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1 INTRODUCTION

1.1 Biology Lepidoptera: Noctuidae

The 30 orders of Insecta are containing five “magoders, standing out for their fascinating
variability and resulting into high species richsieOne of these is the major order
Lepidoptera, also known as butterflies and mothish wearly 150,000 described species
(Gullan and Cranston, 2005).

Within the Lepidoptera the family of the Noctuidg@€utworm and owlet moths) is the
species-richest, including several really importphytophagous pest species for example
Soodoptera exigua, Helicoverpa armigera andHeliothis virescens (Tablel) (Hoffmannet al.,
1994).

Taxonomic details of Spodoptera exigua, Helicoverpa armigera and

Heliothis virescens

Tablel:

Phylum Arthropoda

Superclass Hexapoda

Class Insecta

Subclass Pterygota

Superorder | Endopterygota (Holometabola)

Order Lepidoptera

Family Noctuidae

Genera Spodoptera Helicoverpa Heliothis

Species exigua armigera virescens
(Hubner, 1808) (Hubner, 1808) (Fabricius, 1777)

Common Beet Cotton Tobacco

name armyworm bollworm budworm

Noctuid species are herbivorous and holometaboiosiscts, running through complete
metamorphosis and thus a radical change from wssglamatures (larvae) to winged adults
(imagines), interrupted by a quiescent pupal s{@dlan and Cranston, 2005; Hoffmann
etal., 1994).
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The evolution of “holometaboly” allows the larvardaadults of an insect to use two very
different feeding habits. Immature stages causigdihg damage mainly on leaves or
sometimes on fruits or roots. On the other handltagrefer to feed on nutritious liquids,
such as nectar and honeydew using permanent tatslitking mouthparts (Evans, 1984).
The adult stage shows a robust body and wings awityy colours, and has the reproductive
role. After a sexual mating, the female deposits rtature eggs, and the embryonic phase
(egg stage) begins (Evans, 1984; Gullan and Cran2a05).

The first instar of a larva starts by hatching frdme egg. The further development of the
immature (juvenile) insect is characterised by atpeé moults separated by periods of
intensive feeding (Gullan and Cranston, 2005). péeodic formation of a new cuticle and
subsequent shedding the old (too small) cuticleabed moulting process, followed by
scleroziation of the new skin.

Typically, lepidopteran larvae are characterisedabgolypod, cylindrical body shape with
short thoracic legs and abdominal prolegs (pseut®)pand biting mouthparts. After a
determined number of larval instars (usually 4 Y@@esting stage - called pupa - followed.
Only holometabolous insects run through a pupafjestdDuring this pupal stage adult
structures are formed. The pupal stage ends wehettlosion of the adult (Gullan and
Cranston, 2005).

1.2 Spodoptera exigua, Helicoverpa armigera and Heliothis virescens

The work carried out in this thesis focuses onéhspecies of the family Noctuidae, i.e.
S exigua, H. armigera andH. virescens (Table 1). All the experimental work was done by
using larvae (immature stage), since they are resple for significant feeding damage and
yield losses in different agronomic cropping sysermihe species mentioned above go
through five moulting cycles during larval develogmby resulting in five larval instars
(Figurel).

Figurel: Pictures of larval stages of lepidopteran lanwvaed throughout the study:
A. Spodoptera exigua; B. Helicoverpa armigera; C. Heliothis virescens

_ Spodoptera exigua
\ 5N instar larva

and
4™ instar larva before mou

—
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Helicoverpa armigera

Freshly moulted
5" instar larva

Heliothis virescens

\ 5" instar larva

and

Mgy / 4" instar larva before moult

All three species are well-known as important ihsgests in many agricultural systems
worldwide. S, exigua is of economic importance for example on cottamato, celery,
lettuce, cabbage and alfalfél. armigera causes damage on cotton, corn, sorghum and
tomato, andH. virescens is a major pest on chickpea, corn, cotton and tbac

(www.pesticideresistance.org).

1.3 Lepidopteran species — important insecticides

1.3.1 History — Development of the lepidopteran irecticide market

The early history of insect pest control has cdedi®f the combination of different methods
such as the use of sulphur, chalk, wood ash amtt phracts. In the fdcentury, botanical
compounds (e.g. pyrethrum, quassia) have beerdintesl into the market; sulphur, arsenic,
fluorides, soaps and kerosene were used addityotwatiombat insect plagues (Ishaaya, 2001;
Gullan and Cranston, 2005).

The rational development of synthetic insecticidhes started during World War 1I; the
progress came through the development of cheaffective chemical insecticides (Gullan
and Cranston, 2005). The time of the insecticidenbavas supported by the synthesis of new
chemicals and standardization of screening tecksigand bioassays, resulting in the
discovery of various structures with biologicaligity against pest insects. In the 1950s to

1970s, synthetic organic insecticides, such asodyehes, organophosphates and carbamates,
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have been developed and led to their widespread asseommercial compounds for
controlling many agricultural pests (Ishaaya, 20@auen and Bretschneider, 2002).
Unfortunately, many of these chemicals are harnmduhammals, beneficial arthropods or to
the environment in general. The introduction of fheethroids in the 1970s led to the
replacement of further dangerous and environmeniiedls suitable compounds (Elliettal .,
1978; McCaffery, 1999).

For at least three decades it was screened for @amajs that are acting only on insects.
Efforts made during this time and lead to the depeilent of safe and novel insecticides. One
example is the group of benzoylphenyl ureas, sipatly effecting chitin formation in insect
cuticles (Ishaaya, 2001).

New compounds must meet higher standards, suckwsmnodes of action combined with
less resistance risk, environmentally safe andcgeée control. The introduction of new
classes of insecticide chemistry such as uncoyplexsdiazines, diacylhydrazines or
compounds originating from natural products (spymgs avermectins) should give new
possibilities to control lepidopteran pests in fliure and release selection on existing

resistance mechanisms (McCaffery, 1999; Ishaay@i )20

1.3.2 General overview of the world market for inseticides

The world insecticide market can roughly be divideto six invertebrate pest orders
(Figure2). The order Lepidoptera (38%) is the economicallyst important invertebrate pest
order worldwide, including the widespread and pbbgous family of Noctuidae -
additionally see sectioh.1 The order Hemiptera (e.g. aphids) is ranking sdctollowed by
Coleoptera (e.g. leaf beetles), Acari (e.g. spidaes), Nematoda (e.g. cyst nematodes) and
Diptera (e.g. mosquitos). Pest orders below 3% hef total insecticide market are not

considered in Figurg, such as the order Thysanoptera or Orthoptera.
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Figure2: Distribution of invertebrate pest orders by eawoio value. (Those orders
mentioned here account for 84% of the total marketiuding nematicides and
acaricides). Data taken from Nauen (2002).

