, EN 16/5-1, ttharacterise metabolic

resistance in two agricultural insect pests

4.1 Introduction

Metabolic resistance has often been inferred frometations between resistance factors and
enhanced enzyme activity when test insects are amedpwith their susceptible counterparts
(Brown and Brogdon, 1987; Hemingwagt al, 1996). The alternative has been to use a
synergist and examine reductions in resistanceoifactiue to inhibition of the enzymes
conferring metabolic resistance (Raffa and Prig4@85; Metcalf, 1989).

Piperonyl butoxide, a MDP synergist was used fonyngears as a research tool to identify
metabolic resistance resulting from elevated P48Wity (Sun and Johnson, 1960; Casida,
1970). However, it was later reported that PBO @y inhibits microsomal oxidases, but
also resistance-associated esterases in many pesst (Gunningt al., 1998; Moore<t al.,
1998; Younget al.,2005, 2006). The ability to inhibit both major mebéic enzyme systems
makes PBO an ideal synergist for agricultural usé, negates its use as an indicator of

resistance by P450 metabolism.

Methylenedioxyphenyl compounds, such as PBO, ettezir inhibitory effects on P450
monooxygenases through the formation of a P450-M&MRplex. This stable complex results
from the interaction of the carbene with the haeom iof the cytochrome P450 (Dahl and
Hodgson, 1979). Theoretically by altering the MDiyr such a reaction could no longer take
place due to the failure of carbene formation. Aalague of PBO, EN 16/5-1 (Figure 4.1),
containing a modification in the MDP moiety, wasthesised. This analogue should no
longer have the ability to form the P450-MDP inkiby complex but retains its ability to
inhibit esterases (as shown in the SAR study, Ghat However, the analogue and PBO
itself may well be able to inhibit oxidases othHwaurt the P450s.
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The aims of the work reported in this chapter arecttaracterise the metabolic resistance

mechanism(s) in a Greekl. persicaeclone (clone 5191A) that exhibited resistance to
imidacloprid and also to investigate the metabfaator(s) conferring differential insensitivity
to —cypermethrin in fouM. aeneugpopulations. The two insect species were examineal i
series ofin vitro andin vivo assays using PBO and the analogue (EN 16/5-1ramgpared

with insects possessing well-characterised resistamechanisms.

The in vitro assays described include the indirect determinaifoesterase binding using the
esterase interference assay (Kéioal, 2008) and the ECOD assay (Ullrich and Weber2)197
The esterase interference assay was used to $tadpteractions of semi-purified esterases
derived fromM. persicaeclone 5191A andVl. aeneuswith two synergists, (PBO and EN
16/5-1) and two insecticides -€Cypermethrin and imidacloprid). The ECOD assay was
performed to measure tlability of the two synergists to inhib@-deethylation activity irM.
aeneushomogenates derived from the four populations wlifferent resistance levels to

cypermethrin.
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4.2 Materials and Methods

4.2.1 Insects

Five differentM. persicaeclones were used 4106A, TIV, 794JZ, 926B and 51¢dektion
2.1.2 and Appendix 1) and fouwl. aeneuspopulationsUK, Stein, Rogalin and Lebork
(section 2.1.3). The susceptidi®& domesticastrain, WHO, (section 2.1.4) was used as the

AChE source for the esterase interference assay.

4.2.2 Insecticides and synergists
Two technical insecticides were used, imidaclo@il -cypermethrin and two synergists,
technical PBO (‘Ultra’, 94%) and its analogue, E®ISE1 (98%) (Figure 4.1).

994
o I N P
e e

Figure 4.1 Structures of PBO and its analogue EfS-16

4.2.3 Polyacrylamide gel electrophoresis
Individual apterousM. persicaefrom each clone T1V, 926B, 5191A and 794JZ were
homogenised in 25L of 0.02 M phosphate buffer, pH 7.0 and analysge@lectrophoresis as

described in section 2.3.1.

4.2.4 Determination ofMyzus persicad¢otal esterase activity

Esterase activity of aphids from clone 5191A wassoeed alongside four well-established
aphid clones, 4106A, TIV, 794JZ and 926B usinglawimetric assay as described in section
2.3.2.1.

83



Chapter 4 Use of a PBO analo&iNe16/5-1, to characterise metabolic resistand&/o agricultural

insect pests

4.2.5 Semi-purification ofMyzus persica@nd Meligethes aeneussterases

Aphids from clone 5191A (5 g) and pollen beetlesfrLebork (1.5 g) (stored at -£) were
homogenised in 10 mL and 15 mL 0.02 M phosphatdehupH 7.0, respectively. The
homogenates were used for the semi-purificatiorelgvant esterases, as described in section
2.3.4.2.

4.2.6 Indirect determination of esterase binding

Semi-purified esterase froM. persicaeclone 5191A, (FE4), was pre-incubated with stock
solutions of PBO, EN 16/5-1-cypermethrin and imidacloprid to give final contrations of

1 mM of synergists and insecticides (section 223.5Aliquots (15 L) of FE4, FE4+PBO,
FE4+EN 16/5-1, FE4+cypermethrin and FE4+imidacloprid were used in #sterase
interference assay as described in section 2.3.5.3.

Semi-purified esterase(s) from. aeneugEy,) was pre-incubated with PBO, EN 16/5-1 and
-cypermethrin to give final concentrations of 1 mi¥lsynergists and insecticide (section
2.3.5.2). Aliquots (15 L) of Ep, EptPBO, BtEN 16/5-1 and f+ -cypermethrin were
used in the esterase interference assay as dekdnbeection 2.3.5.3. For this study,
esterase(s) from the Lebork population was useaHisgopulation displayed the highest level

of resistance to pyrethroid.

4.2.7 Determination ofO-deethylation activity
4.2.7.1 Enzyme preparation
Microsomal preparations from fresh rabbit liver avd persicaeaphidclone 5191A andV.

aeneushomogenates were prepared as described in sec8dhl.

4.2.7.2 Determination ofO-deethylation activity using microsomal enzymes fnm rabbit
liver and Myzus persicae
Aliquots (25 L) of either liver or aphid microsomes were addedseparate wells of a
microplate followed by 25L 0.1 M sodium phosphate buffer, pH 7.6. Then, atane of
liver and aphid microsomes (1:1, total volume &) was added to separate wells of the same
plate and the assay performed as described iroae28.6.2.
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4.2.7.3 Determination ofO-deethylation inhibition in Meligethes aeneusiomogenates by
PBO and EN 16/5-1

The anti-oxidase potency of PBO and EN 16/5-1 (M stock solution) against pollen beetle

homogenates was compared by measuring ECOD aawithescribed in section 2.3.6.3.

4.2.8 Insect bioassays

4.2.8.1 Full dose response and discriminating dosesponse bioassaydMyzus persicag
Apterous adults were individually dosed with eitiRBO or EN 16/5-1 in acetone. After 5 h
the aphids were further treated with either imidpod or -cypermethrin in acetone as
described in section 2.4.1.

To investigate response (mortality) to PBO alommeius aphids were topically treated with
0.25 pL aliquots of PBO from stock solutions of 8:3.00 g L* in acetone. Controls were

treated with acetone only.

Discriminating dose response bioassays were caotiedsing the two synergists (PBO or EN
16/5-1) and a single diagnostic concentration tifegil ppm for imidacloprid against clone
5191A or 100 ppm for -cypermethrin against clone 794JZ as described.4m22 Treated

aphids were stored and scored as described irosety. 1.

4.2.8.2 Full dose response and discriminating doseesponse bioassaysMeligethes
aeneus

Full dose response bioassays were performed asilmhgsen section 2.4.3. Discriminating
dose response bioassays using the two synergB@ @P EN 16/5-1) and a single diagnostic
concentration of 0.01 ppm for UK, 0.3 ppm for Staimd 1 ppm for Rogalin and Lebork

cypermethrin were carried out as described in ge@i4.4.

4.2.9 Analysis of data

4.2.9.1 Indirect determination of esterase bindinggy PBO and EN 16/5-1

Concentrations of azamethiphos sufficient to inthB0% of AChE activity, (IG values,

section 2.5.1) were tested for significance using-way ANOVA analysis (GenStat 12
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Edition, VSN International). Following the ANOVA alysis, significance of the difference

between selected pairs of means for treatmentg (f@an of two or three replicates within

each treatment) was assessed using the LeastiGagniDifference (LSD) at the 5% level.

4.2.9.2 Determination ofO-deethylation inhibition in Meligethes aeneu$iomogenates by
PBO and EN 16/5-1

The mean absorbance of three replicates at eadch pont was calculated and linear
regressions plotted using Grafit 3.0 (Leatherbayr®J., Erithacus Software). Then the
efficacy of the inhibitors (PBO and EN 16/5-1) westimated (section 2.5.2.). Standard errors
for the ratios were estimated using the formulalfiervariance of a ratio (see Appendix 7).

4.2.9.3 Insect bioassay data

Full dose response and discriminating dose bioasisag were analysed as described in
sections 2.5.3 and 2.5.4, respectively.
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4.3. Results

4.3.1 Polyacrylamide gel electrophoresis and totalsterase activity

The enhanced resistance-associated esterase pireséome 5191A was of the FE4 variant,
commonly found inM. persicaesamples from Mediterranean countries (Figure 4Rigld
and Devonshire, 1998). Both the mobility and inignef staining of the esterase bands of
clone 5191A were identical to those found in cl826éB. Additionally, clone 5191A had total
esterase activity corresponding to categosy(éktremely high) similar to clones 926B and
794JZ (Table 4.1). Aphid clones 794JZ (E4) &d T1V (E4, R were included to provide a

reference for esterase mobility and intensities.

E4
+— FE4

Figure 4.2 Polyacrylamide gel electrophoresis shgwpresence of E4 iMyzus persicae
clones T1V and 794JZ and FE4 in 926B and 5191A.

Table 4.1Myzus persicaesterase levels: absorbance values in @@Dn ™.

Myzus persicaelone Esterase level Mean + SE

926B R 133+ 7.13
79437 R 113+ 0.53
TV R> 34.1+4.21
4106A S 6.40 + 3.35
5191A R 96.0 +2.41

*S (susceptible), R(high), R (extremely high), n=19
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4.3.2 Indirect determination of esterase binding

Since the interference assay depends on the acfieimsequestered azamethiphos against
housefly AChE, prior to the assays being perfortiedtwo insecticides (imidacloprid and
cypermethrin) were tested for direct inhibition lafusefly AChE using the standard Ellman
assay (Ellmaret al.,1961). No inhibition was observed (data not shown)

4.3.2.1 Indirect determination of esterase bindingMyzus persicag

The reduced protection of AChE against azamethiphosided by FE4 following pre-
incubation with synergists or insecticides, is prasd in Figure 4.3. CorrespondingsdC
values are presented in Table 4.2.

Results of ANOVA analysis reveal significant dif@aces among the treatmenps@.001).
The synergists, PBO and EN 16/5-1, were not sicgnifily different in their actionp&0.05)
and both bound greater amounts of FE4 than thetiogkes $<0.05). There was a significant
difference in the esterase blockaded by the twecinsdes, with -cypermethrin binding
more esterase than imidacloprzk(.05).

T T TTTTT T T TTTTT T T TTTTT T
100 — O noFE4
1 ® FE4

= 80 —
S | O FE4+PBO
2
% 60 — W FE4+EN16/5-1
& _
w 40 A FE4 + a -cypermethrin
2 | A FE4 +imidacloprid

20 —

0 L1l
0.01 0.1 1 10

Concentration of azamethiphos (nM)
Figure 4.3 Indirect determination Myzus persicaelone 5191A esterase (FE4) binding by
synergists (PBO and EN 16/5-1) and insecticidesypermethrin and imidacloprid). Data are
means of triplicates + SE, LSD (95%)=0.2301, df=20.
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Table 4.2 Concentrations of azamethiphos requibegivte 50% inhibition of AChE activity

(ICs0) after pre-incubation of synergists (PBO and ENS51H and insecticides {
cypermethrin and imidacliprid) with FE4 froMyzus persicaelone 5191A (refer to Figure
4.3).

Sample 1G50(NM) SE +
AChE only (no FE4) 0.165 0.006
FE4 only (FE4) 3.88 0.516
FE4 + PBO 0.215 0.016
FE4 + EN 16/5-1 0.197 0.007
FE4 + -cypermethrin 0.437 0.034
FE4 + imidacloprid 0.908 0.087

4.3.2.2 Indirect determination of esterase bindingMeligethes aeneys
Using the semi-purified esterasesgy, Erom the Lebork population, results showed thBOP
EN 16/5-1 and -cypermethrin were not significantly different iheir action and bound

similar amounts of semi-purified esterape.05) (Figure 4.4 and Table 4.3).

no Epb

Epb

Epb + PBO

Epb + EN 16/5-1

> m O e O

Epb + a - cypermethrin

AChE activity (%)

Concentration of azamethiphos (nM)

Figure 4.4 Indirect determination dfleligethes aeneuflebork population) semi-purified
esterase (fg) binding by synergists (PBO and EN 16/5-1) anceatiside (-cypermethrin).
Data are means of duplicates = SE, LSD (95%)=0.244#&-5.
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Table 4.3 Concentrations of azamethiphos requinegivte 50% inhibition of AChE activity

(ICs0) after pre-incubation of synergists (PBO and EN/51BH and insecticide ¢
cypermethrin) with semi-purified esteradgg, from Meligethes aeneufebork population)

(refer to Figure 4.4)

Sample 1Cs0(NM) SE +
AChE only (noE,y) 0.10 0.0024
Eps ONly (Epp) 0.42 0.0095
Exn+ PBO 0.31 0.006
Ep + EN 16/5-1 0.26 0.0035
Exp + -cypermethrin 0.33 0.0147

4.3.3 Determination of O-deethylation activity using microsomal enzymes frnm rabbit
liver and Myzus persicae

Microsomal preparations from the aphid clone 519&#ed to exhibit anyO-deethylation
activity (Figure 4.5). Furthermore, when mixed wiikier microsomes, which gave the
expected high oxidase activity (Adarasal, 1993),the aphid microsomes inhibited th@-

deethylation activity of the liver.

I I I I
60000 §§— o Liver
40000 : §§§§§§ : e M persicae (clone 5191A)
- §§§§ - & Liver/M persicae (clone 5191A)
» 20000 agua .
> I |
0 - oo -
§§
--_§§§§ asbeentERRERRER |
20000 __Littiii!lhlliilgttm&;-ﬂxt::!tz—
A -
Is* g
40000 T | | | | |

0 10 20 30 40 50 60
Time (mins)

Figure 4.50-deethylation activity of the microsomal preparaidrom rabbit liver Myzus
persicae(clone 5191A) and liver M. persicae(clone 5191A) mixture. Data are means of

triplicates + SE.
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4.3.4 Determination of O-deethylation inhibition in Meligethes aeneutiomogenates by

PBO and EN 16/5-1

Pollen beetle homogenate was used in a fluoromatsay to measure the ability of PBO and

EN 16/5-1 to inhibit the oxidation of 7-EC. Theeaif 7-OH production reflects the activity

of the oxidases (Table 4.4). Piperonyl butoxide veasd to be a more potent inhibitor than

EN 16/5-1 in all cases. The activity remaining @tgr inhibition by PBO varied according to
the population. Thus, Lebork had the lowest oxidasgvity remaining after inhibition by
PBO (~19%) whilst the Rogalin population had thghleist oxidase activity remaining
(~35%). The percentage activity remaining afterbitton by the analogue was, in all cases, at
least twice that after inhibition by PBO.