Diptera
3%

Nematoda .
8% Lepidoptera

38%

Acari
11%

Hemiptera
28%

Coleoptera
12%

Synthetic insecticides have been developed and tasedntrol insect pest over the last six
decades, minimizing yield losses in agriculturateyns. The agrochemical industry has made
many efforts during this time to develop novel kiggdes with better environmental,
toxicological and selective properties resultinga@ie and efficient insect control agents. The
insect nervous system is a critical target for cleahmttack; it plays an essential regulatory
role that dictates the physiology and behaviouhefwhole organism within a very short time
upon innervation. Therefore, it is not surprisih@ttthe chemical control of insect pests has
primarily aimed at affecting neuronal target-sités)s neurotoxic compounds now dominate
the insecticide market (>85% of the total marke2@@5; McCaffery and Nauen, 2006).

The world market for insecticides is controlledfoyr major targets (Tabl2), all located in
the nervous system. Acetylcholinesterase is dtdl humber one target, inhibited by the
chemicals classes of organophoshates and carbarhatetecreased from 71% market share
in 1987 to 51% in 1999, and less than 45% in 200&Caffery and Nauen, 2006). This target
combined with the voltage-gated sodium channelntbetinic acetylcholine receptor and the
GABA-gated chloride channel include the vast méyooif insecticide production (90.3% in
1999), such as the pyrethroids, neonicotinoidsolgs and cyclodienes. Another group of
compounds (non-neuronal) affect the hormonal regulaof moulting and developmental
processes in insects in general, such as ecdygmmests and chitin biosynthesis inhibitors.
These insecticides are very specific, but slowngctand therefore not very popular in

comparision to neurotoxic compounds.
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Table2: Mode of action of the top-selling 100 insectigtearicides and their world
market share (excluding fumigants, endotoxins ahdsd insecticides with
unknown mode of action). Table taken from NauenBiredschneider (2002).

Mode of action 1987| 1999| Change

% % %
Acetylcholinesterase 71.0f 52.0| -20.0
Voltage-gated sodium channel 17.0 18.0 +1.4
Acetylcholine receptor 15 12.0, +10.0
GABA-gated chloride channel 50 8.3 +3.3
Chitin biosynthesis 21 3.0 +0.9
NADH dehydrogenase 0 1.2 +1.2
Uncouplers 0 0.7 + 0.7
Octopamine receptor 055 0.6 +0.1
Ecdysone receptor 0 04 +04

1.3.3 “Old Chemistry”

1.3.3.1 Pyrethroids

The synthetic pyrethroid insecticides are derivednfthe structure of the natural pyrethrins,
which were isolated from the flower heads of theug®yrethrum (Chrysanthemum). Natural
pyrethrins are unstable, sensitive to photodegiadaind relatively expensive, facts resulting
in trails to modify their chemical structure in erdto make them more potent and stable
under open-field conditions. Subsequently, newrsstit analogues were prepared exhibiting
high efficacy, good photostability and residualhatt. As broad-spectrum insecticides, they
are effective against adult, larval, and egg stafe®pidoptera, but also of many Coleoptera,
Diptera, Homoptera and Heteroptera pest specidéist(t al., 1974; Elliottet al., 1978).
Pyrethroids are divided in Type | or Type |l compds based on their chemical structure and
distinct symptomology of poisoning (Gammeinal., 1981; Vaiset al., 2001). Pyrethroids of
Type | lack a cyano moiety in theecarbon position, which is present at the phenylgen

alcohol position of Type Il pyrethroids. Type | pyroids (e.g.permethrin; Figure3)
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poisoning induce hyperactivity and uncoordinatedremoent caused through repetitive firing
and multiple-spike discharges in response to aleirggimulus. Type Il pyrethroids
(e.g. deltamethrin; Figur® induce nerve depolarization in the central nesveystem, loss of
electrical excitability and subsequently paralysis the insect (Gammoret al., 1981;
Bloomquist, 1993; Dong, 2007).

Generally, both types show a high speed of actimch leads to rapid “knock-down”
symptoms in insects. The pyrethroids, as an impobrtdass of insecticides, interact with
voltage-gated sodium channels (vgSChs) in nervasaXbhe rapidly depolarizing phase and
propagation of action potentials in many excitabé#ls due to rapid increase in sodium
conductance is mediated by vgSChs. Pyrethroids thkkegating kinetics of the vgSCh and so
cause a prolonged opening of the channel by inbibibf the channel deactivation and
stabilisation of the open channel configuration efppchannel block). The results are
hyperexcitability, bursts of action potentials, veer blockage and finally exodus
(Bloomquist, 1993; Narahashi, 2000; Zlotkin, 200dlauen and Bretschneider, 2002;
Dong, 2007).

Figure3: Type | pyrethroid permethrin (left) and Type iirpthroid deltamethrin (right)

Yoo o

1.3.3.2 Carbamates and organophosphates

Carbamates and organophosphates (OPs) are stilvéwoimportant chemical insecticide
classes. OPs were introduced to the agrochemicetetnaver 60 years ago, first in 1944,
followed by carbamates in the early 50s.

These so-called broad-spectrum insecticides alleashig player on the world market for
insecticides and active against a wide range dadcinerders, but showing a high toxicity to
non-target organisms including mammals (Siegfriedd aScharf, 2001; Nauen and
Bretschneider, 2002).

OPs (Figureb) are sharing the same mode of action with thearadtes (Figurel). Both
chemical groups inhibit competitively the importamzyme acetylcholinesterase (AChE) in
the central nervous system, and their moleculagractions are analogous to that of the
substrate acetylcholine (Fournier and Mutero, 1994)
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AChE is responsible for hydrolysing the excitatogurotransmitter acetylcholine at the nerve
synapses. Inhibition of the AChE leads to an acdatimn of acetylcholine in the synaptic

cleft and hyperexicitation of the central nervoystem occurs. The signs of intoxication
include tremors, convulsions, and paralysis of itieect. Finally, it results in a repetitive

firing of neurones and ultimately death by exhaurs(iGunning and Moores, 2001; Siegfried
and Scharf, 2001).

Figure4: Structures of thiodicarb (left) and carbofuranglft) O

ér”\oiv oy Xﬁ

Figure5: Structures of methamidophos (left) and triazopight)

O S\ 0~/
I \
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1.3.3.3 Cyclodienes

The compound endosulfan (Figugis a member of the old chemical class of cyclodge
and active on many insect pest species. The targetf cyclodienes is the GABAreceptor
of the central nervous system. The inhibitory n&arsmittery-aminobutyric acid (GABA)
binds to the GABA-receptor in the post-synaptic rbeame. The receptors are chloride
channels gated by binding of the neurotransmi8ahsequently, GABA induces chloride ion
flux to cause hyperpolarisation, by which nerveition is suppressed (Abales al., 1985;
Ozoe and Akamatsu, 2001).

Cyclodienes act as non-competitive antagonists @&BA&receptors; they inhibit the
activation of the insect GABA-receptors. Symptonggloof poisoned insects is lost of
coordination followed by hyperactivity, convulsigrgaralysis and leg tremor (Abalks al.,
1985; Nauen and Bretschneider, 2002).
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Figure6: Structure of endosulfan
Cl

Cl
Cl

Cl

_S. Cl
07 o Cl

1.3.3.4 Benzoylphenyl ureas

This class of compounds is known to inhibit chliinsynthesis and is often grouped together
within the insect growth regulators (IGRs). Genlgrahe function of IGRs is to mimic the
action of hormones, resulting in an incomplete rtingl process, as described for the
compound fenoxycarb (Nauen and Bretschneider, 2002)

However, benzoylphenyl ureas (BPUs) are not horramseciated compounds; they inhibit
chitin production. The exact mode of action of kmdghenyl ureas is still under
investigation, but the reduced level of chitin e tcuticle seems a result from inhibition of
biochemical processes leading to chitin formatiohitin is a major component of the insect
exoskeleton, and builds up of N-acetylglucosamirmomers. Insects poisoned with BPUs
are unable to synthesize a new stable cuticleftzr@by stopping the larva from a successful
moult into the next stage (Ishaaya, 2001).

BPU insecticides like triflumuron and hexaflumur@igure?7) are rather specific insecticides
acting against lepidopterans and show a very lowebeate toxicity. In contrast to neuronally
acting compounds the BPUs much slower in achievul efficacy against pest insects
(Nauen and Bretschneider, 2002).

Figure7: Structures of triflumuron (left) and hexaflumur@ight)

Cl

; O%
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1.3.4 “New Chemistry”

1.3.4.1 Indoxacarb

A novel insecticidal compound interacting with t@tage-gated sodium channel (vgSCh) is
indoxacarb, a new oxadiazine insecticide. It iscesglly effective against a broad-spectrum
of lepidopteran larvae. Indoxacarb is a highly potadocker of sodium channels, by binding
selectively to the slow-inactivated state. Nevddbs® indoxacarb acts on a binding site
different from pyrethroids and no cross-resistanegveen these classes is described so far
(Wing et al., 1998; Nauen and Bretschneider, 2002).

Indoxacarb is a pro-insecticide (Fig@8ewith only weak activity on vgSCh, which is rapidl
bioactivated by target insects. Metabolic activatihrough esterases is resulting in an
NH-derivative (DCJW) with potent insecticidal aatyv(Wing et al., 1998).

Figure8: Structure of indoxacarb

) Active form:
Cl o N-methoxycarponyl
group is biologically
o o activated to NF
| OCF4
OCF

1.3.4.2 Emamectin

The avermectins are a group of macrocyclic lactomesluced by the soil actinomycete
Sreptomyces avermitilis, the major compound is avermectin. The group hery ypotent
compounds with excellent acaricidal and anthelmirgind less insecticidal properties
(Argentineet al., 2002; Nauen and Bretschneider, 2002).

The semi-synthetic derivative, emamectin (Fig@)evhere the hydroxy group in the terminal
sugar ring is replaced by a methylamino group shawsxcellent lepidoptericide activity
compared with the parent compound abamectin (Blansh2001; Nauen and Bretschneider,
2002). Macrocyclic lactones are produced by laggdesfermentation of the bacterial strains
synthesizing these compounds naturally, resulting high price product (Jansson and Dybas,
1998).

Abamectin and all semi-synthetic derivatives exhibe same mode of action, as agonists of

neurotransmitter (GABA and glutamate)-gated chirichannels. They act in the insect
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nervous system, resulting in strong chloride idiuxinto the cells followed by disruption of
nerve impulses, paralysis and finally death (Naamsh Bretschneider, 2002).

Figure9: Structure of emamectin

1.3.4.3 Spinosad

The natural product spinosad (Fig® was isolated from cultures of the soil microorigam
Saccharopolyspora spinosa. The compound spinosad is in reality a mixture taf
macrocyclic lactones spinosyn A (85%) and spindy(15%). This mixture is particularly
effective against pests in the lepidopteran farNibctuidae (Thompson and Hutchins, 1999;
Nauen and Bretschneider, 2002).

Typical symptoms of spinosyn poisoning are exatatf the insect nervous system, leading
to involuntary muscle contractions, prostrationhwitemors, and paralysis. The mode of
action is the activation of nicotinic acetylcholineceptors (nAChRs) and prolongation of
acetylcholine responses (Thompson and Hutchins9;18@uen and Bretschneider, 2002).
Spinosad acts at a different binding site on theChR than other insecticides like

neonicotinoids (Thompson and Hutchins, 1999).

FigurelQ: Structures of spinosyn A (left) and spinosyn igkt)
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1.3.4.4 Chlorfenapyr

Chlorfenapyr is an aryl-substituted cyanopyrrola amows a broad-spectrum of activity
against insects and mites. Synthetic modificatibrdioxapyrrolomycin, a natural product
isolated fromStreptomyces fumanus, led to the discovery of chlorfenapyr by the Aman
Cyanamid Company (Treaeyal., 1994).

Chlorfenapyr is a pro-insecticide (Figurgl) which is activated metabolically by
N-dealkylation i.e. oxidative removal of the N-exlymethyl group (Blaclet al., 1994). Once
converted to its “active” form chlorfenapyr uncoeplthe oxidative phosphorylation and the
pyrrole disrupts the proton gradient across mitochial membrane. Thus, the vital
energy-production process that converts ADP to AsTihibited and finally leading to cell
and organism death (Nauen and Bretschneider, 2082acyet al., 1994).

Figurell: Structure of chlorfenapyr (AC-303630)

Br Br
CN CN
N
\ N \ES\CF
CF, N 3
N\\ ¥
cl @) Active form:
\\ N-Ethoxymethyl group is

biologically activated to NH.