Table 4.40-deethylation byMeligethes aeneusomogenates in the presence/absence of the
two synergists, PBO and EN 16/5-1.

o (%) Activity (%) Activity
) Enzyme activity o o
Population - remaining remaining
(FUs min~) = SE
PBO = SE EN 16/5-1 + SE
UK 250 + 8.21 29.8+3.61 99.7+4.12
Rogalin 147 + 5.55 35.3£7.59 74.7 £6.99
Lebork 138 + 6.17 19.1 +4.76 73.4 £ 5.65
Stein 90.0+ 119 229+111 61.5+8.16
n=3

4.3.5 Full dose response bioassays withyzus persicaelones

The results of the full dose response bioassaydl.ogpersicaeclone 5191A, together with
other clones in which the resistance status has te@racterised previously, are presented in
Table 4.5 and Table 4.6 (see also Appendix 4). [densg the imidacloprid bioassay data
(Table 4.5), the Greek clone 5191A had a considigtagher resistance factor (RF 56.5) than
clone 926B (RF 4). The mechanism increasing thisteeece of clone 5191A to imidacloprid
did not confer cross-resistance tecypermethrin (Table 4.6) thus clones 5191A andB326
both had a similar response to the pyrethroid (Rfaidd RF 16.3, respectively). When PBO
was used as a pre-treatment on clone 5191A, thg W&s reduced substantially, indicating
that the resistance is, at least partially, dua toetabolic mechanism. When EN 16/5-1 was

used as the pre-treatment on clone 5191A, thg ls@s again reduced, although to a lesser
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extent than with PBO (Table 4.5). Both clones 926 794JZ with esterase-based metabolic

mechanisms (R3), were synergised by PBO and EN-1L8&sulting in similar SFs with both
synergists (Table 4.6). As expected, 794JZ showedy \high resistance against-
cypermethrin due to the presence of target-sitisteexe, kdr (Martinez-Torrest al., 1999).
However, the SF for this clone was found to be lsimo 926B, illustrating that the metabolic
resistance is comparable in both clones (Table 4.6)

Table 4.5 Full dose response bioassays Mitaus persicaelones against imidacloprid using
a 5h pre-treatment.

Treatment Aphid Clone  ?LCso(ppm) P°CL95% °RF  9SF
imidacloprid 4106A 1.55 1.18-1.99 1 --
926B 6.53 5.32-8.03 421 -

5191A 90.4 51.0-185 56.5 -

+1g L*PBO 5191A 6.22 4.04-8.70 - 145

+1g L*EN 16/5-1 5191A 12.2 8.80-16.4 -- 7.41

3 Cs=Lethal concentration to kill 50% of the cloR€L= Confidence limits,
“RF = resistance factor (lsgresistant clone /L& susceptible clone),
ISF = synergism factor (Ligunsynergised clone /Lgsynergised clone)

Table 4.6 Full dose response bioassays WMlzus persicaelones against-cypermethrin
using a 5h pre-treatment.*

Treatment Aphid Clone 2LCso(ppm) °CL95%  °RF  °SF
-cypermethrin 4106A 0.43 0.29-0.56 1 --

5191A 5.60 5.94-6.33 13.0 --

926B 7.08 5.63-8.70 16.3 -

79437 1303 1060-1632 3030 --
+1g L*PBO 926B 2.10 1.24-2.88 -- 3.37
+ 19 L*EN 16/5-1 926B 1.48 0.79-2.23 -- 4.78
+ 19 L*PBO 79437 271 220-327 -- 4.80
+1g L*EN 16/5-1 79437 264 215-321 -- 4.94

P

as per Table 4.5
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4.3.6 Discriminating dose bioassays withlyzus persicaelones

The effects of a 5 h pre-treatment with either RBE&EN 16/5-1 on clones 794JZ and 5191A,
prior to exposure to a discriminating dose of itisete, are presented in Figure 4.6 and
Figure 4.7, respectively. Bioassays with clone Z94gainst -cypermethrin revealed that
PBO and EN 16/5-1 were not significantly differant their synergistic actionpg0.05)
(Mooreset al, 2009). The equal synergism was expected sineg khown that the sole
metabolic insecticide resistance mechanism in clt®®]Z is the enhanced esterase activity
(Martine-Torreset al.,1999).

100
i B Acetone

” __ __ [0 EN 16/5-1
2 60 - 4 N pBO
g ~ 1 B Acetone/a-cypermethrin
S T | OO eN 16/5-1/a-cypermethrin

20 __ = __ %] PBO/a-cypermethrin

o Ll s

7947J clone
Figure 4.6 Synergistic effects of PBO and EN 16/81g L) on mortality againsMyzus
persicaeclone 794JZ using a discriminating dose afypermethrin (100 ppm) and a 5h pre-
treatment. Data are means = SE, n=3 for acetonel&HN-1 and PBO, n=15 to 17 for
acetone/-cypermethrin, EN 16/5-1fcypermethrin and PBOf{cypermethrin, N=56, LSD
(5%)=0.1188, df=44.

Results from bioassays with clone 5191A againstiacioprid reveal that PBO and EN 16/5-1
were significantly different in their synergistictaon with PBO giving higher synergism
(p<0.001). EN 16/5-1 gave a significant increase ortality in comparison with insecticide
alone p<0.05).Results fronthe discriminating dose bioassays were therefor@caordance

with the results obtained from full dose responsagsays (section 4.3.5).
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Figure 4.7 Synergistic effects of PBO and EN 16/81g L) on mortality againsMyzus
persicaeclone 5191A using a discriminating dose of imidacid (1 ppm) and a 5h pre-
treatment. Data are means = SE, n=9 to 12 for aeetéN 16/5-1 and PBO, n=24 to 30 for
acetone/imidacloprid, EN 16/5-1/imidacloprid and Bnidacloprid, N=116, LSD
(5%)=0.08065, df=98.

4.3.7 Full dose response bioassays withyzus persicaelones against PBO

To investigate the response (mortality) to PBO phlgh concentrations of the synergist were
required. Three standaid. persicaeclones were tested alongside clone 5191A. Thegy LC
values obtained for clones 4106A, 794JZ and 926Bevamilar, however clone 5191A
required approximately twice the dose of PBO taeahequivalent mortality (Table 4.7, see

also Appendix 4).

Table 4.7 Full dose response bioassays Mithus persicaelones against PBO.

Aphid Clone  Esterase level 2LCs (ppm) °CL 95%

4106A S 14892 12527-18041
79437 R 12196 8485-18788
926B R 10540 6865-17325

5191A R 25738 21570-30947

{ Cs=Lethal concentration of PBO to kill 50% of the mép"CL=Confidence limits.
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4.3.8 Full dose response bioassays witkeligethes aeneupopulations

The response of the four pollen beetle populations-cypermethrin are presented in Table
4.8 (see also Appendix 4). The ifvalue obtained from the UK population was consddo

be representative of a susceptible population sineeas found to be the most sensitive in
comparison with the other populations. Rogalin hadork populations gave the highest RFs

(~23 and ~34, respectively). The resistance leme$Stein was lower with a RF of ~3.6.

Table 4.8Full dose response bioassays witaligethes aeneysopulations against
-cypermethrin.
Population ®LCso( glcn?) °CL 95% ‘RF

UK 2.81 0.19-4.52 1

Stein 10.0 6.01-17.0 3.57
Rogalin 65.0 40.0-100 23.2
Lebork 95.0 66.0-140 33.9

L.Cs=Lethal concentration to kill 50% of the populatid8L= Confidence limits,

RF =resistance factor (lsgresistant population /L§gsusceptible population)

4.3.9 Discriminating dose bioassays witMeligethes aeneupopulations

Different discriminating doses of-cypermethrin were applied to each population, tase
the results of the full-dose bioassay (section8}.&and the effects of the synergists are
presented in Figure 4.8. Results showed that PRICEA 16/5-1 conferred different levels of
synergism. In particular, PBO gave significantlgler synergism to-cypermethrin in all
populations 1<0.05), increasing the mortality to around 90%. Everthe susceptible UK
population, PBO conferred high synergism toypermethrin. In contrast, EN 16/5-1 did not
significantly increase the mortality compared te thsecticide alongp$0.05). No mortality

was observed in treatments with acetone, PBO and@bt1 alone (data not shown).
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Figure 4.8 Synergistic effects of PBO and EN 16/8-D1 g L") mixed with a discriminating
dose of -cypermethrin againgtleligethes aeneusopulations. Data are means + SE. For UK
n=5, N=15, LSD (95%)=0.1589 df=11; for Stein n=6;18, LSD (95%)=0.1827, df=15; for
Rogalin* and Lebork* n=5, N=70, LSD (95%)=0.15@=56 [*taken from the 7 treatment
analysis (see Chapter 5, Figure 5.3)].
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4.4 Discussion

Piperonyl butoxide, a well known MDP insecticidensygist, has been used for many years to
enhance insecticide efficacy in the presence a$taee due to oxidative mechanisms (Sun
and Johnson, 1960; Casida, 1970; Bernard and Fiméd 999). However, subsequent studies
have reported that PBO can also inhibit resistass®ciated esterases in many agricultural
pests (Gunningt al.,1998; Mooreset al., 1998; Younget al.,2005, 2006). This dual ability

enables PBO to be an excellent synergist in thd, fleut negates its ability to be used as a

research tool to identify which category of metabehzyme is conferring resistance.

In this study, an analogue of PBO, EN 16/5-1, thaintains the ability to inhibit esterases
(Chapter 3) but loses potency agairdb0s(due to a modification of the MDP ring) has been
utilised. Using examples of insects where resigamoechanisms have been well-
characterised, in combination with resistant ins@dbere their resistance-associated enzymes
were under investigation, this analogue facilitateel characterisation of metabolic resistance
(Mooreset al., 2009). A series ofn vivo andin vitro assays were applied to investigate
possible contributions of metabolic enzymes coiigrresistanceln vivo assays included full
and discriminating dose bioassays incorporatingtiee synergists (PBO and the analogue)
andin vitro assays included the esterase interference asddyCGD assay. It is important to
consider, at this stage which oxidative enzymesogantribute to the ECOD conversion. It is
reported thasomeP450 enzymes will deethylate 7-EC (Hogdson, 19&@&)dther oxidative
systems will also be capable of this interactioer(@letiiet al., 2006). The modification of
the MDP ring will nullify the formation of the caebe complex and so P450 enzymes will be
expected to remain active in the presence of tledogoe, although inhibition of non-P450

oxidases remains unclear.

While earlier reports had indicated low levels ofidacloprid resistance iM. persicae,
similar to that observed in clone 926B (Fose&tral., 2008), clone 5191A possessed an
additional degree of resistance, similar to thatnfb previously in Greece, on tobacco
(Margaritopouloset al, 2007). This enhanced resistance of clone 51%Adde due to target
site and/or metabolic resistance.
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Synergism by PBO, as revealed in the full doseaesp (Table 4.5) and discriminating dose

bioassays (Figuré.7), suggested that the additional levels of irtliolarid resistance exhibited
by M. persicaeclone 5191A are due, at least partly, to metalaiizyme activity. Since PBO
is able to inhibit both esterases and oxidaseterdiitial synergist bioassays were performed
with PBO and EN 16/5-1 to identify the enzyme thantributed the major effeckn vitro
studies were adapted using PBO and its analogu&6/BMNL, to confirm the specificity of

synergist action.

Total esterase assay and PAGE showed that cloneASfp@8ssessed asfsterase level and
esterase pattern identical to 926B (FE4), a clohese resistance profile had already been
characterised (Moore=t al.,1994). Subsequentlgsterase(s) from clone 5191A were purified
and used for the esterase interference assay.tRetwwed that FE4 bound equally to PBO
and EN 16/5-1 (Figure 4.3This equivalent interaction of PBO and its analogiil FE4 is

in agreement with the-cypermethrin bioassay results. These results sthoveey similar
synergism factors (SF ~4) using either PBO or ENb-16 against -cypermethrin in both
clones 926B (FE4) and 794JZ (E4) with full dosepoese bioassays (Table 4.6) and
discriminating dose bioassays (Figure 4.6). Enhéinesterase activity has already been
reported to be the metabolic mechanism conferriegistance to a broad spectrum of
insecticides (Devonshire and Moores, 1982). Theerasé interference assay also
demonstrated that FE4 was capable of sequestanitqacloprid, though to a lesser extent
than -cypermethrin (Figure 4.3). The ability of FE4 teqsester imidacloprid could confer
the 4-fold resistance of clone 926B against imidpitl (Table 4.5).

Measurement oD-deethylation of 7-EC b¥. persicaehas been recently reported (Kwen
al., 2009) however, there was no appreciable actiatynél in the clone 5191A microsomal
preparation in the present study (Figure 4.5). Tdilare to measure the oxidase activity could
be due to high levels of oxidase inhibitors preser¥l. persicaehomogenates (Devonshire,
1973; Devonshire and Moores, 1983). It was theeeforpossible to assess the relat®e
deethylation inhibitory potencies of PBO and ENSL&/ However, it was found that EN 16/5-
1 had the expected decreased ability to inhibitdases using the ECOD assay with
imidacloprid resistant whiteflyB. tabaci (B-biotype) and this was in agreement with the
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differential synergism found between PBO and ENodB/with the former revealing greater

synergism (Moorest al.,2009). Synergism bioassays with clone 5191A agamslacloprid
using full dose response (Table 4.5) and discritmgadose bioassays (Figure 4.7) revealed
that PBO gave significantly higher synergism thaN E6/5-1. Following correction for
control mortality there was a 5-fold increase inrtality with EN 16/5-1 and a 14-fold
increase with PBO using the discriminating doseassay, showing good agreement with the
full dose bioassays. Thus, both synergism bioassayk the esterase interference assay
suggest the involvement of P450s as a major resistenechanism in clone 5191A, similar to
results obtained with imidacloprid resistdhttabaci(Mooreset al., 2009). The involvement
of P450 in the imidacloprid resistaBt tabaciwas also confirmed by recent studies (Karunker
et al., 2008, 2009). However in the case of clone 5181i8 cannot be absolutely confirmed
since thein vitro oxidase assay was unable to validate the effe@®@B® and EN 16/5-1.
However, it is most likely that PBO inhibitd. persicaeP450s whilst EN 16/5-1 does not.
The difference in the two structures is unlikely itwduce significant changes in other
pharmaco-kinetic parameters, such as penetratioa.rdsistance levels tocypermethrin in
both clones 5191A and 926B (Table 4.6) further swpgnhanced esterases were not

responsible for the additional difference in thedatloprid response.

An additional observation is the response of cloh®1A to PBO alone. It was found to have
an ‘insensitivity’ of ~2-fold when compared to othd. persicaeclones. This ‘resistance’ to
PBO is not correlated to esterase content; here®&¢hklones 794JZ and 926B have the same
response as the susceptible clone 4106A (Table Bt&yious reports of PBO resistance have
suggested high levels of P450 activityRn xylostella although full characterisation of the
mechanism was never carried out (Chen and Sun,; ¥&6g and Sun 1989). These same
reports also noted a reduction in the ability ofGPB synergise, which could explain why
complete susceptibility was not restored when cl®i®1A was pre-treated with PBO.
However, it is common in bioassay studies not sbare full susceptibility after application of
a synergist, since the synergistic effect is catesl with the applied ratio of insecticide and
synergist (Brindley and Selom, 1984; Binghatral.,2007). An alternative explanation could
be the possible involvement of another metabolieysre and/or target site resistance
conferring low resistance levels.
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Considering theM. aeneugesults,in vivo synergistic bioassays demonstrated that PBO gave

high synergism to —cypermethrin in all tested populations (even ia thost sensitive to the
pyrethroid, UK population) (Figure 4.8). This woiwddggest that the different response 4o
cypermethrin in pollen beetles is, at least pdytialue to metabolic mechanisms. In contrast,
no significant increase in mortality was obtainedew EN 16/5-1 was incorporated in a
mixture with -cypermethrin. Loss of synergistic activity follavg modification of the MDP
ring has also been reported by Wilkinsenal., (1966) and more recently by Pap al.,
(2001).

To further preclude tha¥l. aeneussterases were not contributing to pyrethroicstasce, the
interference assay was adapted using semi-pugBéztase from the Lebork population, since
this population was found to exhibit the highesistance level to-cypermethrin (Table 4.8).
The protection afforded to the AChE against azaipkts byM. aeneusesterase was found
to be less than that afforded by FE4 derived fiMnpersicaeper equivalent activity i.e. the
catalytic centre activity of pollen beetle esterasspresumably higher, resulting in less moles
of esterase present. Although the protection pexvidias lower, incubations with PBO and

EN 16/5-1 showed an equal reduction of esteradegiron.

The ability of PBO and EN 16/5-1 to inhibit ECCdativity from M. aeneusvas compared.
As expected, modification of the MDP ring in EN 34/ resulted in reduced inhibition of
oxidase activity compared to PBO. The highest itiloith of ECODactivity by EN 16/5-1 was
observed in the Stein population, followed to séesextent by Rogalin and Lebork (Table
4.4). The O-deethylation inhibition by EN 16/5-1 must be pmesd to be on non-P450
enzymes present in the insect homogenates. Since6ENL did not synergise insecticidas

vivo (Figure 4.8), these enzymes are presumably natibohng to -cypermethrin resistance.