1.3.4.5 Moulting accelerating compounds (diacylhydizines)

In the early 1990s, tebufenozide opens the news aésnoulting accelerating compounds
(MACs) chemically described as diacylhydrazines.tidgyfenozide (Figurel?2) is the
newest and most efficacious member of the cherdiealylhydrazine class, and acts against a
range of economically important lepidopteran larvB®o more compounds of this chemical
class, halofenozide and chromafenozide, have hgcéeen introduced, but with limited
success. The four ecdysteroid agonists (except fdmamide) are more or less
lepidopteran-selective insecticides (Carlgbal., 2001; Nauen and Bretschneider, 2001).
Mode of action-wise MACs are potent non-steroidadysone agonists, i.e. they mimic the
insect moulting hormone, 20-hydroxyecdysone (20E)jch plays a central role in the

regulation of the growth and development process|§Gnet al., 2001).
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MACs induce a precocious moult and head capsylpatdie, which leads to feeding inhibition
and loss of weight. The larvae remain moribundheé stage and die of starvation and
dehydration (Nauen and Bretschneider, 2001; PadliRetnakaran, 2001).

Figurel2: Structure of methoxyfenozide (RH-2485)

1.3.4.6 Flubendiamide

Flubendiamide (NNI-0001) is a new insecticide ardbglly co-developted by Nihon
Nohyaku Co., Ltd. and Bayer CropScience AG. Thespiastructure of flubendiamide was
originally discovered by Nihon Nohyaku during a Ieilde program on
pyrazinedicarboxamides in 1993, and the discovéryore potent substituents led to the
synthesis of the insecticide flubendiamide in 19P&ubateet al., 2007).

The public introduction of the new compound flubangide was in July 2005 (Nishimatsu
et al., 2005) and the first registration was obtainedhi@ Philippines in 2006, followed by
Japan, Pakistan, Chile, India and Thailand in 26G@Qifther registrations are expected all over
the world during this year, the new product willsm®d under the trade names ArfipBelt®,
Famé&, Feno§, PhoeniX and Takunfl (Hirookaet al., 2007).

Flubendiamide (Figureld) is a novel class insecticide of the chemical famof
1,2-benzenedicarboxamides or phthalic acid diamiddsbendiamide acts by selective
activation of the ryanodine receptor (RyR) in irtseinducing ryanodine-sensitive cytosolic
Ccd"* transients independent of the extracellulaf*Gamncentration (Ebbinghaus-Kintscher
et al., 2005 and 2007; Nauen, 2006).

The ryanodine-sensitive intracellular Caelease channels (commonly called ryanodine
receptors) are located intracellular. The functbthese specialized channels is the rapid and
massive release of €afrom intracellular stores, which is necessary fontraction of
muscles. In the case of flubendiamide, the compalisidipted the calcium regulation by an
allosteric mechanism (Ebbinghaus-Kintscéteal., 2005).

Since decades a natural product ryanodine is knawng¢h also acts on the ryanodine

receptor and exhibits insecticidal activity. Theanglderived alkaloid ryanodine or their
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semi-synthetic derivatives have shown weak inseletigroperties under field conditions, so
they arewithout economical importance on the insecticidekea(Jefferiest al., 1997).

Figurel3: Structure of flubendiamide (NNI-00p1

| O HC CH,

SO,CH,
NH

O

1.3.4.7 Flubendiamide a new tool on the insecticidearket

Flubendiamide is the first representative of a mé&@mical option for pest control belonging
to a novel class of insecticides, named benzenduigamides or phthalic acid diamides
(Nauen, 2006). The chemical structure of flubendii@mis unique for insecticides and
contained three characteristic parts: a phthalogiety, an aromatic amide moiety and an
aliphatic amide moiety (Tsubaghal., 2007).

The new insecticide is extremely effective espécedainst a broad-spectrum of lepidopteran
pest species and shows an outstanding larvicidizdtgd Tohnishiet al., 2005; Nauen, 2006;
Hirooka et al., 2007). After flubendiamide treatment, lepidoptedarvae show a unique
symptomology of poisoning: the body control is lastd a complete and irreversible
contraction including a feeding stop occurs.

Fubendiamide is classified as the first memberhef new group 28 (ryanodine receptor
modulator) within the IRAC (Insecticide Resistandetion Committee) mode of action
classification scheme (Nauehal., 2007). The IRAC classification scheme was inticzt to
provide guidance for designing suitable resistamcanagement strategies, i.e. those
compounds belonging to different groups can berated in order to delay or avoid rapid
development of resistance in treated pest insastsv(irac-online.org).

The potent activation of ryanodine receptors resmlta fast initial efficacy in the insect, and
no cross-resistance to currently available insildsc yet detected (Nauest al., 2007).
Additionally, flubendiamde shows an exellent biotad and ecological profile (Hall, 2007;
Hirookaet al., 2007).
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Consequently, flubendiamide will be an excellemi for controlling lepidopteran insects as a
part of insect resistance management and integpstdmanagement programs as suggested
by Naueret al. (2007).

Additionally, it has been shown that phthalic acthmides are specifically active on
ryanodine receptors in insects and that they haweaffiect on mammalian ryanodine
receptors, resulting in a favourable toxicologicaprofie of flubendiamde
(Ebbinghaus-Kintscheat al., 2005).

1.4 Resistance

One important problem in agriculture is the develept of pest resistance to pesticides with
a great practical and economic significance fomgms and industry worldwid&esistance is
defined by the World Health Organization (WHO) &e tdevelopment of an ability in a
strain of an organism to tolerate doses of toxiedamth would prove lethal to the majority of
individuals in a normal population of the specig8Vorld Health Organization, 1957).
Another definition is given by Insecticide Resistan Action Committee (IRAC -
www.irac-online.org) they defined insecticide rémice as “a heritable change in the
sensitivity of a pest population that is reflectedhe repeated failure of a product to achieve
the expected level of control when used accordinthé label recommendation for that pest
species”.

Resistance development is usually a consequencatofal selection; an insecticide prevents
susceptible individual insects from reproducingvieg only those individuals carrying the
genes for resistance. The chance of a resistaiseeatses considerably through the misuse or
overuse of insecticides against pest populations, @@sults in the survival of resistant
individuals and faster evolution of resistant papioins.

Actually, insecticide resistance is documented amynarthropod pest species, and is one of
the major problems for the control of agricultuyadind medically important pests (Zlotkin,
2001). Before the 2Dcentury only anecdotal cases of resistance irraptil pest species
were recorded. The first well-documented case sédticide resistance was reported in 1908
(Forgash, 1984). Since the first report, the numiiferesistant arthropod pest species is
increased significantly (Figure4). The origin of the data combined information cfdeghiou
and Lagunes-Tejeda (1991) and records in the “Apbd Pesticide Resistance Database”

(APRD - www.pesticideresistance.org).
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Figurel4: Chronological development of resistance casess#cts and mites over the last
six decades. Graph taken from Gullan and Cran005).
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Initially between 1908 and the mid-1950s the nunddeesistant arthropod pest species grew

slowly, but then increased greatly in numkegoprox. 15 new resistant species per year) due
to the widespread use of synthetic insecticideslayanore than 500 arthropod pest species
are known to be resistant to at least one inséetior acaricide (Gullan and Cranston, 2005)

and more than 2,600 single cases are detectedamemethropod species was resistant to one
or more pesticides (APRD).

Especially for pest lepidopterans many incidendesesistance cases were reported so far,
e.g. 70, 113 and 468 resistance cases for theegf@xigua, H. virescens andH. armigera,

respectively (APRD).

1.5 Overview of resistance mechanisms in insects

There are several ways that agricultural pests eogress resistance to insecticides. The
intoxication of an insect by an insecticide comgsisfour levels of pharmacological
interaction: behavioural modification, reduced peateon or absorption of the toxicant,
biochemical detoxification mediated by specializ@ymes and finally aeduction in the
sensitivity of the target-site (Feyereisen, 1999de&lund, 1997). In reality, the major
mechanisms of insecticide resistance are enzymedhetoxification and mutation within the
target-site (Hemingwast al., 1999).

It is possible that pest species develop more ¢im@nof these mechanisms at the same time or
the mechanism acts (e.g. biochemical metabolisminore than one group of insecticides,

and resulting in a cross-resistance.
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1.5.1 Penetration and behavioural resistance

Physiological changes are basic reasons of thetina¢ina resistance phenomena. One way is
that the resistant insect may absorb the toxin eftoas a susceptible individual, caused
through an altered composition of waxes in thecteitiThe other ways of physiological
detoxification are the sequestration or acceleraeretion of the insecticide (Gullan and
Cranston, 2005). In some cases, the indettcts or recognizes the insecticide (e.g. neem)
and avoid the toxin, called repellent-effect (Gulénd Cranston, 2005).

These resistance mechanisms are least importayt;usually are present along with other

forms of resistance and contribute to higher rasst levels (reduced susceptibility).

1.5.2 Metabolic resistance

A more common mechanism of resistance is the broated detoxification of chemical
compounds (also called metabolic resistance) medliay specialized enzymes and leading to
the formation of less toxic metabolites.

Tree enzyme systems, microsomal cytochromg-d&pendent monooxygenases, esterases,
and glutathione S-transferases, are commonly imebla the detoxification of a wide range
of insecticides. Increased metabolism can resaoih fmodification of existing enzyme forms,
making them more suitable for degradation of ins@tg#s, and on the other hand through
factors leading to increased production of detoaiion enzymes which in susceptible insects
occur in much lower quantities (Hemingwetyal., 1999; Siegfried and Scharf, 2001).

1.5.2.1 Glutathione S-transferases

Glutathione S-transferases (GSTs; EC 2.5.1.18) ardamily of ubiquitous, soluble
(cytosolic), multi-functional and mostly dimericames. This group of enzymes is found in
most aerobic microorganisms, plants and animalsluding insects (Armstrong, 1991;
Soderlund, 1997). GSTs catalyze conjugations bijiteting the nucleophilic attack of the
sulfhydryl group of endogenous reduced glutathi@®8H) on electrophilic centers of a vast

range of xenobiotic compounds (Armstrong, 1997ufaed5).
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Figurel5: Glutathione S-transferase mediated conjugation tleé artificial substrate
1-chloro-2,4-dinitrobenzene with GSH

GST
cl NO, + GSH —» GS NO, + Cl + HY

1-chloro-2,4-dinitrobenzene 2,4-dinitrophenyl-glutathione
(Detection: 340nm)

Many hydrophobic, endogenous and foreign substainekiding insecticides) form with
GSH more water-soluble conjugates (phase Il meshd| and so facilitate the detoxification
and subsequent excretion of the substances frowrgfamism/insect (Suet al., 2001).

GSTs were to be involved in the detoxification everal chemical classes of insecticides, i.e.
organophosphates, carbamates, pyrethroids andirdtied hydrocarbons such as DDT
(Sunet al., 2001). GST-based resistance to insecticides wasritbed to be caused by the
increase in the level of expression of one or MB&T genes, but the molecular genetic
mechanisms responsible for this up-regulation ¢ivég has not yet been resolved in detall

(Feyereisen, 1995; Hemingway, 2000).

1.5.2.2 Carboxylesterases

Carboxylesterases (CEs; EC 3.1.1.1) are importgdriotases for the detoxification of various
endogenous and exogenous substances. This largly fahenzymes can be characterised
based on their electrophoretic mobilities or intubiand substrate specificities (Dauterman,
1985; Soderlund, 1997). Insect CEs play an importale in the biotransformation and

detoxification of exogenous structures - like irisgdes - by hydrolysing them. The detection
of the CE activity is often detected using the mwsecticidal 1-naphthyl acetate as an
artificial substrate in a colourmetric biochemieakay (Figurd6). In many insect species, it

has been reported a correlation of higher enzyntwitgcand resistance to insecticides
(Pasteur and Georghiou, 1989; Soderlund, 1997).
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Figurel6: Hydrolysis of 1-naphthyl acetate (artificial stiase) catalysed by

carboxylesterases
I
OJ\ OH
CE
e —— + H;C-COOH
-H,0
1-naphthyl acetate 1-naphthol (Detection: 450nm)

Resistance to organophosphates, carbamates anthrpide is confered by an enhanced
detoxification or sequestration by CEs, since nobshem containing an ester moiety in their
chemical structure (McCaffery, 1999; Hemingway, @00 Esterase-based insecticide
resistance mechanisms can involve gene amplifica®a reason of higher CE activities in

resistant pest populations (Feyereisen 1995; Sautril997; Hemingway, 2000).

1.5.2.3 Cytochrome Bsrdependent monooxygenases

Cytochrome Rgrdependent monooxygenases (monooxygenases; EC 14.14. are
ubiquitous enzymes and found in all aerobic orgasjsbacteria, plants, mammals, birds and
insects (Bergéet al., 1999; Scott, 1999). There are different termsdugestead of
monooxygenases, i.e. they are also known as muectibn oxidases or polysubstrate
monooxygenases. Cytochromggdproteins - an important superfamily - are hemetaiomg
proteins, named for the absorption band at 450nntheifr carbon-monoxide-bound form
(Werck-Reichhart and Feyereisen, 2000).

Monooxgenases catalyse a variety of oxidative reastwith a significant diversity of
endogenous (e.g. steroids, hormones, fatty actdsgtsres or exogenous substrates such as
pesticides, plant toxins and drugs (Hodgson, 1988it, 2001). The general stoichiometry of
the enzyme group is, S + NADPH + H O, > SO + NADP + H,O. The catalyzed chemical
reactions include hydroxylation, epoxidation, O-,&hd S-dealkylation, N- and S-oxidations
and others (Bergét al., 1999; Feyereisen, 1999).