What might be considered surprising in this stuglyhie observation that the susceptible UK
M. aeneugopulation showed the highest ECOD activity. Timsling is in contrast to most
cases where enhanced enzyme activities using nsotistrates are correlated with resistance
factors. However, it must be emphasised that orglase a large family of enzymes which
can metabolise, to a different extent, an array sabstrates (Wilkinson, 1983) and
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consequently it is possible oxidases other tharDP4%e able t®-deethylate 7-EC (Beneditti

et al, 2006). This example reinforces the necessitfully characterise the contribution of
enzyme systems conferring resistance, rather timaplys looking for an increase in activity
using a model substrate. Scott, (1999) stated“thist possible that a similar phenomenon to
the ‘mutant ali —esterase theory’ (Oppenoorth, }3®kuld arise in the case of MFOs”. This
statement is supported further since it has beewslthat a single change in P450 amino acid
sequence by site-directed mutagenesis can altesuthstrate specificity of a P450 (Lindberg
and Negishi, 1989). Qualitatively different P45Qs/é also been reported in some housefly
strains exhibiting diazinon and dimethoate resistaand this did not correlate to enhanced
oxidase activity (Hogdson, 1983).

Since the purpose of the present study was notdémtify, or characterise, individual
cytochrome P450s or specific oxidases involved-gypermethrin resistance, 7-EC was used
as a model substrate, using whole insect homogeragsults were interpreted following the
hypothesis that an oxidative pyrethroid detoxifimatwould be the result of a de -alkylation
reaction similar to th€@-deethylation of 7-EC by P450 (Roberts and Hutd®99; Hodgson,
1983) and this hypothesis was supported by theelation of thein vitro and thein vivo
results. Pollen beetle homogenates were used IfE@@D assay, rather than microsomal
preparations, to include the possible contributmfnall oxidases that contributed to
cypermethrin resistance, not only membrane-bouraimgkes such as microsomal P450s
(Benedetiiet al.,2006).

4.5 Conclusions
The results reported here demonstrate that PBGtaanbbse analogue EN 16/5-1 may be used
in parallel to characterise metabolic insecticigsistance. If both synergists show equal
effect, it is likely that either esterases are thajor metabolic resistance mechanism, or
oxidases other than P450s are responsible. Forreason, the esterase interference assay
should also be carried out to aid diagnosis. Thisupported by the results with persicae
clones in which esterase (E4/FE4) is known to acomésistance to a broad spectrum of
insecticides and supports the findings of Moostsal., (2009). If PBO shows greater
synergism than EN 16/5-1, it suggests that theeidiffice between the two SFs is due to the
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contribution of P450s. This premise is strengthebgdthe in vivo and in vitro assays

presented here with clone 5191A against imidacthpvherein vivo studies showed that PBO
synergised to a greater extent than EN 16/5-1 windsults ofin vitro studies (esterase
interference assay) showed both synergists boundllggwith esterases. The latter results
showed an esterase contribution in the imidaclopesistant clone, 5191A. This esterase
contribution is demonstrated when imidacloprid bibghightly to FE4 and conferred a RF of
around 4 in clone 926B. In the caseMbfaeneusnvestigations, synergism was achieved with
PBO but not with EN 16/5-1 whilgh vitro both synergists bound equally with esterases
(esterase interference assay), but the inhibitotgnry of PBO upon oxidase was greater than
the analogue (ECOD assay). This is in line withvines reports that imidacloprid resistance
in B. tabaciis also synergised more strongly by PBO than thalogue, implying the
contribution of P450s as the main metabolic enzymeferring resistance (Moores al.,
2009). Whitefly imidacloprid resistance due to axidative mechanism has also been
supported by other reports based on correlationwdsm enhanced ECOD activity and
resistance factors (Rauch and Nauen, 2003; Rosljtakial., 2009; Wanget al., 2009).
However, recently it has been reported that oversgion of cytochrome P450 CYP6CML in
B-biotypeB. tabaciwas associated with high level of imidaclopridisesnce (Karunkeet al.,
2008, 2009). Clearly, the analogous CYP6 in imidpabd-resistani. persicaewould be

worthy of further investigation.
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Chapter 5

In vivo and in vitro studies of piperonyl butoxide and analogues againgbur
pollen beetle Meligethes aeneusFabricius (Coleoptera: Nitidulidae)

populations

5.1 Introduction

Insecticide synergists have been used for manysyaad have contributed significantly to
improve the efficacy of insecticides, particulaMshen problems of resistance have arisen
(Berhard and Philogénes, 1993). Although severahutals have been produced, in earlier
studies, for the specific purpose of enhancingitisecticidal properties of various toxicants
(Beroza and Barthel, 1957; Moorefield, 1958; Mdteald Fukuto, 1965), MDP compounds
have been the most extensively studied due to ithi@ivitory effects against enzymes capable
of oxidising insecticides (Casida, 1970). Piperobytoxide and a few closely related MDP
compounds such as sesamex, sesame oil, isosafidlesadrole have demonstrated potent
synergistic effects. However, only PBO is in comondruse and is the leading insecticide
synergist (Jones, 1998; Kesetial.,1999).Sesamex has a structure similar to PBO (Chapter
1, Figure 1.3) and although it was one of the fuostent synergists reported (Eldefraatial.,
1960; Farnham, 1971, 1973, 1974), it failed to exhi commercial use because in the
presence of sunlight and moisture it decomposegediol objectionably coloured products
(Casida, 1970).

In this chapter different PBO analogues have beamaed for their ability to synergise the
effects of -cypermethrin against fouM. aeneuspopulations that exhibited different
sensitivity to this insecticide. The analogue duies studied in this chapter have
modifications in the MDP moiety and/or the sideinland include phenyl methyl and phenyl

ethers.
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Of particular interest were four MDP analogues; pi@nyl methyl but-2-ynyl ethers, EN 1-
126 and EN 1-125 and two phenyl but-2-ynyl ethEfd,1-164 and EN 1-163 that were tested
in conjunction with PBO (Figure 5.1). These twosseft analogues differed only in the
presence/absence of the methylene bridge {-)Obttween the aromatic ring and the oxygen
atom of the alkynyl ether moiety. EN 1-164 and ENGB lack the methylene bridge and the
oxygen atom is bound directly to the aromatic rfagpmatic ring type B in Chapter 3) i.e in a
similar position to sesamex, in an attempt to ogpé its high synergism (the structures of EN
1-164 and EN 1-163 have been presented in an Eamdpatent Application, No 09168083.5,
under the title “Substituted Alkynyl phenoxy compads and their uses”, see Appendix 8). EN
1-126 and EN 1-125 retain the methylene bridge betwthe aromatic ring and the oxygen
atom of the alkynyl ether moiety (aromatic ring éyp in Chapter 3). Structurally similar
phenyl ethers have been reported in early studieth&ir synergistic effects with carbamate
insecticides against susceptible houseflies (BaamesFellig, 1969; Felliget al., 1970) and
more recently phenyl methyl ethers (equivalent d E126 and EN 1-125) showed high
synergism against pyrethroid and carbamate resibtauseflies (Pagt al., 2001; Bertoket
al., 2003). Other compounds examined for their sysBcgpotency are compounds having
alterations either in the MDP moiety (EN 16/5-1 d&fd 14-05, aromatic ring type C and D
respectively in Chapter 3) or in the side chaind (E129 and EN 1-40 aromatic ring type A
in Chapter 3).

The aim of this chapter is to investigate the sgistic effects of these analogues and their
ability to inhibit O-deethylation of 7-EC in comparison to PBO usingirfél. aeneus
populations. Correlations betweén vivdin vitro investigations and analogue structures are

discussed.
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5.2 Materials and Methods

5.2.1 Insects
FourM. aeneugpopulations were used: Lebork, Leszno, Rogalin @Kdsection 2.1.3)Due

to insufficient insect numbers not all the analaywere tested with all populations.

5.2.2 Insecticide and synergists
Technical -cypermethrin was used as the insecticide. Analtizade PBO and analogues

were used as synergists (Figure 5.1).
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Figure 5.1 Sturess of PBO and analogues

EN 14-05
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5.2.3 Insect bioassays

Different discriminating concentrations ofcypermethrin were incorporated with 0.01g L
synergists in a mixture. Concentrations of inséd¢icused in the discriminating bioassays
were derived from full dose response bioassays {téha4, section 4.3.8, Table 4.8).

Treatments including acetone and 0.0Tgisynergists alone were used as controls.

5.2.4Determination of O-deethylation inhibition by PBO and analogues
Pollen beetle homogenates were prepared as desénisection 2.3.6.1 an@-deethylation

inhibition by PBO and analogues was performed asrd®=d in section 2.3.6.3.

5.2.5 Analysis of data
5.2.5.1 Insect bioassay data
Results from full dose and discriminating dose b#ags incorporating synergists were

analysed as described in sections 2.5.3 and 2&sgectively.

5.2.5.2 Determination ofO-deethylation inhibition by PBO and analogues

The mean absorbance at each time point was cadduéest described in section 2.5.2. Data
were analysed using linear regression with comelagrrors (GenStat f2Edition, VSN
International) O-deethylation inhibition by analogues was considesignificantly different if

the CL95% of the remaining activity (ratio) did rexterlap.
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5.3. Results

5.3.1 Insect bioassays

Full dose response bioassays witbypermethrin against the foit. aeneugpopulations are
presented in Table 5.1 (see also Appendix 4). Datéable 5.1 also includes lgvalues
presented in Chapter 4 (section 4.3.8, Table 4n@l) r@peated here for convenience. The
additional data in Table 5.1 show the resistaneel Ifor the Leszno population which had a

RF of 8 and therefore was less resistant than Rogatl Lebork.

Table 5.1Full dose response bioassays witaligethes aeneysopulations against
-cypermethrin(including data from Chapter 4, Table 4.8).

Population °LCs ( glcnf) bCL 95% ‘RF

UK 2.81 0.19-4.52 1
Leszno 22.5 13.2-35.0 8.00
Rogalin 65.0 40.0-100 23.2
Lebork 95.0 66.0-140 33.9

LEs=Lethal concentration to kill 50% of the populati88L=Confidence limits,

RF=resistance factor (Lsgresistant population/L{gsusceptible population)

In general, discriminating dose bioassays incompayasynergists showed that MDP

compounds with the exception of EN 1-129 (Figui® Figure 5.3 and Figure 5.4) exhibited
high synergistic activity against all studied paoll®eetle populations (UK, Rogalin and

Lebork). In contrast, analogues with alterationghi@ MDP ring (EN 16/5-1 and EN 14-05)

did not show high synergism with any of the pogola (see also Chapter 4 for synergism
bioassays with PBO and EN 16/5-1). Treatments waitatone and 0.01 g'Lof synergists

alone did not confer mortality (data not shown).

Considering firstly the susceptible UK populatidiigure 5.2), EN 1-126 was significantly the
most potent synergist compared to the other MDPpoamds <0.05). Synergistic effects
exhibited by PBO were not significantly differenbrin EN 1-164, EN 1-163, EN 1-40 and EN
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1-125 ©>0.05). Additionally, there was no significant @ifénce in the synergistic effects
between EN 16/5-1 and EN 1-12>0.05) and both analogues were not significantly
different from the insecticide alonp>0.05).
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Figure 5.2 Synergistic effects of PBO and analod0e&l g ') mixed with a discriminating
dose of -cypermethrin (0.3 ppm) against the UK populatiData are means +SE, n=10 to
15, N=106, LSD (95%)=0.2012, df=97.

Overall, the synergistic effects shown from the mmesistant populations, Rogalin and
Lebork, were not significantly differenp£0.520) (Figure 5.3). EN 1-126 and EN 1-164
exhibited no significant differences in their patgrfp>0.05) and both were significantly more
potent than PBOp&0.05).
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Figure 5.3 Synergistic effects of PBO and analod0e&l g ) mixed with a discriminating
dose of -cypermethrin (1 ppm) against the Rogalin and LklpmpulationsData are means
+SE, n=5, N=70, LSD (95%)=0.1507, df=56.

In order to distinguish clearly differences in thaergistic ability of PBO and analogues, a
relatively low concentration of-cypermethrin (0.3 ppm), sufficient to confer lékan 10%
mortality in the absence of synergist, was incoaped in a mixture with 0.01g™L of
synergists and tested against the two most resigtapulations, Rogalin and Lebork (Figure
5.4). Overall, there was no statistically significalifference in response between the two
populations [(=0.697). Analogues containing an alkynyl ether mishowed higher
synergistic activities than PBO. Overall, EN 1-12@Gs the more potent analogue when
compared to the remaining analogues. The two phethdrs, EN 1-163 and EN 1-164,
exhibited no significant difference in their synistig effects >0.05) and both were more
potent than PBOpK0.05). Analogues with modifications in the MDP ety EN 16/5-1 and
EN 14-05, showed no significant synergism when caneqb to insecticide onlyp$0.05).
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Figure 5.4 Synergistic effects of PBO and analod0e&l g L) mixed with a discriminating
dose of -cypermethrin (0.3 ppm) against the Rogalin anddcklpopulations. Data are means
+SE, n=5to 11, N=110, LSD (95%)=0.2418, df=94.

5.3.2 Determination ofO-deethylation inhibition by PBO and its analogues

The inhibition of ECOD activity by PBO and its aoglies was measured in pollen beetle
homogenates. The rate of the reaction product, 7+&ftécts the oxidase activity. The ECOD
activity remaining (%) after inhibition by PBO aitd analogues with upper and lower limits
for each population is presented in Table 5.2, &¢hB, Table 5.4 and Table 5.5. It is
important to consider at this stage that NADPH &asmilar fluorometric profile to 7-OH
(Chauretet al., 1999), thus if the amount of NADPH is reduced dgrithe assay the
fluorometric emission is reduced. Normally thisuetion is ‘hidden’ by conversion of 7-EC
to 7-OH, but if O-deethylation activity is completely inhibited treverall slope can be
negative i.e. indicative of very high oxidase intidn. A more appropriate ‘background’
activity to subtract would have been homogenatbérpresence of NADPH and analogue, but
absence of 7-EC. However, limitations on the amafiftomogenate available precluded this

procedure. The results are graphically presenté&dguare 5.5.
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Table 5.2 Inhibition ofO-deethylation of 7-ethoxycoumarin activity (ECOD) BBO and
analogues in the UK population.

UK population ECOD activity: 240 + 8.28FUs min™*

Inhibitors Remaining Lower Upper
activity (%) £ SE CL 95 % CL 95 %
PBO 26.8 £ 4.38 18.2 35.3
EN 1-126 1.15+ 3.49 -5.69 8.00
EN 1-164 10.4 + 3.82 2.93 17.8
EN 1-163 -9.30 £ 3.13 -15.4 -3.16
EN 1-129 129+ 7.90 113 144
EN 16/5-1 101 £6.94 87.2 114
EN 14-05 101 + 6.93 87.0 114
EN 1-40 41.0 +4.87 31.5 50.6
EN 1-125 -1.04 £ 3.41 -7.73 5.66

Table 5.3 Inhibition ofO-deethylation of 7-ethoxycoumarin activity (ECOD) B8O and
analogues in the Leszno population.

Leszno population ECOD activity:136 + 8.47 FUs min

Inhibitors Remaining Lower Upper
activity (%) + SE  CL 95 % CL 95 %
PBO 39.3+8.64 22.3 56.2
EN 1-126 23.7+7.67 8.68 38.7
EN 1-164 40.2 £ 8.70 23.1 57.2
EN 1-163 199+ 7.44 5.32 34.4
EN 1-129 90.6 £11.8 67.4 114
EN 16/5-1 85.6 +11.5 63.0 108
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Table 5.4 Inhibition ofO-deethylation of 7-ethoxycoumarin activity (ECOD) BBO and
analogues in the Rogalin population.

Rogalin population ECOD activity: 137+ 8.85 FUs mift

Inhibitors Remaining Lower Upper
activity (%) £ SE CL 95 % CL 95 %
PBO 20.4+£7.78 5.17 35.6
EN 1-126 -6.76 £ 6.76 -18.5 5.05
EN 1-164 27.5+8.24 114 43.7
EN 1-163 -11.2+5.73 -22.4 0.00
EN 1-129 114 + 13.8 87.1 141
EN 16/5-1 66.3 + 10.7 45.2 87.4
EN 14-05 88.2+12.1 64.4 112

Table 5.5 Inhibition ofO-deethylation of 7-ethoxycoumarin activity (ECOD) B8O and
analogues in the Lebork population.