Insect monooxgenases are found in many tissuedath®ody, Malpighian tubules, and the
midgut are usually a rich source of enzyme actiffitpdgson, 1983; Scott, 1999). The insect
subcellular distribution of f, systems particularly revealed activity in microgsm
(endoplasmic reticulum-bound), but it has also thbun mitochondria (Hodgson, 1983;
Feyereisen, 1999).
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Many model substrates were widely used for thehl®aucal detection of the monooxygenase
activity in insects, e.g. p-nitroanisole, methoayd ethoxyresorufin. One sensitive and rapid
system is the use of 7-ethoxycoumarifrigure 17) to measure fluorometrically

monooxygenase activity via O-deethylation, espcialsingle insects (Berget al., 1999).

Figurel7: Monooxygenase-mediated O-deethylation of 7-etbhowynarin (artificial

substrate)
X NADPH+H", o, X
- + H,C-CHO
HsC,0 0 o] -H0 HO 0 o]
7-ethoxycoumarin 7-hydroxycoumarin

(Detection: Excitation 390nm
Emission 465nm)

Regulatory changes appear to be involved in metahbelsistance, and in those cases
monooxygenases often confer resistance to manysedaf insecticides, including
organophosphates, carbamates, pyrethroids and dhigsynthesis inhibitors (Scott, 1999;
Feyereisen, 1999; Siegfried and Scharf, 20@tlls common that many cases of metabolic
resistance to insecticides are the result of edelvivels of monooxygenases. Polymorphisms
in induction or constitutive expression allow inseto develop resistance against insecticides
(Feyereisen, 1995 and 1999; Bedj@l., 1999; Scott, 1999). One recent result of studies
the molecular level is that gene amplification does appear to be involved in mechanisms
for over-expression in houseflies (Scott, 1999).

1.5.3 Altered target-site resistance

The second most common resistance mechanism isedilt@rget-site resistance. The

target-site where the insecticide usually bindsewmgdes a genetically-based modification for
example by single-nucleotide polymorphisms leadmg change in the amino acid sequence
within the binding region of the target protein (fan and Cranston, 2005).

1.5.3.1 GABA receptor: target-site resistance to cjodienes

Studies on molecular level have identified pointtations associated with target-site
insensitivity in genes encoding insecticide targéise example is the GABA-gated chloride
channel in post-synaptic nerve membranes, the rgndite of cyclodiene compounds

(Feyereisen, 1995; Bloomquist, 2001). The GABAceptors in insects are heteromultimers,
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and only a few types of subunits are identified anestigated (Bloomquist, 2001). Tkell
(resistance to dieldrin) subunit is well characted, and a single common point mutation
(alanine to serine at position 302) results instasice to cyclodiene insecticides in several
insect species (Feyereisen, 1995; Soderlund, 102@e and Akamatsu, 2001). However, in
two insect species a different mutation was desdrilvesulting in an alanine to glycine
replacement (Feyereisen, 1995; Bloomquist, 2001).

1.5.3.2 Insensitive AChE: target-site resistance twarbamates and organophosphates

Acetylcholinesterase (AChE; EC 3.1.1.7) is a keygyame in the insect nervous system,
terminating neurotransmission by the hydrolysighef neurotransmitter acetylcholine.

AChE is the target-site of inhibition by organopploate and carbamate insecticides, and if
this hydrolysis does not take place, build-up aétgicholine occurs and leads to repeated
firing of neurones and ultimately death of the oigdcCaffery, 1999; Gunning and Moores,
2001).

In insects, AChE exists in one main form as a diabdisulphide-linked dimeric protein
(ca. 150 kDa), and linked to the membrane via adiyid anchor. The active site of AChE
contains two subsites, first the esteratic catalgtie with a characteristic catalytic triad of
amino acid residues (serine, glutamic acid, hisayliand second the anionic site responsible
for the choline-binding (Fournieet al., 1992; Fournier and Mutero, 1994; Gunning and
Moores, 2001).

It is well-known that an altered AChE is one of tmeajor mechanisms of the
organophosphate and carbamate resistance. At dateerous insect species, including
noctuid pests, have altered AChEs, which corresgomésistant insects. Strains containing
AChE with reduced sensitivity are showing modifiedecticide binding characteristics or
catalytic properties towards substrates and intiii(Fournier and Mutero, 1994; McCaffery,
1999; Gunning and Moores, 2001). The first casa afodified AChE (and indeed the first
case of target-site insensitivity at all) was ddwea in a spider mite strain with decreased
sensitivity to organophosphates (Smissaert, 1964).

A simple, colourimetric assay for the determinatidrAChE activity is the method according
Ellmanet al. (1961). The biochemical reaction using an arafigubstrate acetylthiocholine
iodide and dithionitrobenzoate produces a yellowowation in the presence of a small
amount of AChE (Figurd8). This technique can be used to detect an insensNChE by

inhibition studies using enzyme preparations fresistant populations.
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Figurel8: The artificial substrate acetylthiocholine iodidehydrolysed by AChEs, resulting
in liberated thiocholine iodide and formed by tlkeadation with dithionitrobenzoate
a coloured product, 2-nitro-5-thiobenzoate

O

M s " AChE

+ - - - -
HyC™ Y07 CH,-CHy-N (CHy)s » thiocholine iodide + acetate

acetylthiocholine iodide

~oocC COO™
thiocholine iodide  + OZNOS_S@NOZ —_—
CoOo™

2-nitro-5-thiocholine iodide benzoate + HS NO,

2-nitro-5-thiobenzoate (Detection: 405nm)

The basis of the modified AChE (MACE) is well-known several pest species. Molecular
studies have identified that point mutations asged with target-site insensitivity in genes
encoding the AChE confer structural modifications.

The phenomenon of insensitive AChE was intensivelyestigated in Drosophila
melanogaster. In this species, AChE is encoded by a uniqueddace), and different point
mutations were found and associated with reduceditsety in resistant strains, however
similar findings were made in other species (Faraind Mutero, 1994; Feyereisen, 1995).
Additionally, the co-existence of two or more mudats caused even higher levels of
insensitivity to organophosphates and carbamategrifier and Mutero, 1994). Recently, in
some insect species, such as diamondback rletiella xylostella (Baek et al., 2005), a
second non-homologouace-gene carrying mutations conferring AChE insengitiwere
identified. An AChE over-expression seems to b@@sd option for insecticide resistance
through increasing the amount of the enzyme, butrlpodocumented yet (Fournier and
Mutero, 1994).

1.5.3.3 Nerve insensitivity: target-site resistanc® pyrethroids

The primary protein structure, which displays tle@-pore of insect sodium channel, is
similar to the mammalian sodium channmesubunits, and the corresponding gene of the
insect nervous system is termgira. Voltage-gated sodium channels (vgSChs) are
transmembrane proteins; generating the action patenmn the neuronal membranes in most

excitable cells that are responsible for conductibelectrical pulses throughout the nervous
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system.This large glycoprotein (see Figui®) contains four repeated homologous domains
(I-1V), each having six membrane spanning segmitsto S6) connected by intracellular or
extracellular loops of amino acid sequences (\&isl., 2001; Dong, 2003). When such
channels are open, they generate a transiehtcilaent and lead to a depolarisation of the
membrane potential responsible for conduction efcteical pulses throughout the insect
nervous system. These channels are targets for matmyal and synthetic toxins, including
insecticides such as pyrethroids, DDT and oxadeifNarahashi, 2000; Vaés al., 2001,
Dong, 2003).

Intensive use of pyrethroids and DDT in insect oamnhas resulted in the evolution of
resistance in many insect species. One importachamsm that confers resistance to both
insecticides is reduced target-site sensitivitythe insect nervous system, which is also
known as knockdown resistance kdr (Vais et al., 2001; Zlotkin, 2001). This type of
resistance has been reported in a range of spduiesyas first and in detail studied in the
housefly Musca domestica), including the highly resistant variasiper-kdr (Farnhamet al.,
1987).

Molecular studies have identified thidr results from a mutation(s) in the voltage-gated
sodium channel gene of insects. In recent yeavgralemutations (some examples are given
in Figure19) associated witkdr or super-kdr resistance not only in the housefly (Williamson
et al., 1993), but also in some important pest specias waentified (Martinez-Torrest al.,
1997; Vaiset al., 2001; Dong, 2003).

Figurel9: A schematic diagram of a voltage-dependent (gatsmtium channel. The
positions €) of various mutations associated wktlr or super-kdr in agriculturally
or medically important arthropod species are mafkéatations taken from Dong,
2003).

V421M (H. virescens) T to | (P. xylostella, P. capitis) F to | (B. microplus)
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/ L to F/H/S (all insects)* kdr coo-
M918T (M. domestica, H. irritans) super-kdr

E434K (B. germanica)
C764R (B. germanica)

* L to F in M. domestica (L1014F), B. germanica
(L993F), H. irritans, P. xylostella, M. persicae,
L. decemlineata, An. gambiae and C. pipiens

L to H in H. virescens

L to S in An. gambiae and C. pipiens
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1.6 Resistance management

1.6.1 Cross-resistance

Resistance mechanisms rarely affect just one conthawsually they at least confer also
resistance to other members of the the same chemlaas, a phenomenon called
cross-resistance. Cross-resistance is differemh fnaultiple resistance, which occurs when
insects develop resistance to compounds of sevemaimical classes by expressing
non-specific or multiple resistance mechanisms.

Generally, insecticides within a chemical group sinaring a common mode of action. The
frequent application of compounds coming from oreug can dramatically increase the risk
of cross-resistance, and thus selecting for tesijetresistance. The “IRAC mode of action
classification scheme” is based on the groupinmedcticides through there modes of action
(see Table3). This knowledge is converted to a practical guidedesign an effective
insecticide resistance management (IRM) strategyder to minimise the use of compounds
of one group of action and will always minimiseestion pressure.

The metabolic resistance mechanisms are not lirtkethe specific mode of action of
insecticides, however chemical structures usuadldnto show a certain degree of similarity
when specifically binding to a target-site, andréiiere one resistance mechanism confer
cross-resistance in chemical classes.

Cross-resistance studies are important and resghoiss-resistance pattern, which in turn are
essential in order to fine-tune management recordatems, for example the alternation of

insecticides to avoid continuous selection forgame resistance gene or mechanism.
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Table3: Overview about insecticides used in this studygluding information about the
chemical group and mode of action. The scheme sedan the mode of action
classification developed by IRAC (Insecticide R&sise Action Committee).

Chemical Sub-group

’IA‘Ct'Ve. or exemplifying Primary Site of Action Group
ngredient : .

Active Ingredient
Flubendiamide Diamides Ryanodine receptor modulators 28
Deltamethrin Pyrethroids Sodium channel modulators 3A
Etofenprox
Carbofuran
Methomyl Carbamates 1A
Thiodicarb . N
Methamidophos Acetylcholinesterase inhibitors
Paraoxon-ethyl Organophoshates 1B
Triazophos
Endosulfan Cyclodiene GABA-gated chloride channel antagonists 2A

organochlorines

Hexaflumuron

. Benzoylureas Inhibitors of chitin biosynthesis 15

Triflumuron

Indoxacarb Indoxacarb Voltage-dependent sodium channel 22A
blockers

Emamectin Avermectins Chloride channel activators 6

Spinosad Spinosyns Nicotinic acetylcholine receptor allosteric 5
activators

Chlorfenapyr Chlorfenapyr Uncouplers of oxidative phosphorylation 13
via disruption of the proton gradient

Methoxyfenozide Diacylhydrazines Ecdysone receptor agonists 18

IRAC Mode of Action Classificationé/1 (2008)

1.6.2 Integrated pest and insecticide resistance magement

Many pest insects have developed resistance toaal lvariety of chemical classes during the
last five decades. Not only have resistant speitieseased greatly in number, but the
intensity and extent of some resistance problems ihareased alarmingly. Continued
selection with insecticides has allowed the suivefresistant populations, which have
generally proved difficult or sometimes even implolgsto control.

Today farmers have more tools to manage resistdwaceever: sophisticated crop protection
products, transgenic crops and Integrated Pest ¢éanent (IPM) techniques.

The IPM philosophy is to limit economic damage lhe trop and simultaneously minimize
adverse effects on non-target organisms in croppysgems, the surrounding environment
and on consumers of the end product for examplecrop rotation, pest-resistant crop

varieties and chemical attractants or deterrents.



Introduction 26

One important component of IPM strategies is Insild Resistance Management (IRM),
which involves three basic components: the monitoringpe$t complexes for population
density and trends, focusing on economic injuryeleeconomic threshold) and integrating
control strategies (e.g. application time).

Finally, the key to success is collaboration. Onhen all persons concerned - agrochemical
industry, entomologists, advisers and growers -vareking together it is possible to reduce

the risk of spreading and establishing of resistangest populations.
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2 OBJECTIVE

Crop protection is a research-based business andidlielopment of new compounds is
becoming more and more difficult. On one hand thenlper of (truly lethal!) insecticidal
target-sites is rather limited, and on the othemdhaew products must conform to high
standards, such as outstanding effectiveness, ceiuental safety, IPM compatibility and
economical properties.