Lebork population ECOD activity: 129 + 6.93 FUs mift

nhibitors Remaining Lower Upper
activity (%) + SE~ CL95% CL 95 %
PBO 11.0 £ 5.94 -0.64 22.6
EN 1-126 -15.4 £ 4,52 -24.2 -6.53
EN 1-164 -2.24 £5.23 -12.5 8.02
EN 1-163 -38.9 £ 3.26 -45.3 -32.5
EN 1-129 90.9+£10.2 70.9 111
EN 16/5-1 70.3+£9.12 52.4 88.2
EN 14-05 71.4+£9.17 53.4 89.4
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In general terms, the inhibition of ECOD activitaned among the tested compounds but
results showed a consistent trend. Although widedgd, PBO did not exhibit the highest
inhibition of ECOD activity against any of the fopollen beetle homogenates. In contrast,
MDP compounds having an alkynyl ether moiety in gitee chain were found to be the most
potentO-deethylation inhibitors, with EN 1-163 conferritige highest inhibition in all four

populations.

In the Lebork population, EN 1-163 was significgrnitie most potenD-deethylation inhibitor
when compared to the rest of the analogues, foliolye EN 1-126. Furthermore, EN 1-163
and EN 1-126 inhibited ECOD activity in both the W@Kd Rogalin populations equally. EN
1-125, an analogue having an alkynyl ether moietyldcking the alkyl side chain, conferred
equal inhibition as the above compounds (EN 1-E26,1-163) when tested against the UK
population. Furthermore, EN 1-40 (an analogue tegkhe alkyl chain) showed simil&-
deethylation inhibition to PBO against the UK pagdidn, indicating that an alkyl side chain
may not be crucial for inhibiting ECOD activity the MDP polyether compounds. EN 1-164
was a relatively potent inhibitor of ECOD activiéxhibiting similar inhibition to EN 1-126
and PBO in UK and Rogalin/Lebork populations, respely. Considering the intermediate
resistant population, Leszno, analogues having Mi2P moiety exhibited similarO-
deethylation inhibition except EN 1-129. Indeed, EN29 despite having the MDP moiety,
failed to inhibit ECOD activity to the same exteag the other MDP compounds and its
potency appeared to be similar to EN 16/5-1 andlEN5 in all tested populations. EN 16/5-
1 and EN 14-05 are two analogues having eitherarngoth oxygen atoms removed from

their MDP rings, respectively.
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5.4 Discussion

Pyrethroid insecticides have been widely used lmxanf their effectiveness and low
mammalian toxicity (Casidat al., 1983). Subsequently, the extensive exposure etiaso
pyrethroids has selected for resistance in manp @®@st populations and human disease
vectors (Liuet al. 2006; Jacobsoet al.,2009; Kaufmaret al.,2010; Komagatat al.,2010).
There is now the threat of widespread pollen beptpulations resistant to pyrethroids,
highlighting the danger of the frequent use of,thisany single class, of insecticides (Hansen,
2003; Tiilikaninen and Hokkaanen, 2008; Wegaetlal.,2009).

In this chapter the enhancement of pyrethroid itcide potency against different pollen
beetle populations using synergists such as PBOitarahalogues was investigated using a
combination ofin vivo and in vitro assays. The mechanism conferring resistance-to
cypermethrin in these pollen beetle populations bhasn proposed to be oxidase-based
(Chapter 4). For thim vitro assays whole insect homogenates were tesedsure inclusion of
all oxidases that may contribute to resistance -ttypermethrin and could be potentially
inhibited by the analogues. To interpret thevivo results, ECOD activity was assayed as a
measure of the dealkylation reaction often obsefaeg@yrethroid detoxification (Roberts and
Hutson, 1999) and because this assay has beerywmskd for biochemical characterisation of
oxidative resistance (Yargf al.,2004; Audinoet al.,2005; Marcombeet al., 2009; Wanget

al., 2009).

Inhibition of ECOD activity by PBO and its analogugenerally correlated with results of the
in vivo investigations. Results from both assays indicaked, at least in some cases, the
classic MDP inhibitor, PBO, is not the most potexidaseinhibitor and that analogues

possessing a combination of the MDP ring and agnglkether moiety exhibit the greatest
inhibitory activities. This is best demonstrated time case of the Rogalin and Lebork
populations where a low concentration of pyrethroidecticide was applied to separate

inhibitors with the greatest potency (Figure 5.4).
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Results of the present study show that replaceofethie polyether side chain with an alkynyl
ether moiety increases the inhibition of ECOD attiand synergism in th@ vivo assays.
These findings support previoirs vivo investigations where structures equivalent to PBO
analogues EN 1-125 and EN 1-126 were 6-fold anald+espectively, more potent than PBO
when used as synergists with carbofuran againgttaes houseflies (Pagt al., 2001). The
oxidative inhibitory potency of alkynyl groups walso evaluated in a series of alkylarenes
against methoxyresorufi@-demethylation activity (MROD) using CYP6D1, a P456form
that has been found to be responsible for monomage mediated pyrethroid resistance in a
housefly strain (Scott al.,2000).

Although it was shown previously that removal ofe tipropyl side chain resulted in
considerably lower inhibition of ECOD and MROD ady compared to PBO inhibition
(Scott 1996; Scotet al.,2000), results in the present study showed thabval of the propyl
chain in EN 1-40 had no effect upon the inhibitefnECOD activity (Figure 5.5) and this is
supported further by the bioassay results withUkepopulation (Figure 5.2). Results, here
are also consistent with previousvivo investigationsvith permethrin against houseflies (Pap
et al.,2001).

Sesamex (Figure 1. 3, Chapter 1) was one of teegdotent synergists reported (Eldefraawi
al., 1960; Farnham, 1971, 1973, 1974). Its structurgains a MDP ring and a polyether side
chain similar to the structure of PBO, but havihg first oxygen atom of the polyether chain
bound directly to the aromatic ring instead of @ianethylene bridge. In view of this, two
phenyl but-2-ynyl ethers (EN 1-163 and EN 1-164} thad the oxygen atom bound directly to
the aromatic ring (similar to sesemex) and alsaiexhra triple bond, were synthesised.
Bioassays and ECOD assays incorporating EN 1-163Ed 1-164 showed, in some cases,
significantly greater inhibition than PBO, simileo EN 1-126, a phenyl methyl but-2-ynyl
ether compound which retains a methylene bridgevdsn the aromatic ring and the oxygen
atom of the alkynyl ether chain. A similar improvem of MDP alkynyl ethers over PBO was
demonstrated in an earlier study where a phenyp-grgnyl ether similar to EN 1-163
showed 2-3 fold greater synergism than PBO whetedewith carbaryl against houseflies
(Barnes and Fellig, 1969). An additional observatis that EN 1-126 showed greater
116



Chapter 5 In vivo andin vitro studies of PBO analogues against four pollen bgepulations

synergistic effects with all populations, althoughsome cases EN 1-163 was a significantly
more potent inhibitor of ECOD activity. This may bee result of EN 1-126 being a more
lipophilic compound and thus able to penetraterikect cuticle more rapidly when applied as

a mixture with the insecticide.

It was initially surprising that the MDP compoundN EL-129 was unable to synergise
cypermethrinin vivo or exhibit inhibitory potency in the ECOD assay.isTfinding suggests
that the absence of a polyether chain, in contcaite absence of an alkyl chain, within MDP
compounds, is critical for synergism a@ddeethylation of 7-EC. However, potency can be
regained if it is replaced by an alkynyl ether nipielhe contribution of a polyether chain
with MDP compounds for synergistic activity has asggested in an earlier report where it
was proposed that “a side chain with at least onmaae oxygen atoms incorporated into an
ether group is considered of major importance eventing insecticide detoxification” (Esaac
and Casida, 1969). Nonetheless, the presence gethel and alkyl side chains, but an
absence of the MDP ring, is not sufficient to epabynergistic activity in bioassays and
inhibition of O-deethylation of 7-EC, as revealed with EN 16/5a81 &N 14-05. This failure
was expected since the fundamental contributiotn@MDP ring of (methylenedioxyphenyl)
polyether compounds to synergistic activity wasalelsshed previously (Wilkinsoret al.,
1966; Casida, 1970).

Compounds with modifications to the MDP ring, suh EN 16/5-1 and EN 14-05, were
previously evaluated as synergists with carbamasgecticides. Results revealed a lack of
synergism, although replacement of one oxygen sutphur resulted in only a slight decrease
in the synergistic effect (Wilkinsoet al., 1966). Furthermore, high synergism was reported
following replacement of the MDP ring with a 1,2rdithoxybenzene group and incorporation
of an alkynyl ether side chain (forming the knownexgist verbutin) (Papt al.,2001; Bertok

et al.,2003).

Due to the extensive application of many convemtiansecticide groups i.e. pyrethroids,

OPs, carbamates, many insect pests have develegisthnce. Results from thevivo andin

vitro investigations in the present study clearly intcthat it is possible to design new
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insecticide synergists that can effectively inceet®e toxicity to pest insects and prolong the

use of existing pesticides (Mooresal.,2005).
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Chapter 6

In vivo synergistic effects of piperonyl butoxide analogigeusing twoMyzus
persicaeclones with different metabolic resistance mechasims

6.1 Introduction

Bioassays using live insects play a crucial rolenirestigating insecticide resistance and such
in vivo assays are the most reliable method of estima#éisigtance levels and evaluating the
potency of toxicants against resistant insects.réibee, a complete evaluation of either
current insecticide resistance or new strategiesi$ing insecticides and/or synergists must
includein vivo tests alongsiden vitro studies. However, difficulties can arise in intetng

comparative results obtained froamvivo andin vitro studies.

Following in vitro investigations discussed in previous chaptersewdifft analogues together
with PBO were used as insecticide synergistgivo against twoM. persicaeclones which
have different metabolic resistance mechanisms. arfadogues have different alterations in
the MDP moiety and the side chains. Piperonyl bidxvas used as the standard synergist
for comparison. The synergistic efficacy of the lagaes derived fromn vivo studiesare

compared with thén vitro assays described in previous chapters.
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6.2 Materials and Methods

6.2.1 Insects
Two M. persicaeaphid clones were used: 5191A and 794JZ (sectib@ 2nd Appendix 1).

6.2.2 Insecticides and synergists
Two technical insecticides were used: imidaclopmdl -cypermethrin. Analogues and PBO

were used as synergists (section 2.2 and for anelatructures see Appendix 2).

6.2.3 Insect bioassays (full dose response bioassay
Individual apterous adult aphids were dosed witheziPBO or analogues in acetone and were
further treated 5 h later with either imidaclopoid -cypermethrin in acetone, as described in

section 2.4.1.

6.2.4 Analysis of data
Full dose response bioassay data were analysesbeslied in section 2.5.3.
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6.3 Results

6.3.1 Full dose response bioassays with imidaclogrand Myzus persica€lone 5191A
Results from full dose response bioassays usingaichoprid against the resistavit persicae
clone 5191A are presented in Table 6.1 (see algmeAqlix 4). The results show that the
analogues conferred a range of synergistic poteneith EN 1-126 giving the highest SF
(292) and EN 14-05 the lowest SF (2.17). The atal8¥DP synergist PBO gave a SF of 14.5.

Table 6.1 Synergism factors of analogues with ilmarid in full dose response bioassays

againstMyzus persicaelone 5191A using a 5h pre-treatment.

Treatment 3 Cso (ppm) °CL95% °SF
imidaclopric 90.4 51.0-185 --
+1g L'PBO 6.22 4.04-8.70 14.5
+1g L'EN 16/5-%  12.2 8.80-16.4 7.41
+1g L*EN 1-164 1.25 0.75-1.97 72.4
+1g L*EN 1-126 0.31 0.21-0.43 292
+1g L*EN 1-163 2.98 1.90-4.51 30.3
+1g L*EN 25-10 4.88 1.20-11.0 18.5
+1g L*EN 1-129 28.4 13.6-45.8 3.18
+1g L*EN 16-17 7.11 5.12-9.53 12.7
+1g L*EN 16-18 18.4 9.69-29.5 4.91
+1g L*EN 14-05 41.5 26.1-62.6 2.17

*Data from Chapter 4
8 Cso=Lethal concentration to kill 50% of the clofi€L= Confidence limits,

°SF = synergism factor (Lfgunsynergised clone/ lsgsynergised clone)

Analogues containing the MDP moiety gave differpatencies with EN 1-129 showing the
lowest SF (3.18) and EN 1-126 showing the highest (392). Generally, the highest

synergism was observed with analogues having a ic@atidn of the MDP ring and an alkynyl
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ether chain, EN 1-126, EN 1-164 and EN 1-163. @6¢) EN 1-126 had a kgvalue of 0.31
ppm which is even lower than the ifsalue obtained from the susceptible aphid clone
(4106A) treated with imidacloprid, which had a d¢@alue of 1.55 ppm (Chapter 4, Table
4.5).

Considering EN 1-126, which has a bridging -£@roup connecting the aromatic ring and
the alkynyl ether side chain, the SF was 4-folchbrgthan EN 1-164 in which the bridging -

CHy- group is absent. The presence of a propyl sidendh EN 1-164 increased the SF 2.38-
fold compared to EN 1-163 where the propyl siddrcimabsent. Similarly, EN 16-17 gave a
2.58—fold higher SF than EN 16-18 which lacks thapgl side chain. Both of these analogues
had one oxygen atom removed from the MDP ring ametrgism was decreased compared
with analogues that retained the complete MDP mjoihte lowest SF was seen for EN 14-05
which had both oxygen atoms removed from the MDB.rfEN 25-10 (verbutin), a compound

lacking the MDP ring, gave a SF of 18.54, highantsome MDP compounds including PBO
and EN 1-129.

6.3.2 Full dose response bioassays withcypermethrin and Myzus persicaelone 794JZ
Results from full dose response bioassays uskuypermethrin against the resistalit
persicaeclone 794JZ are presented in Table 6.2 (see alpepx 4). Synergistic factors of
the analogues fall within a narrow range with oalg.28-fold difference between the highest
(EN 1-16, SF 8.87) and the lowest (EN 1-129, SFHR.®iperonyl butoxide showed an
intermediate synergistic effect (SF 4.8).

Analogues with an increased length of the alkyksitiain, EN 1-16 and EN 1-14, gave the
highest SFs with values of 8.87 and 6.35, respalgtifiollowed by the aryl alkynyl ether EN
25-10 with a SF of 6.07. The two other aryl alkyetthers with a MDP moiety, EN 1-126 and
EN 1-164, gave 1.65-fold difference in their synstig potency. Compounds such as PBO,
EN 16/5-1 and EN 1-40 exhibited similar SFs (~5) #me lowest SFs were obtained with EN
14-05, EN 1-129 and EN 1-93 with SFs between 23and
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Table 6.2 Synergism factors of analogues witypermethrin in full dose response bioassays

againstMyzus persicaelone 794JZ using a 5h pre-treatment.

Treatment 3 Cso (ppm) °CL95% °SF
_cypermethrin 1303 1061-1632

+1g L*PBOr 271 220-327 4.80
+1g L*EN 16/5-% 264 215-321 4.94

+1g L*EN 1-14 205 162 -258 6.35
+1g L' EN 1-126 218 139-335 5.97
+1g L' EN 1-164 361 211-473 3.60
+1g 1" EN 1-93 507 370-675 2.57
+1g L EN 1-40 259 207-313 5.03
+1gLl EN25-10 215 157-276 6.07
+1gL EN14-05 569 377-898 2.29
+1g Lt EN 1-129 629 484-878 2.07
+1g L' EN 1-16 147 101-195 8.87

*Data from Chapter 4
3 Cso=Lethal concentration to kill 50% of the cloR€L= Confidence limits,

°SF = synergism factor (L{gunsynergised clone/ lsgsynergised clone)
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6.4 Discussion

In vivo synergism with PBO and its analogues was investijavith two insecticides,

imidacloprid and -cypermethrin and two aphid clones, 5191A and 7943gectively.

As shown previously, clone 5191A exhibited a 5@&ktresistance to imidaclopridn vivo
andin vitro assays suggest that although clone 5191A hadéwegls of esterase (FE4 variant,
R3), imidacloprid resistance was primarily due tocidative based mechanism (Chapter 4).
The bioassay results reported in this chapter shatvMDP compounds with an alkynyl ether
side chain, EN 1-126, EN 1-164 and EN 1-163, agentlost potent synergists when used with
imidacloprid (Table 6.1). Similarly, bioassay raswith the pyrethroid resistant pollen beetle
populations showed that EN 1-126 was the most paamergist followed by EN 1-164 and
EN 1-163 (Chapter 5, Figure 5.4). It is of notetttiee oxidative mechanism in clone 5191A
does not exhibit enhanced levels of pyrethroidstasce (only a RF of 13, due to FE4,-R
Chapter 4) compared to the high level of imidadwpesistance (RF of 56.5, Chapter 4).
Furthermore, pollen beetle populations from Eurthz have exhibited pyrethroid resistance
(as also found in Chapter 5) have not exhibitegsresistance to imidacloprid (Slater and
Nauen, 2007). This implies that the oxidase enzgystems responsible for imidacloprid
resistance in clone 5191A and pyrethroid resistangmllen beetles have different substrate
profiles. This is perhaps unsurprising, given theidlases show a large variation in substrate
specificity (Wilkinson, 1983). However, the threg/laalkynyl ethers (EN 1-126, EN 1-164
and EN 1-163) are potent synergists with both insees against the two insect species
which exhibited oxidative metabolic resistance.sT$uiggests that these analogues have broad

spectrum activity and are capable of inhibitingpaiety of oxidase enzymes.

Another observation is that EN 1-129 and EN 14-@veglow SFs when tested with the
imidacloprid resistant aphid clone 5191A (Table)6dnd also low synergism in the

discriminating dose bioassays with pyrethroid tesispollen beetles (Chapter 5, Figure 5.3
and Figure 5.4). This implies that the presencendy the MDP moiety or only the polyether

chain is not sufficient for high synergistic effaya This is further supported by the vitro
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results with pollen beetle homogenates where ERRA-dnd EN 14-05 failed to inhibit the

ECOD activity to the same extent as the other camgs tested.

The significant contribution of the MDP moiety iis@demonstrated by the lower synergistic
effects of two other analogues with modificationghe MDP moiety (EN 16-17 and EN 16-

18) when compared to EN 1-126. The low synergisiil#ted by EN 16-17 and EN 16-18

further supports the finding that imidacloprid stance is associated with an oxidative
mechanism (Chapter 4).

Of particular note is the significance of the progpigle chain in the analogue’s structure. EN
1-164 and EN 1-163 both of which contain a MDP ryend alkynyl side chain differ only
in that EN 1-164 has a propyl side chain. Bioassaylts revealed that EN 1-164 exhibited a
2.4-fold higher SF than EN 1-163. Furthermore, ttloer analogues, EN 16-17 and EN 16-
18, differ again in that the former carries a pioggle chain and exhibited a 2.6 —fold higher
SF than EN 16-18. This relatively constant diffeebetween analogues with and without the
propyl side chain implies that the presence ofédlkgl chain provides specific properties to
the synergists. The presence of the alkyl sidencimaboth cases increases the lipophilicity of
the compounds and consequently may help penetrafidghe synergist through the insect
cuticle. Since the optimum pre-treatment timesiridividual analogues were not defined and
all experiments used a 5 h delay (shown to be ptienal for PBO againd¥l. persicae- Khot,
2009), it could be that this pre-treatment timamsre appropriate for analogues having a
propyl side chain, similar to PBO. This would aksglain the observation that although EN
1-163 wasthe significantly more potent inhibitor against ER@ctivity, followed by EN 1-
126 and EN 1-164, it did not exhibit significantljfferent synergism from EN 1-164 when
both were testeth vivo in a mixture with -cypermethrin against pollen beetles (Chapter 5).
Similarly with the imidacloprid resistant clone 3¥9 EN 1-163 had a lower synergistic
effect than EN 1-164 (Table 6.1). This could be thuthe 5 h pre-treatment being insufficient
for EN 1-163 and other similar analogues which Il#o& propyl side chain. However, the
inhibitory potency of EN 1-163 upon oxidative syagederived from different insect species
remains unclear. The importance of inhibiting timanced metabolic enzymes prior to the
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active ingredient being applied (‘temporal synerg)shas been demonstrated previously
(Younget al.,2005, 2006; Bingharat al.,2007, 2008).

Bioassays with the aphid clone 5191A showed thalBNO (verbutin), a compound with an
alkynyl ether moiety and two methoxy groups insteithe MDP moiety, showed synergistic
effects similar to PBO. EN 25-10 has previouslyrbeeported to synergise pyrethroid and
carbamate insecticides against housefly strainsgsstng enhanced oxidases (Rapal.,
2001; Bertoket al.,2003).

In contrast to the synergism observed for the guads with the imidacloprid resistant clone
5191A, the bioassay results for the pyrethroidstesit clone 794JZ showed relatively low SFs
(Table 6.2). Additionally, results showed that Sistained from analogues tested against
clone 794JZ were uniform. However, a common obsenvavith both of these resistant aphid
clones and with the pyrethroid resistant pollentleses the low synergism with EN 1-129,
EN 1-93 and EN 14-05. Synergistic effects deriveanfthese analogues also concur with the
SAR study results (Chapter 3) where the two MDP mowmmds EN 1-129 and EN 1-93
exhibited very low binding affinities against E4h@&pter 3, Figure 3.6) and EN 14-05 had a
significantly lower binding affinity than PBO (Chiap 3, Figure 3.8). The highest synergism
was observed with EN 1-16 followed by EN 1-14 (Babl2). In both these analogues the
propyl chain has been replaced by a hexyl or behgin, respectively. These two analogues
also exhibited high binding affinities in the SARudy, with the former showing a
significantly higher binding affinity than the latt (Chapter 3, Figure 3.6). As discussed
previously, the presence of the alkyl side chauegithe compounds a more lipophilic profile
and may be an important factor for the high syrsigieffects exhibited by these analogues.
Additionally, as discussed for thi vitro studies, increasing lipophilicity is positively
correlated with high binding potency to E4, possithlie to hydrophobic interactions between
the alkyl chain and a hydrophobic area of the erz{@hapter 3, SAR study).

The relatively low SFs from the pyrethroid resistaphid clone 794JZ (Table 6.2) compared

to the high SFs obtained from the imidacloprid s&sit aphid 5191A clone (Table 6.1) could

result from the different resistance profiles oé tivo aphid clones. The pyrethroid resistant
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794JZ aphid clone possessed enhanced metabolicmeni4 variant, i and a target site
mutation (kdr) and this combination is reported it@rease insensitivity to pyrethroid
compounds (Martinez-Torrest al., 1999). Although not all analogues were tested/ivo
againstclone 794JZ, the SFs obtained were low and notegpgisly different. This implies
that the target site mutation (kdr) is the maja@isence mechanism in clone 794JZ and the
contribution of E4 is relatively minor. In contrasthen the same analogues were tested
vitro (Chapter 3, SAR study) differences in their bindaffinities were clearly evident. The
difference in results between the SAR study andrthévo assays may be due to the esterase
interference assay being optimised for this purpasd thus being capable of distinguishing
any differences in binding affinities towards thegme (E4). Since witin vivo studies this
separation was not possible, the fine differendeseved in the SAR study would not be
found. However, use of a more potent insecticidi whein vivo assays may help to define
distinguishable differences among the analoguegstargiprovide a better correlation with the
binding affinities displayed by the SAR study. Nekieless, the extreme responses (the most
potent and the weakest synergists) are still evidethein vivo assays and are in agreement

with the binding affinities obtained in the vitro study.
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Chapter 7

General discussion

7.1 Summary of the main findings

The main findings from this study have been sunsearbelow:
The conventional spectrophotometric assay usingnibeel substrate 1-NA, confirmed
previous findings that PBO does not inhibit sulisttaydrolysis when incubated with
insect esterases. Additionally, it has been shdvah PBO and some of its analogues
increased the catalytic centre activity when in¢etawith purified E4 (activation).
This implies that some compounds are actually ‘inglpor “guiding” the substrate to
reach and act at the catalytic centre at a higiter(Chapter 3).
Incubations of PBO with purified E4 at differentarvals showed that PBO acts as a
reversible inhibitor suggesting that it binds t@ thnzyme with non-covalent bonds
such as hydrogen bonds, hydrophobic interactidagcseffects etc (Chapter 3).
The alkyl and the polyether side chains of the @anas make significant contributions
to their binding affinity to E4 (Chapter 3).
High binding affinities to E4 were found with angies where the polyether chain was
replaced by an alkynyl ether chain, especially Wit oxygen atom bound directly to
the aromatic ring (aromatic type B), or where teagth of the alkyl chain was
increased (Chapter 3).
Alterations to the MDP moiety, by removing one ogggatom (aromatic ring type C)
did not affect the binding affinities; however, r@val of both oxygen atoms (aromatic
ring type D) resulted in a reduction of the bindpgiency of the analogues compared
to PBO (Chapter 3).
There was a positive correlation between the slapésindex values derived from the
two biochemical assays (conventional esterase aasdythe interference assay,
respectively) with the exception of analogues lagkthe alkyl side chain. This
correlation shows that the stronger the bindingndéyf, the less the catalytic centre

activity of the enzyme for 1-NA was increased (lassvation) (Chapter 3).
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An analogue of PBO, EN 16/5-1, that retains thditglio inhibit esterases (Chapter 3)
but loses potency against oxidase activity (due tmodification of the MDP ring), was
used in parallel with PBO (using vivo andin vitro assays) to characterise metabolic
enzymes conferring resistance in two differentaéhspecies (Chapter 4).

MDP compounds containing the alkynyl ether sidercltanferred high synergisin
vivo and were potent inhibitors of ECOD activity whessted against pyrethroid
resistant pollen beetles (Chapter 5).

Synergist bioassays results showed that MDP congsowith the alkynyl ether side
chain were the most potent synergists when tegjacthst the imidacloprid resistant
aphid clone 5191A. Furthermore, results with cl&#91A suggested a 5 h pre-
treatment time to be a more appropriate time d&aynalogues containing a propyl
side chain, similar to PBO (Chapter 6).

Synergist bioassays with analogues against thelpgid resistant aphid clone 794JZ
gave relatively low and uniform SFs (Chapter 6camtrast to the SAR study where
binding affinities were easily distinguishable (@tex 3). However, analogues with an
increased length of the alkyl side chain exhibitégh synergism in agreement with
findings from the SAR study (Chapter 6).

Generally, analogues with the MDP and the alkynilyeemoieties exhibited high SFs
against both species, aphids and pollen beetlesyirmgq oxidative resistance
mechanisms. If the alkyl side chain is also predkatsynergistic effects are even
greater (Chapter 5 and 6). Similar responses Wwiékd compounds were observed with
in vitro assays, i.e. the SAR study and the ECOD assayp{&@h3d, 5). In contrast,
results fromin vivo andin vitro assays with analogues having modifications in the
MDP ring, showed that the response depended umoretlistance mechanism present

in the insect population studied (Chapter 3, 4né& @).

7.2 Discussion and future work

The widespread occurrence of insecticide resistanaeserious threat for the control of many
important agricultural pests and vectors of humeeates. Resistance to different classes of
insecticides has developed and over 500 speci@ssetts and mites are resistant to one or

more insecticides. As a result, the destruction landation of food supplies caused by the
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failure to control insect infestations causes aheganomic losses of several billion dollars
worldwide (Elzen and Hardee, 2003). Economic logsesnsect control failure are further
increased by the high cost of inventing and devefpmew active ingredients with novel
modes of action. Since few classes of insecticastesavailable for insect control and few new
insecticides are being produced, increasing ouerstanding and/or improving the efficacy of
existing insecticides is essential. Insecticideesgists such as PBO are capable of prolonging
the use of the existing insecticides and overcomirggcticide resistance (Bernard and
Philogéne, 1993).

In the present study the interactions between PBfldgues and metabolic enzymes
conferring insecticide resistance have been ingastd using insect species with different
insecticide resistance mechanism profiles. Pipdrbuatoxide, probably the most well-known

synergist, has been used in the field to redudstaexe factors. Additionally, it has been used
for research purposes to characterise metabolistaese, since it was considered to be a
specific inhibitor of MFOs. Subsequent studies, &g, showed that PBO can also interact

with resistance-associated esterases.

This study supports the previous findings that P84 inhibit both phase 1 metabolic
enzymes, namely oxidases and esterases. In anpattergain a better understanding of the
mechanism by which PBO interacts with resistanc®a@ated esterases, a SAR study was
undertaken using PBO analogues which have differeifications in the MDP moiety and
side chains. This SAR study, incorporating therietence assay, showed that different levels
of binding affinity to E4 occur when the PBO molkcus modified. The extent of these
differences was dependent upon the changes matles tanalogue molecule. Although the
exact mechanism by which PBO interacts with E4 iamanclear, preliminary results from
the present study gave some insights into thisaoten. The presence of the alkyl chain and
the polyether chain made a significant contributiothe binding affinity of analogues to E4.
Furthermore, replacement of the polyether sidernchgi an alkynyl ether chain with the
oxygen bound directly to the aromatic ring and phesence of an alkyl chain, increased the
binding affinity to E4. These findings suggest paeters that are fundamental for the high
binding potency to E4 and may contribute to thegfesf potent inhibitors of this esterase.
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Although conclusions at this stage can only be @péige, design of specific compounds for
inhibiting E4 would prolong the use of existingecsicides controlling aphid populations and
eliminate synergistic effects against non-targeeats, thus contributing to integrated pest
management (IPM) strategies.

Analogues combining the MDP ring and the alkynylestchain, such as EN 1-164, EN 1-126,
showed high binding affinities to E4, inhibition BCOD activity from insect homogenates
and excellent synergistic effectsimvivo tests against boti. persicaeandM. aeneusThese
analogues could be used to enhance the efficaeyisting insecticides from different classes
and inhibit relevant metabolic enzymes. Such anmsgcould be used as insecticide
synergists in insect resistance management (IREQrammes in order to maintain utility of

current insecticides by slowing, preventing or reiregg development of resistance.

Alterations to the MDP moiety, by removal of oneygen atom, did not affect the binding
affinities to esterases froM. persicaeandM. aeneusbut significantly reduced the inhibition
of oxidative enzymes in the latter. Unfortunately this study, assessment of aphid
microsomal oxidase activity was not possible angth vitro investigations for evaluation of
analogue potency against oxidative enzymes could@@ompleted. However, the analogue
EN 16/5-1 could be used as a first indication oficlvhmetabolic resistance mechanism is
present in a resistant population and consequehiyappropriate synergist could be applied

to overcome the resistance.

Previous work had shown that the efficacy of PB@rassecticide synergist can be enhanced
by using an appropriate pre-treatment time betwhenapplication of the synergist and the
insecticide. Additionally, it has been shown th&QP pre-treatment time differs between
insect species (Youngt al., 2005, 2006). Synergism in the present study wassimgated
using either a 5 h pre-treatment time (the optitima¢ delay for PBO again$d. persicag, or

a mixture of the synergist with the insecticide.wdwer, analogues may have a different
optimal pre-treatment time compared to PBO. Hergaergist efficacies could be increased

by using the appropriate pre-treatment time forheaoalogue. Results here indicated that
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analogues having the alkyl side chain to increasdogue lipophilicity may have similar pre-
treatment times to PBO.

Microencapsulated formulations have been develdpegive a burst release of PBO several
hours prior to a second burst release of the astiyedient (Binghanet al.,2007, 2008). It is

probable that similar microencapsulated formulaiarontaining a PBO analogue could
produce more potent synergistic effects, providee pre-treatment times were optimised.
Furthermore, by manipulating this parameter it @sgible to reduce undesirable effects

against non-targeted insects, such as benefigatts.

The contribution of metabolic inhibitors such asexgists to reduce resistance factors in the
fields is unquestioned (Bernard and Philogéne, 1988 shown in previous reports and
confirmed in the present study, PBO and analogwesdcbe used to prolong the use of
existing insecticides. However, their use needset@onsidered with caution. It is likely that
target insects would resist metabolic inhibitomtreent as they resist other xenobiotics, such
as insecticides and plant toxicants and genetinggmwill occur, perhaps with a concomitant
increase in target-site resistance. Careful deigrnheir application is also needed to meet
IPM strategies. The frequency and rate of synergggilication in combination with the
ecology and biology of the target insects are fomelaal factors for the successful used of
synergists. A similar programme for the controlHof armigerain Australian cotton fields
where the use of PBO is restricted to once peroseagh a single pyrethroid (Forrestetral.,
1993) could be adapted for the long-term successfahagement of synergists in field

resistance situations contributing to IPM and IRik&tegies.

Further investigation of the interactions betweestaholic enzymes (esterases and oxidases)
and PBO analogues would help to clarify the roleiéferent chemical moieties and allow the
synthesis of potent synergists, similar to analsghaving an alkynyl ether moiety in the
present study. Although investigations were undtertausing purified E4 and semi-purified
esterases from pollen beetles, other enzymes #egetit P450 isozymes need to be evaluated

in the presence of analogues in appropriate asBdfjsrences in enzyme structures could be
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the key to the design of specific synergists foecHic insects, thus minimising undesired

effects on beneficials such as honeybees.

Preliminary investigations were made to find speadifihibitors to characterise the different
metabolic enzymes confirming insecticide resistasagce PBO inhibits both, esterases and
oxidases. Although EN 16/5-1 can be used as amasstenhibitor, the need for a specific
oxidase inhibitor still remains. Furthermore, sirassessment of aphid microsomal oxidase
activity was not possible in the present studythier studies need to be undertaken to obtain

information on this enzyme group and clarify itsitution to insecticide resistance.

Design of a systemic synergist is of major impoz&ato contribute further to IPM strategies.
In the present study, EN 1-101 was designed spatiififor this purpose by adding a -COOH
group at the end of the polyether chain to achtggh water solubility. However, EN 1-101
gave low binding affinity to E4 and could be comsill an ineffective esterase inhibitor. It
would be interesting to evaluate the inhibitorygraty of EN 1-101 against ECOD activity,
since this analogue retains the MDP moiety andpitigether chain. If it retains inhibitory
effects upon ECOD activity, it could be tested Hert in systemic studies as a specific

systemic oxidase inhibitor.

It can be concluded from this study that some anads of the insecticide synergist PBO have
potential to enhance insecticide efficacies. Compsuwithin a given structural family such
as PBO analogues, may exhibit varying biologicdivaes depending on their interactions
with different enzymes (esterases and oxidaseshyl®ying chemical moieties or functional
groups of a lead compound, in this case PBO, fesactions against target proteins and other
properties (e.g physicochemical) can be modified anproved. Further investigations are
needed to design analogues to act as insecticitErggts with high potency and specificity.

Such compounds will improve crop production andtebute to IPM and IRM strategies.
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Appendices

Appendix 1. Resistance mechanisms and origins bfyzus persicaelones

1 5 o Date of Crop of

Clone Esterase kdr Origin . .
collection collection

4106A S SS Scotland, UK August, 2000 Potato
TV R.. E4 SS Beds, UK June, 1975  Sugar beet
794JZ R-E4 RR Evesham, UK March, 1982 Chrysanth
926B R-FE4 SS Greece July,1990 Tobacco
5191A* Greece July, 2007 Tobacco

"Determinate by immunoassay: $(Busceptible), R(high), R (extreme resistant) (Devonshieal., 1986).
’Based on direct DNA sequencing of PCR-amplifiedismdchannel gene fragments from aphid genomic
DNA (Martinez-Torrest al, 1999).

* Resistance mechanisms of clone 5191A were umdestigation in the present study.
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Appendix 2. Analogue structures (in numerical ordey

O
<OJ©/VYV\O/\/OW

5-((2-(2-butoxyethoxy)ethoxy)methyl)-6-propylbenzo[d][1,3]dioxole

<o:©i/\0/v\\o/\/ow

5-((2-(2-butoxyethoxy)ethoxy)methyl)-6-butylbenzo[d][1,3]dioxole

«O OO0V

5-((2-(2-butoxyethoxy)ethoxy)methyl)-6-hexylbenzo[d][1,3]dioxole

<j©vw/\/w

5-((2-(2-butoxyethoxy)ethoxy)methyl)benzo[d][ 1, 3]dioxole

0 I N N
<o I NP

5,6-bis((2-(2-butoxyethoxy)ethoxy) methyl)benzo[d][1,3]dioxole

PBO

EN 1-14

EN 1-16

EN 1-40

EN 1-42
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o)
< o EN 1-93
o)
o)

6-propylbenzo[d][1,3]dioxole-5-carboxylic acid

SO OGUPY W

{2-[2-(6-Propyl-benzol[1,3]dioxol-5-ylmethoxy)-ethoxy]-ethoxy}-acetic acid

<0:©\/0 / EN 1-125

5-((but-2-ynyloxy)methyl)benzo[d][1,3]dioxole

<::©i/\o// EN 1-126

5-((but-2-ynyloxy) methyl)-6-propylbenzo[d][1,3]dioxole

< EN 1-129

5-dodecylbenzo[d][1,3]dioxole
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(e}
< EN 1-162
o\)J\
ONa

sodium 2-(2-(2-((6-propylbenzo[d][1,3]dioxol-5- yI)methoxy)ethoxy)ethoxy)acetate

<O:©\ EN 1-163
0 O/\

5-(but-2-ynyloxy)benzo[d][1,3]dioxole

<O:ij[\/ EN 1-164
o O/\

5-(but-2-ynyloxy)-6-propylbenzo[d][1,3]dioxole

<O:©\ EN 1-175
0 O/\/O\/\O/\/\

5-(2-(2-butoxyethoxy)ethoxy)benzo[d][1,3]dioxole

o/
< Iji EN 1-179
o O/\/O\/\O/\/\

5-(but-2-ynyloxy)-6-(2-(2-butoxyethoxy)ethoxy)benzo[d][1,3]dioxole
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< :@E\/ EN 1-180
o e N NP N

5-(2-(2-butoxyethoxy)ethoxy)-6-propylbenzo[d][1,3]dioxole

<O:©\ EN 1-181
o) o/\

5-(prop-2-ynyloxy)benzo[d][1, 3]dioxole

O
SORRAN
O

5-(3-But-2-ynyloxy-2-methyl-propyl)-benzo[1,3]dioxole

<O:iji\/ EN 1-183
o o/\

5-(prop-2-ynyloxy)-6-propylbenzo[d][1,3]dioxole

6]
< EN 1-186
(6] O/\/O\

5-(2-methoxyethoxy)-6-propylbenzo[d][1,3]dioxole
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I NP U g

5-((2-(2-butoxyethoxy)ethoxy)methyl)-6-propyl-2,3-dihydro-1H-indene

o I NP 1 T g

6-((2-(2-butoxyethoxy)ethoxy)methyl)-5-propyl-2,3-dihydrobenzofuran

<j©\/°\/\o/\/ow

5-((2-(2-butoxyethoxy)ethoxy) methyl)-2,3-dihydrobenzofuran

o] o/\

6-(but-2-ynyloxy)-5-propyl-2,3-dihydrobenzofuran

o/\

5-(but-2-ynyloxy)-2,3-dihydrobenzofuran

EN 14-05

EN 16/5-1

EN 16-06

EN 16-17

EN 16-18
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\O

(R)-4-(1-(but-2-ynyloxy)ethyl)-1,2-dimethoxybenzene

G
o 0/

N

O

1-(but-2-ynyloxy)-4,5-dimethoxy-2-propylbenzene

/o o\/

N

(o)
1,2-dimethoxy-4-(prop-2-ynyloxy)-5-propylbenzene

_
/O: : O/
\O

4-(but-2-ynyloxy)-1,2-dimethoxybenzene

EN 25-10 (Verbutin)

EN 25-35

EN 25-36

EN 25-37
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Appendix 3. Buffers, substrates and electrophoresi®cipes

Buffers

0.02 M phosphate buffer, pH 7.0
3.58 g di-sodium hydrogen orthophosphate dodecalsydfNaHPO,.12H0) and 1.36 ¢
(KH2PO4) potassium dihydrogen orthophosphate dissohZed distilled water (d KHO).

0.1 M sodium phosphate buffer, pH 7.6, contairingM EDTA, 1 mM DTT, 1 mM
PTU, 1 mM PMSF and 1.46 mM sucrose
6.23 g NaHP(O,.12H,0, 0.406 g KHPO4, 0.074 g EDTA, 0.03 g DTT, 0.03 g PTU, 0.034 g
PMSF and 100 g sucrose were dissolved in 200 miOdHhe PTU and PMSF were firstly
dissolved in 1mL ethanol (absolute high, 100%).

0.1 M sodium phosphate buffer, pH 7.8
3.3 g NaHPO,.12H,0 and 0.133 g KEPO4, were dissolved in 100 mL gbl.

0.02M Tris/HCI, pH 8.5
0.884 g Trizma hydrochloride and 1.744 g TrizmaeBasre dissolved in 1 L di

Substrates
30 mM 1-naphthyl acetate (MW= 186.21)
0.558 g of 1-napthyl acetate in 100 mL of acetdd@?d AR

5, 5’ DiThio-bis (2NitroBenzoic Acid) -DTNB (MW: 396.3)
0.015 g DTNB in 25mL 0.02 M phosphate buffer, pA th give a concentration of 1.5 mM

AcetyIThioCholinelodide-ATChl — (MW: 289.2)
0.022 g ATChlin 50 mL 0.02 M phosphate buffer, pH 7.0 to giveoacentration of 1.5 mM
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Polyacrylamide Gel Electrophoresis (PAGE)

Small pore gel (for approximately 15 gels)

Solution 1:  Potassium ferricyanide 12 mg
Acrylamide (40%) 60 mL
Bis-acrylamide (2%) 32mL
Tris-base 534 mg
Tris-HCL 2.873 mg
Temed (Electran) 180L

Made up to 250 mL with d}©

Solution 2:224 mg ammonium persulphate were dissolved in 3@rkkO
Mix solution 1 and solution 2

Solution 3 40 mL 1.6% Triton in d6O

Pour into moulds and seal with 2-methyl-2-butanol

Allow to 1-2 h to set before adding large pore gel

Large pore gel (for approximately 15 gels)

Solution 1:  Acrylamide (40%) 8 mL
Bis-acrylamide (2%) 19 mL
Tris-base 33 mg
Tris-HCI 180 mg
Temed (Electran) 35L

Made up to 45 mL with dyO
Solution 2 Riboflavin 0.004% in dBD 7.5 mL
1.6% Triton X-100 in dKO 7.5 mL
Mix solutions 1 and 2.
Wash 2-methyl-2- butanol off small pore gel withH
Pour large pore gel and add combs, leave thenoim &f light to set (1-2h)

Barbitone buffer (Tank buffer)
27.6 g Barbitone and 5g Tris-base were dissolvésllirdH,0
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0.2 M phosphate buffer, pH 6.0 (Staining buffer)
8.81 g NaHP(O,.12H,0 and 23.85 g KKHPO, were dissolved in 1 L di®

0.2% Fast Blue RR (FBRR)
100 mg FBRR made up to 50 mL with 0.2 M phosphatéeb, pH 6.0 and filtered
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Appendix 4. Polo Plus analysis outputs

Table 7.1 Full dose response bioassays Mytaus persicaelones against imidacloprid using a 5h pre-treatng€hapter 4, refer to
Table 4.5).

: a b c d2 = ‘ Number of
Treatment Aphid Clone “LCso(ppm) "CL95%  Slope £SE  “df RF 'SF _
Insects

imidacloprid 4106A 1.55 1.18-1.99 1.90+0.16 60 82.9 1 - 658

926B 6.53 5.32-8.03 1.41+0.08 82 78.08 4.21 - 877

5191A 90.4 51.0-185 0.93+0.07 58 1929 565 -- 667
+1g L*PBO 5191A 6.22 4.04-8.70 1.50 +0.14 86 154.1 - 145 980
+1g L*EN 16/5-1 5191A 12.2 8.80-16.4 1.24 +0.09 89 105.4 - 741 956

3 Cso=Lethal concentration to kill 50% of the populatjd8L=Confidence limitsdf=degrees of freedont, “=chi-square,

®RF=resistance factor (lsgresistant strain/L&susceptible strain\SF=synergism factor (L unsynergised/L& synergised)
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Full dose response bioassays Wikizus persicaelones against-cypermethrin using a 5h pre-treatment (Chaptee#r to Table
4.6.).

Treatment Aphid Clone  ?LCso(ppm) P°CL95%  Slope+SE “df %2 °RF 'SF Nl{mber

of insects
-cypermethrin 4106A 0.43 0.29-05.6 2.98+0.4B6 64.4 1 - 408
5191A 5.60 5.94-6.33  3.14+0.2402 882 130 -- 539
926B 7.08 5.63-8.70  2.91+0.3265 70.0 163 -- 731
79437 1303 1060-1632  1.71+0.1863 56.2 3030 -- 760
+1g L*PBO 926B 2.10 1.24-2.88 249405142 21.79 - 337 824
+1g L*EN 16/5-1 926B 1.48 0.79-2.23  1.53+0.2002 117.7 - 4.78 1092
+1g L*PBO 79437 271 220-327  2.26+0.2481 96.02 - 480 1106
+1g L*EN 16/5-1 79437 264 215-321  2.16 #0.2100 113.7 - 494 1131

3 Cso=Lethal concentration to kill 50% of the populatjd8L=Confidence limitsdf=degrees of freedorfi,“=chi-square,

®RF=resistance factor (lsgresistant strain/L& susceptible strain\SF=synergism factor (L& unsynergised/L& synergised)
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Full dose response bioassays Withizus persicaelones against PBO (Chapter 4, refer to Table 4.7)

) a b . 4o Number
Aphid Clone LCs0 (ppm) CL 95% Slope £tSE  “df _
of insects
4106A 14892 12527-18041 2.96.31 41 41.4 489
79437 12196 8485-18788 1.72 +0.1736 75.7 440
926B 10540 6865-17325 1.4D.15 45 125 512
5191A 25738 21570-30947 2.26.20 100 140 838

3_Cso=Lethal concentration of PBO to kill 50% of the pigtion,"CL=Confidence limits®df=degrees of freedorft,*=chi-square

Full dose respondaioassays witiMeligethes aeneusgainst -cypermethrin (Chapter 4 and 5, refer to Tableah@® 5.1).

Population *.Cso( glcnf) PCL95%  Slope+SE  %df 92  °RF NL.meer
of insects
UK 2.81 0.19-4.52 1.580.18 26 42.3 1 293
Stein 10.0 6.01-17.0 0.80.08 27 149 3.57 343
Rogalin 65.0 40.0-100 1.44D.20 18 11.9 23.2 148
Lebork 95.0 66.0-140 2.5.48 18 6.23 33.9 135
Leszno 22.5 13.2-35.0 1.28.18 18 17.3 8.00 118

3 _Cso=Lethal concentration to kill 50% of the populatf@L= Confidence limitsdf=degrees of freedorfi,"=chi-square

*RF=resistance factor (lsgresistant strain/L& susceptible strain)
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Synergism factors of analogues with imidaclopriduth dose response bioassays agaiigtus persicaelone 5191A using a 5h pre-

treatment (Chapter 6, refer to Table 6.1).

Treatment 4 Cso(ppm)  PCL 95% Slope +SE ‘df 92 °SF NL.lmber
of insects

imidacloprid 90.4 51.0-185 0.93 £0.07 58 193 - 667
+1g L*PBO 6.22 4.04-8.70 1.50£0.14 86 154 14.5 980
+ 19 L*EN 16/5-1 12.2 8.80-16.4 1.24 +0.09 89 105 7.41 956
+ 19 L*EN 164 1.25 0.74-1.97 1.23 £0.08 77 266 72.4 869
+ 19 L*EN 126 0.31 0.21-0.43 1.69 £0.14 87 154 292 911
+1g L*EN 163 2.98 1.90-4.51 0.81 +0.05 80 138 30.3 954
+1g L*EN 25-10 4.88 1.20-11.0 1.13 £0.15 33 84.8 18.5 389
+1g L*EN 129 28.4 13.6-45.8 1.39 £0.19 42 70.0 3.18 499
+ 19 L*EN 16-17 7.11 5.12-9.53 1.13 £0.06 146 265 12.7 0160
+ 19 L*EN 16-18 18.4 9.69-29.5 1.14 £0.11 79 156 491 862
+ 19 L1EN 14-5 41.5 26.1-62.6 1.12+£0.13 42 42.1 2.17 506

3_Cso=Lethal concentration to kill 50% of the populatjd8L=Confidence limits‘df=degrees of freedorfi,>=chi-square,

°SF=synergism factor (L§g unsynergised/L&; synergised)
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Synergism factors of analogues witkcypermethrin in full dose response bioassays agMgzus persicaelone 794JZ using a 5h

pre-treatment (Chapter 6, refer to Table 6.2).

Treatment 3 Cso (ppm) PCL 95% Slope +SE “df d 2 °SF NL.lmber of
Insects
- cypermethrin 1303 1061-1632 1.70 £0.20 63 56.2 ---- 760
+1g L*PBO 271 220-327 2.26 £0.24 81 96.0 4.81 1106
+1g L*16/5-1 264 215-321 2.17 +0.21 100 114 4.94 1113
+1gLt1-14 205 162 -258 2.67 £0.33 54 67.5 6.35 684
+1g L'126 218 139-335 1.45 +0.25 47 67.2 5.97 547
+1g L' 164 361 211-473 3.46 +0.84 43 63.6 3.60 494
+1g L*1-93 507 370-675 2.44 +0.46 62 80.7 2.57 540
+1g L' 1-40 259 207-313 2.18 +0.31 87 80.3 5.03 971
+1g L*25-10 215 157-276 1.71+0.22 107 155 6.07 1147
+1g L'14-05 569 377-898 2.27 £0.49 52 92.0 2.29 590
+1gL'129 629 484-878 1.70 £0.29 76 73.3 2.07 868
+1g L'1-16 147 101-194 1.74 £0.25 71 81.2 8.87 806

3_Cso=Lethal concentration to kill 50% of the populatjB8L=Confidence limits‘df=degrees of freedorft,>=chi-square,

°SF=synergism factor (L{g unsynergised/L§; synergised)
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Appendix 5. Analysis of discriminating dose bioassedata

Generalized Linear Model (GLM) was fitted to thealaalculated as proportions (number of
dead aphids out of the total) assuming a Binomgtibution for the probability of death and

using a logit link function.

The general model was:

log(Pijk/(1 Pijk)) = + Day + (Control vs Treatmejt+

[(Control vs TreatmefTreatmertl + [Day(Control vsTreatment)] +
(Day.Treatmenyji + [Day.(Control vs Treatmeflreatmerttj

wherePijk is the probability of death,= 1, 2, 3 days (this refers to temporal replicates)

j =1, 2 (control or treated) and

k=1,2,3.... (for the treatments: e.g. imidaclopindidacloprid + PBO and imidacloprid +
EN 16/5-1).

The model accounted for:

the effects of day of assayDay;

the control compared with the treated situatioa agole — Controlvs Treatment

the different effects of the treatments having aoted for the control — ontrol vs
TreatmenkTreatmenit

and the interactions of control and treated situntiwith time —[Day.(Control vs Treatmeiit

and Day.Treatmenjy + [Day.(Control vs TreatmeifTreatmeni

On examination of residuals, the model was foundfitowell, with no problem of

overdispersion (variability over and above that ekhivould be expected for the binomial
distribution assumed). Following the fit of the nebdhe predicted probabilities of death were
output with standard errors. The least significdifference (LSD) at the 5% level of

significance between any pair of predictions wasdus compare the treatments.

170



Appendices

Appendix 6. Analysis of data for the esterase intéerenceassay

The IGy value found using Grafit was converted into a petage and given a new
terminology: | (for “Index value”). The I§ for ‘E4’ was taken as 100 % activity and for ‘no

E4’ taken as 0% activity.

The 1G of the synergist sample, (), was converted intpeacentage by the following
formula:
I = | (synergist) — | (no E4)x 100 = _y—x x 100

| (E4) — | (no E4) X=X

Variance of the index (I) was approximated usirgftillowing expression:

var (1) = _108 [var(y) + var(x)]
(e-X1)?

It is important to note that this calculation ofigimes an underestimated value for the variance

because the denominator is taken as a fixed quamtihe formula.

Here, var(y) = (se(yj)where se(y) is the standard error for the i@r the synergist) as given
by the fit provided using Grafit; and similarly far (‘'no E4).
Following this,

se () =)var(]

=) _10G . [var(y) + var(x)]
(%-x2)*
The 95% Confidence Interval, denoted CI (95%),veig by
| + to05,21% se(l)
where §0s 211S the t-value at thp = 0.05 level of significance on 21 degrees ofdma (df).
These are 21 because there are 33 data pointsafd dints for each curve and 3 curves (no

E4, E4, E4+synergist), less 12 parameters fongtthe 3 logistic curves.
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Appendix 7. Formula for the variance of the ratio

Given the means and standard errors for all thepooimds, the ratios of analogues to the
control were calculated. The formula for the vaceof this ratio is:

var(a/b) = (&b%)[(var(a)/&)+(var(b)/f)]
where a is the mean and var(a) is the square ftéimelard error of the mean for an analogue

and where b is the mean and var(b) is the squatheoktandard error of the mean for the
control.
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Appendix 8. Publications arising from this thesis
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An analogue of piperonyl butoxide facilitates
the characterisation of metabolic resistance

Graham D Moores,** Despina Philippou,? Valerio Borzatta,? Paolo Trincia,

b

Philip Jewess,* Robin Gunning® and Georgina Bingham?®

Abstract

BACKGROUND: Previous work has demonstrated that piperonyl butoxide (PBO) not only inhibits microsomal oxidases but also
resistance-associated esterases. The ability to inhibit both major metabolic resistance enzymes makes it an ideal synergist to
enhance xenobiotics but negates the ability to differentiate which enzyme group is responsible for conferring resistance.

RESULTS: This study examines an analogue that retains the ability to inhibit esterases but is restricted in its ability to act on
microsomal oxidases, thus allowing an inform ed decision on resistance enzymes to be made when used in conjunction with the
parent molecule.

CONCLUSION: Using examples of resistant insects with well-characterised resistance mechanisms, a combination of PBO and
analogue allows identification of the metabolic mechanism responsible for conferring resistance, The relative potency of PBO

as both an esterase inhibitor and an oxidase inhibitor is also discussed.

(€ 2008 Society of Chemical Industry

Keywords: PBO; PBO analogues; esterase; synergist; resistance, cytochrome P450
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1 INTRODUCTION

Insecticide resistance is often regarded as a major threat to
increased agricultural production and the control of vector-
borne diseases. Such resistance can be the result of mutations
occurring at the insecticide target-site protein, e.g. modified
acetylcholinesterase in the case of organophosphates and
carbamates' or kdr in the case of pyrethroids,® or as a result
of enhanced metabolic degradation of the parent insecticide
molecule by specific enzymes? Metabolic resistance can be
diminished by the use of insecticide synergists: non-toxic
chemicals that can be added to insecticides to increase their
efficacy against insecticide-resistant insect pests.” The best known
synergist is probably the methylenedioxyphenyl (MDP) compound
piperonyl butoxide (PBO), which is reported to act through a
metabolic intermediate and form a complex with the haeme
moiety of the microsomal oxidase.”> MDP compounds are thus
thought to inhibit the biotransformation of the insecticide at
phase 1 of its detoxification, and as such have been widely cited
as specific inhibitors of microsomal oxidases.%’ However, recent
reports have highlighted their effect on non-specific esterases.®?
This finding means that using a synergist assay incorporating
PBO as a means of identifying the resistance mechanism may no
longer be viable. It must also cast doubt on the previous wealth of
literature where this procedure has been used.

The process by which MDP chemicals exert their effect on
oxidases is well known and documented,”'® but no such system
has yet been proposed for the action of similar compounds on
resistance-associated esterases. Consequently, an analogue of
PBO was synthesised with the purpose of defining a synergist that
would act as effectively at inhibiting an important resistance-

associated enzyme, but with greater specificity, and could
therefore be used to characterise the resistance mechanism
conferring insensitivity in an insect towards a particular xenobiotic.

2 MATERIALS AND METHODS

2.1 Analogue preparation

The analogue [EN 16/5-1; 6-[2-(2-butoxyethoxy)ethoxymethyl]-5-
propyl-2,3-dihydrobenzofuran] (Fig. 1) was synthesised through a
four-step synthesis from 2,3-dihydrobenzofuran.

(i) 5-Propanoyi-2,3-dihydrobenzofuran (acylation)

To a mixture of 23-dihydrobenzofuran (0.1 mol) and zinc
chloride {0.005 mol), propionic anhydride (0.05 mol) was added
under nitrogen while stirring, and the mixture was heated to
90°C. The mixture was kept at 90°C and stirred for a further
4 h. It was then cooled to room temperature, and water (30 mL)
and dichloromethane (20 mL) were added. The organic solution
was separated and the aqueous phase was extracted with
dichloromethane (20 mL). The organic phases were collected
and washed with 2m hydrochloric acid (20 mL), aqueous sodium

. _____________________________________________|
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PBO and analogue characterise metabolic resistance
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Figure 1. 6-[2-(2-Butoxyethoxy)ethoxymethyl]-5-propyl-2,3-dihydrobenzofuran, EN 16/5-1.

carbonate (50 g L":2 x 50 mL) and water (2 x 50 mL). The organic
phase was then dried on sodium sulfate, filtered and evaporated
undervacuum (40 °C/23 mbar). The resulting oil was distilled under
vacuum (100 °C/0.3 mbar) to give (i) as a colourless oil (12.1 g); the
structure was confirmed by NMR and GC/MS.

(i)  5-Propyl-2,3-dihydrobenzofuran (reduction)

A mixture of 5-propanoyl-2,3-dihydrobenzofuran (0.068 mol),
isopropanol (25 mL) and Pd/C 5% (50% wet; 1.2 g) was put into an
autoclave, purged with nitrogen and heated to 70°C. Hydrogen
was added to a pressure of 5 bar, and this pressure was kept
for 4 h at 70°C while stirring. The mixture was then cooled to
room temperature, purged with nitrogen and filtered. The solvent
was evaporated under vacuum (50 °C/23 mbar). The resulting oil
was distilled under vacuum (70-75°C/0.5 mbar) to give (i) as a
colourless oil (10.72 g); the structure was confirmed by NMR and
GC/MS.

(iii)  6-Chloromethyl-5-propyl-2,3-dihydrobenzofuran
(chloromethylation)

A mixture of 5-propyl-2,3-dihydrobenzofuran (0.057 mol),
paraformaldehyde (0.091 mol) and 37% hydrochloric acid
(0.23 mol) was heated to 50 °C under nitrogen. The reaction was
keptat50°Cfor6 handthen cooled to room temperature,and the
organic phase was separated and used for the following reaction.

(iv) 6-[2-2(Butoxyethoxy)ethoxymethyl]-2,3-dihydrobenzofuran
(etherification)

A mixture of di(ethylene glycol)butyl ether (0.53 mol) and
sodium hydroxide (20-40 mesh; 0.066 mol) was heated to 40 °C for
2 h. 6-Chloromethyl-5-propyl-2,3-dihydrobenzofuran (0.046 mol)
was added at 40 °C. After the addition, the mixture was heated to
100°C for 2 h and cooled to room temperature, and the organic
phase was separated, washed with water (2 x 10 mL) and distilled
under vacuum (180-185°C/0.1 mbar).EN 16/5-1 (iv) was obtained
asacolourless 0il (9.79 g),and the structure was confirmed by NMR
and GC/MS.

2.2 Chemicals

Piperonyl butoxide (PBO ‘Ultra’) technical, 94%, and PBO 30 EW
(30% PBO microemulsified in water) were both from Endura SpA,
Italy. Imidacloprid 192 g L~! SC (Provado) was obtained from
Bayer Crop Science. Technical w-cypermethrin (analytical standard)
was obtained from Sigma (UK), as were all other chemicals, e.g.
7-ethoxycoumarin, 1-naphthyl butyrate, NADPH and Fast Blue RR.

2.3 Insects

Tobacco whitefly, Bemisiatabaci Genn.,were maintained on cotton
plants (Gossypium hirsutum L. c.v. Deltapine 16) at 26 + 2 °C with
a 16:8 h light: dark photoperiod. SUD-S is a standard susceptible
strain collected from the Sudan in 1978; ‘GUA MIX' is a B-type
resistant strain collected from Guatemala in 2003.

Peach-potato aphid, Myzus persicae Sulzer, were reared on
three-week-old Chinese cabbage plants [Brassica rapa (L.) Thell.
Var. Pekinensis Wong Bok] maintained at 18 + 2°C with a 16:8
h light:dark photoperiod. Clone 794J is a highly resistant (R3)
variant obtained from a glasshouse at Evesham in 1982.

2.4 Insect homogenisation

Approximately 100 adult B-type whitefly were homogenised in
700 uL of 0.2m phosphate buffer (pH 7.0) and centrifuged at
10000 x g for 10 min, and the supernatant was taken as the
enzyme source for esterase activity.

Approximately 1000 adult B-type whitefly were homogenised
on ice in 250 uL homogenisation buffer (0.1m phosphate buffer,
pH 7.6, containing 1 mm EDTA, 1 mm DTT, 1 mm PTU, 1 mm PMSF
and 1.46 M sucrose) and then diluted with the same bufferto givea
final volume of 1 mL. This was centrifuged at 10000 x g for 10 min,
and the supernatant was taken as the enzyme source for oxidase
activity.

2.5 Enzyme assays

2.5.1 Determination of esterase activity

Total esterase activity was measured in 96-well microplates using
a colourimetric assay modified from Grant etal.!" Briefly, the rate
of hydrolysis of 1-naphthyl butyrate (0.5mm or 31.25 um, final
concentration) was assayed at 450 nm by measuring complex
formation of 1-naphthol with the diazonium salt Fast Blue RR.
Kinetic assays were performed using a Thermomax microplate
reader (Molecular Devices, Menlo Park, CA) reading for 20 min at
10 s intervals. The integrated ‘Softmax’ software was used to fit a
linear regression to the kinetic plots.

2.52  Determination of esterase inhibition (in vitro)

Stock solutions of PBO and EN 16/5-1 (10 mm) were prepared in
acetone. Aliquots of whitefly supernatant were incubated for 10
or 120 min with serial dilutions of PBO ‘Ultra’ or EN 16/5-1 to give
final concentrations of between 1 mmand 10 nm. Esterase activity
was measured as in Section 2.5.1.1Csq values were calculated using
Grafit 3.0 (Leatherbarrow, Erithicas software).

2.5.3 Determination of microsomal oxidase activity

O-deethylation of 7-ethoxycoumarin was measured according
to Ullrich and Weber'? and adapted to the microplate format
as described by De Sousa etal.'® Briefly, ethoxycoumarin was
dissolved in ethanol to make either a 20 mm or a 1.25 mm stock
solution and diluted by the addition of 0.1 m sodium phosphate
buffer (pH 7.8) to give a concentration of 0.5mm or 31.25 pm.
A quantity of 50 uL of enzyme was added to separate wells of a
microplate, followed by the addition of 80 pL ethoxycoumarin. The
microplate was incubated for 5 min at 30 °C, and the reaction was
initiated by the addition of 10 uL of 9.6 mm NADPH. Final substrate
concentrations were either 285 um or 18 um. Enzyme activity was
read in a Victor? 1420 multilabel counter (Wallac, Milton Keynes,
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wavelength of 370 nm and an emission wavelength of 460 nm. and analogue EN 16/5-1. All assays performed in triplicate

o B gm e  ga Substrate

2.5.4 Determination of O-deethylation inhibition (in vitro) coricetitiation Ircuibationititia
Stock solutionsof PBO ‘Ultraand EN 16/5-1 (10 mmand 1 mm) were Inhibitor () {min) 15 (1M)
prepared in acetone. Dilute enzyme (50 L enzyme + 50 uL 0.1 m
phosphate buffer, pH 7.6) was incubated with 3 UL PBO/analogue ey B0 10 AL
to give final concentrations of 300 um and 30 um. After 10 or EN16/5-1 500 10 6517
120 min, 50 L incubated enzyme was mixed with 80 pL of 0.5 mm EEO 204 L 1 Gt

. X L . EN 16/5-1 500 120 54 (£3.1)
or 31.25 um ethoxycoumarin, and oxidase activity was menitored

3 i PBO 31.25 10 54(£3.0)
as in Section 2.5.3.

EN 16/5-1 31.25 10 A48(£1.9)

2.6 Insectbioassays

2.6.] Bemisiatabaci

Leaf-dip bioassays were modified from those described by Cahill
etal.'* Leaf discs (3 cm diameter) were dipped into serial dilutions
(1000 to 0.001 mg Al L=") of imidacloprid SC and left to dry. The
discs were then placed onto agar (1%) in petri dishes (37 mm
diameter, 15 mm high), and the test insects were placed onto
the discs. Each unit was sealed with a close-fitting ventilated
lid. After 48 h at standard rearing conditions, mortalities were
assessed, For the PBO 30 EW or EN 16/5-1 pretreatment, the
insects were placed on leaves treated with 500 mg L™ inhibitor
and then, after 5 h, transferred to discs treated with imidacloprid.
Controls were treated with distilled water only. All bicassays were
completed in triplicate. The bicassay data were analysed using
probit analysis'* revised for microconfiguration in the statistical
program PC PoloPlus (LeCra Software, Berkeley, California). Control
mortality was corrected using Abbott’s formula.'® The results of
the probit analyses were used to generate resistance factors (RFs),
calculated as the LDsq of the resistant strain divided by the LDsq
of the susceptible strain under the same conditions, and effective
synergism ratios (ESRs), calculated as the LDsq for the synergised
strain divided by the LDs( for the unsynergised susceptible strain.

2.6.2 Myzus persicae

Young apterae were transferred to the abaxial surface of Chinese
cabbage leaf discs (ten adults per leaf disc, three replicates per
experiment) held on 1% agar in plastic containers (4 cm diameter).
The upper edge of each containerwas coated with Fluon (Whitford
Plastics, UK) to prevent subsequent aphid escape from the leaf
surface. After allowing 2 h for the aphids to settle, each was dosed
with 0.25 uL of either 1gL™' PBO “Ultra’ or 1gL~' EN 16/5-1
in acetone (26% AR) using a Burkard microapplicator (Burkard,
Rickmansworth, UK). After a further 4 h, aphids were dosed with
0.25 uLof 0.1 g L' cypermethrinin acetone. Controlswere treated
with acetone only. Treated aphids were stored at 18 & 2°C with
a 16:8 h light : dark photoperiod. All bioassays were scored at the
endpoint of 72 h after treatment. Adults incapable of coordinated
movement (after gentle touching with a paint brush if necessary)
were scored as dead. All bicassays were completed in triplicate.
The bioassay data were analysed by means of a generalised linear
model for a binomial distribution using a logit link.

3 RESULTS AND DISCUSSION
3.1 Analogue structure
The PBO analogue EN 16/5-1 (Fig. 1) was characterised by NMR
and MS to confirmthe structure.

"H NMR (200 MHz; deuterochloroform) 8, ppm: 0.95 [m, 6H,
2CH3 (10, 21)]; 1.35 [m, 2H, CH2 20); 1.55 [m, 4H, 2CH; (19, 9)1;

2.50 [{t, 2H, J) 7.0 Hz, CH5); 3.45 [(t, 2H, J) 6.3 Hz, CH5]; 3.65 (m, 8H,
4CH,); 4.55 (m, 4H, 2CH,); 6.98 [s, 2H, CH (4,7)].

T3CNMR (50 MHz; deuterochloroform) 8, ppm: 14.42, 14.51 [CHs;
C(10), C21)); 12.87, 25.62, 30.45, 32.32, 38.10 (CH»); 68.51, 70.08,
70.70,70.78,71.18,71.23, 71.79 (O-CH,); 124.82, 128.52 [CH, C(4)
and C(7)]; 119.81, 127.32, 135.31, 156.79 [C; C(5), C(7a), C(6), C(3a)].

MS m/z (relative abundance %) 41(11), 105(11), 174(30),
175(100), 191(36).

3.2 Esteraseinhibition

Table 1 shows the calculated |Csq values from incubations of
whitefly homogenate with PBO and EN 16/5-1. It can be seen that
there is no significant difference between the two chemicals
with regard to esterase inhibition potency. ICsq values were
not changed significantly with a 16-fold decrease in substrate
concentration, suggesting a non-competitive inhibitory action,
Furthermore, ICsg values were not significantly changed when the
incubation time was increased from 10 min to 2 h, suggesting that
both MDP compounds act as reversible inhibitors.

3.3 O-deethylation inhibition

The analogue (EN 16/5-1) was tested together with PBO as an
oxidase inhibitor. At the lower inhibitor concentration (30 pm),
no inhibition of oxidase activity was found with either inhibitor
(results not shown). At the higher concentration (300 jum), PBO
was found to inhibit 76% of the O-deethylation activity from B.
tabaci, while the analogue, having a modified MDP ring, was
less effective, inhibiting only 22% (Table 2). Modification of the
MDP ring, therefore, does seem to decrease the potency of the
compound as a microsomal oxidase inhibitor, as expected, but
perhaps surprisingly doesnot removethisaction altogether. These
inhibition percentages were not significantly different when the
incubation time was increased to 2 h, but inhibition did increase
when the final substrate concentration was reduced to 18 j1m.

3.4 Insectbioassays

Analysing the effects of synergists in bicassays is usually done
by calculating the resistance factor (RF) or synergist factor (SF).
Although this can give useful information, it can be misleading
when considering control in the field. For this reason, the authors
have chosen to give additionally the effective synergism ratio
(ESR). Avalue of 1.0is defined as a standard susceptible population,
with values higher than 1.0 indicative of the ‘resistance’ beyond
an unsynergised susceptible, and values less than 1.0 indicative
of hypersensitivity. With resistant B. tabaci, pretreatment with
PBO gives excellent synergism against imidacloprid, bringing
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PBO and analogue characterise metabolic resistance

Table 2. Bemisia tabaci (GUA MIX) oxidase inhibition by PBO and
analogue EN 16/5-1 (300 um). All assays performed in triplicate
Substrate Incubation  O-deethylation  Activity

concentration time (FU remaining

Inhibitor (LM (min) min~! x1073%) (96)

Acetone 285 10 41.4 (£5.6) 100

PBO 285 10 10.1 (£1.5) 24

EN 16/5-1 285 10 32.4(£2.2) 78

Acetone 285 120 42,7 (£5.1) 100

PBO 285 120 114 (£2.9) 27

EN 16/5-1 285 120 353 (x6.3) 82

Acetone 18 10 283 (£6.5) 100

PBO 18 10 448 (£34) 16

EN 16/5-1 18 10 11.8 (£4.5) 42

100
80 — B
L e RO A
g O 2l .
= ke
w A ok
v b
220
20 7
0

E Acetone

[ PBO

Acelone / a-cypermethrin

EN 18/5-1
PBO / a-cypermethrin

EN 16/5-1 / a-cypermethrin

Figure 2. Effect of synergist pretreatment on mortality of Myzus persicae
prior to exposure to ¢-cypermethrin.

the resistance factor from =670 to 65.5 (Table3). With the
analogue EN 16/5-1, however, the resistance factor is calculated
at 900, and cannot be said to differ significantly from the
unsynergised treatment. This strongly indicates that metabolic
resistance conferred against imidacloprid consists primarily of
an oxidase component, with both esterases and oxidases being
inhibited by PBO, but only the esteratic compenent fully inhibited
by the analogue.

Figure 2 shows the effect of a 4 h pretreatment with either PBO
orEN 16/5-1 oninsecticide-resistant M. persicae. It can be seen that
c-cypermethrin alone gives 30.8 4 3.64% mortality, pretreatment
with PBO results in 70.0 4 3.51% mortality and pretreatment
with 16/5-1 results in 76.1 & 3.77% mortality. Statistical analysis
reveals that both PBO and EN 16/5-1 give significant synergism
(P < 0.05) and are not significantly different from each other
in their synergistic action (P < 0.05). Thus, equal synergism is
obtained by both PBO and the analogue, as would be expected,
since itis well known that the sole metabolic insecticide resistance
mechanism in M. persicae is enhanced esterase activity.!”

www.soci.org

4 CONCLUDING REMARKS

Although synergists, and PBO in particular, have long been used
as an indicator of resistance mechanisms, such interpretations
have often been misleading. Synergists may have multiple effects
in biological systems, and inhibition of enzyme systems in one
species cannot necessarily be reflected in other species. Each
example should be thoroughly investigated in its own right.

The analogue of PBO, EN 16/5-1, retained the ability to inhibit
esterase activity, but alteration of the MDP ring severely disrupted
its ability to inhibit microsomal oxidase activity. This is perhaps
expected, as Wen et al.'® reported that the removal of oxygen from
MDP-like compounds to form benzofuran derivatives without an
accompanying pyran ring resulted in a loss of oxidase inhibition.
For inhibition of esterases, PBO and EN 16/5-1 acted as reversible
and non-competitive inhibitors, with no effects seen by alteration
of substrate concentration or the length of preincubation time
(Table 1). For inhibition of oxidases, PBO and EN 16/5-1 acted
as reversible and competitive inhibitors, with no influence by
pretreatment time but higher inhibition observed with lowering
of substrate concentration (Table 2). It is perhaps surprising that
PBO and EN 16/5-1 acted similarly, suggesting that, although the
MDP ring is important for conferring potency to oxidase inhibition,
other parts of the molecule can be responsible for binding to
substrates, It also suggests that, if a metabolic intermediate is
formed with the whitefly oxidases, this complex s reversible.

While invitro experiments with model substrates do not
necessarily reflect invive situations of insects metabolising
insecticide molecules, there is now the exciting prospect that
these two molecules, PBC and EN 16/5-1, could be used in parallel
for better characterisation of metabolic resistance factors. If equal
synergism were found with both, it would be hypothesised that
esteratic factors are the major metabolic resistance mechanism.
If better synergism were found with PBO, it would seem that
microsomal oxidases could be the primary metabolic enzyme
conferring resistance. This premise is reinforced by the results with
M. persicae (inwhich esteraseE4is known tobethe majormetabolic
resistance mechanism against insecticides), where little difference
was found between PBO and EN 16/5-1 in synergism studies.
Conversely, bioassays of resistant B. tabaci against imidacloprid
revealed PBO to be a significantly better synergist than EN 16/5-1,
suggesting oxidase involvement and supporting the findings of
Nauen etal.!®

Penetration and metabolism of EN 16/5-1 should be very similar
tothose of the parent moleculg, and indeed the similar synergism
observed in M. persicae would reinforcethis supposition. However,
it is possible that the analogue does not fully penetrate B. tabaci
or is more readily metabolised in this insect.

Perhaps most surprising, given the long period of time that
PBO was considered a specific inhibitor of microsomal oxidases,
is the observation that it is no more potent an inhibitor of these
enzymes than of esterases. At a concentration of 30 UM, a 10 min
incubation of PBO against O-deethylation activity revealed no
significant inhibition. The same concentration would result in
near-complete inhibition of esterase activity. Similarly, PBO did
not inhibit CYP6B1 activity from the Black Swallowtail butterfly,'®
and De Sousa et al.”® found only 32% inhibition of ECOD activity
in housefly abdemens after exposure to 100 um PBO. As PBO acts
as a reversible inhibitor of both esterases and oxidases, but is
a competitive inhibitor in the latter, it may be that ‘substrate
protection’ gives the impression that it is a more potent esterase
inhibitor. Most importantly, it is clear that esterase inhibition
potency is at least comparable with oxidase inhibition potency,
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Table 3. Bioassay of Bemisia tabaci against imidacloprid

Treatment Strain N LCs (mg L") 95% FL Slope df x2 RF ESR?
Imidacloprid SUD-S 867 1.49 1.29-173 3.10 24 999 1 1
GUAMIX 658 =1000 n/c n/c 24 8.11 =670 =670
PBO + imidacloprid SUD-S 577 049 0.34-0.70 4.18 24 98 1 033
GUAMIX 836 321 225-458 113 27 478 655 215
EN 16/5-1 + imidacloprid SUD-s 591 0.94 0.79-1.11 2.87 24 70 1 0.63
GUAMIX 760 847 595-1340 1.1 27 867 900 568

# ESR = effective synergism ratio {LCsy synergised strain/LCsq unsynergised susceptible strain).

and the combination of PBO and the analogue EN 16/5-1 could be
useful tools to clarify metabolic resistance mechanisms in resistant
pests. It is envisaged that a further analogue with specific oxidase
activity will also be forthcoming, further enhancing metabolic
characterisation and enabling the use of a specific synergist in
field situations when beneficial. Such specific synergists would
also allow ‘retation’ in a similar manner to rotation of actives.
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Metabolic enzyme(s) confer imidacloprid
resistance in a clone of Myzus persicae (Sulzer)
(Hemiptera: Aphididae) from Greece

Despina Philippou, Linda Field and Graham Moores*

Abstract

BACKGROUND: Previous studies have reported varying levels of resistance against imidacloprid in several insect species,
including populations of the peach-potato aphid, Myzus persicae (Sulzer). These cases of resistance have been attributed to
either target-site resistance or enhanced detoxification. In this study, a clone of M. persicae originating from Greece revealed a
60-fold resistance factor to imidacloprid.

RESULTS: The Greek clone is compared in terms of metabolic enzyme activity and synergism profiles with other M. persicae
clones showing lower imidacloprid resistance.

CONCLUSION: A combination of invitro biochemical assays and in vivo differential synergism studies using PBO and a close
analogue EN 16/5-1 suggests that the mechanism conferring increased resistance in this clone is primarily due to enhanced
oxidase activity.

(€ 2009 Society of Chemical Industry

Keywords: PBO; imidacloprid; Myzus persicae; synergist; resistance
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1 INTRODUCTION

Gennadius; or possibly a combination of the two, as suggested

The peach-potato aphid, Myzus persicae (Sulzer), is an extremely
important worldwide pest that causes direct feeding injury to a
variety of vegetable and ornamental species and indirect damage
as a major vector of many plant viruses. As a result, many classes
of insecticides have been used against this cosmopolitan pest,
leading to the development of insecticide resistance.

Previous studies have identified three main mechanisms of
resistance in this pest: enhanced levels of carboxylesterase E4
(or the closely allied FE4), medified acetylcholinesterase (MACE)
and knockdown resistance (kdr). Enhanced E4/FE4 gives a broad
spectrum of resistance against organophosphates, carbamates
and pyrethroids.? MACE, when present in M. persicae, gives
very specific insensitivity against dimethyl carbamates such as
pirimicarb.® Knockdown resistance conferstarget-site insensitivity
against pyrethroids.! The neonicotinoids, however, have remained
effective in the field against this pest, although reports have
revealed both low and relatively high resistance levels.>®

Thefirstcommercially available neonicotinoid was imidacloprid,
which is used extensively as a systemic, seed, soil or foliar
treatment against many sucking pests.” The neonicotinoids have
enabled effective control against those species that have exhibited
high resistance against other classes of insecticides® However,
resistance to imidacloprid has now been identified in some
insect species, although often at levels below that which would
cause concern at field application rates. In common with other
insecticides, resistance mechanisms to neonicotinoids have been
identified as being either target site, for example in the brown
planthopper, Nilaparvata lugens Stal; metabolic, for example as
enhanced P450 activity in the tobacco whitefly, Bemisia tabaci

for Colorado potato beetle, Leptinotarsa decemlineata Say.> ™!
However, there are still no conclusive reports of target-site
resistance to this class of insecticides from field-derived insect
populations. Differential synergismwith PBO and a close analogue,
EN 16/5-1, in which the methylenedioxyphenyl ring is medified,
corroborated the enhanced P450 correlation in B. tabaci, and
confirmation was found in the overexpression of the CYP6CM]
gene.1>13

In this paper, characterisation of metabolic resistance mecha-
nism(s) in a Greek clone of M. persicae that exhibited a 60-fold
resistance to imidacloprid was examined.

2 MATERIALS AND METHODS

2.1 Aphid clones

Aphid clones were reared on Chinese cabbage (Brassica rapa L.
var. Pekinensis cv. Wong Bok) (Brassicaceae) leaves held in small
plastic box-cages maintained at 18+ 2 °Cwitha 16:8 hlight : dark
photoperiod.'® Clone 4106A is a laboratory insecticide-susceptible
standard. Clones T1V and 794JZ are laboratory standard variants
possessing R2 and R3 levels of E4 respectively.'® Clone 926B
possesses the FE4 variant of enhanced esterase at R3 levels; it was
collected in Greece in 1990 and has previously been characterised
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AL5 2JQ, UK. E-maif: graham.moores@bbsrc.acauk
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