Particularly, the registration procedure, before groduct is launched for full commercial
use, is seen to be the point at which resistarsgeassessment studies must be implemented.
Resistance risk analysis is a two-stage processioh the possibility of the development of
a resistance risk and its likely impact are evadat his should include strategies to avoid or
delay the appearance of resistance in the futugeuse of a newly registered compounds.
One special part of the present thesis was to geokaseline data, an efficacy profile incl.
pharmacokinetic investigations and cross-resistapatierns for the novel insecticide
flubendiamide in several lepidopteran speciesdath taken together should allow describing
an initial resistance risk assessment even befar&ehlaunch.

The second aim of the work was to investigate aestidbe the biochemical mechanisms
leading to multiple resistance commonly observea@ B exigua field strains coming from
under-glass vegetable growing areas in southermSpar the detection of detoxification
enzyme systems, such as monooxygenases, it wasrtanpado establish practicable
biochemical methods sometimes adjusted to eackttaest. The results are important for a
long-lasting resistance management strategy fonéwve compound, and should also provide

sustainable measures by including work on estadafisthnemistry.

The objectives of this study were:

» Investigate the biological efficacy profile of flabdiamide in two types of bioassay
(artificial diet, spray application) against larvaedifferent important lepidopteran pest

species such as boll- and armyworms.

» Extensive description of the possible cross-rest&apattern of flubendiamide in
lepidopteran pest species known to be resistantotopounds coming from diverse
chemical classes of insecticides. Such studiesldlyaun information for future rotational
strategies to manage insecticide resistance inguitlibendiamide.
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Assessment of the baseline susceptibility of laaubendiamide against different pest
lepidopteran strains (three different species)sTikinecessary for the determination of

diagnostic doses for resistance monitoring purposése future.

Design of an appropriate, simple, robust and rididhoassay method (test kit) for a
worldwide susceptibility monitoring to be used unfield conditions.

Initiation of a global resistance monitoring foulllendiamide in larvae @&. exigua and

H. armigera based on the designed diagnostic dose bioasddyittes

Investigate the insecticidal activity of deltamathrflubendiamide and triflumuron
combined with synergists against beet armywormaknin order to see if and to what

extent metabolic enzymes are involved in resistghemomena.

Comparative investigation of the penetration, taceion and excretion
(pharmacokinetic studies) of three radiolabelledetticides, i.e. ‘fC]deltamethrin,
[*C]triflumuron and }*C]flubendiamide, in an insecticide susceptible egsistant strain

of S exigua.

Establishment of sensitive biochemical methods &temnine the activity of four
important enzymes (acetylcholinesterases, glutaéhiB-transferases, carboxylesterases
and monooxygenases) commonly associated with aesistto established insecticides in

second-instar larvae & exigua.

Identification and description of possible biocheahi mechanisms of resistance in a

multi-resistantS. exigua strain from Spain.

Investigation of mechanisms of resistance to pyoadls in S. exigua using molecular
biology methods, through pyrosequencing-based tetecof single-nucleotide

polymorphisms known to confédr resistance.
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3 MATERIAL AND METHODS

3.1 Chemicals and insecticides

3.1.1 Chemicals and reagents

All chemicals were obtained from Sigma (Steinhei@grmany), except of 1-chloro-2,4-
dinitrobenzene (Acros, Geel, Belgium), 1-naphttodtate (Serva, Heidelberg, Germany), and
dithionitrobenzoate (Boehringer, Mannheim, Germamy) other reagents were of analytical

grade.

3.1.2 Insecticides and synergists

Chlorfenapyr, deltamethrin, flubendiamide, indoxadca methoxyfenozide, spinosad,
S,S,S-tributyl-phosphorotrithioate (DEF), and tnifluron were obtained in-house. The
insecticides endosulfan, etofenprox, hexaflumunoethamidophos, and triazophos were
purchased from Ehrenstorfer (Augsburg, Germany),eredis carbofuran, methomyl,
paraoxon-ethyl, profenofos, and thiodicarb were pied by Riedel de Haen (Seelze,
Germany). Piperonyl butoxide (PBO) was purchasehfAcros (Geel, Belgium).

The insecticide emamectin was a formulated commegmioduct (Affirnf, EC 1%) and

suspended in water only.

3.2 Lepidopteranstrains

The experiments were carried out on two strainthefbeet armywornt. exigua (Table4).
The UK susceptible strain (SPOD-EX S) was obtainelP89 and strain SPOD-EX E-98 was
originally collected from pepper in Almeria, Spa{h998). The cotton bollworm strain
HELI-AR and the tobacco budworm strain HELI-VI arasecticide-susuceptible and
maintained for many years under laboratory cona#ifrables).

All strains were maintained in the laboratory withansecticide selection under controlled
conditions in the dark at 27°C and 60% r.h., oraneal-based artificial diet.
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Table4: Strains ofSpodoptera exigua, Helicoverpa armigera andHeliothis virescens tested

Strain /
Species Abbreviation Origin Host Received
Spodoptera exigua SPOD-EX S United Kingdom - 1989
SPOD-EX E-98 Spain Pepper 1998
Helicoverpaarmigera HELI-AR “Agrevo” - 2000
Heliothis virescens HELI-VI “Hoechst” - 1993

Several studies were done with different larvatarns of the four strains. Early instars right
after ecdysis were used for bioassays, biochemteats and molecular biological
investigations. Fifth-instar larvae (16-24h aftedysis) were used for pharmacokinetic and

application (prefered mode of entry) studies (T&ble

Table5: Weight of the different larval instars of the fdapidopteran strains

Weight per larva + SD[mg]

1St 2nd 3I’d 4th 5th 5th
Strain Early instar after ecdysis 16-24h
SPOD-EX S 0.097 0.431 1.96 254 49.5 145.5
+0.005 +0.049 +0.07 +4.4 +6.4 +18.4
SPOD-EX E-98 0.074 0.374 1.49 22.2 46.9 128.2
+0.004 +0.072 +0.13 +4.4 +6.0 +12.3
HELI-AR 0.112 0.572 2.06 50.5 129.7 -
+0.011 +0.005 +0.23 +8.1 +16.3 -
HELI-VI 0.123 0.579 2.12 56.9 124.6 -
+0.005 +0.038 +0.34 +15.6 +14.8 -

3.3 Bioassays

3.3.1 Larval spray bioassay

The spray bioassay on larvae was carried out i@-avédll tissue culture plate system. Leaf
discs (2cm in diameter) were placed on a bed of &g litre™; 1ml), with the upper

leaf-side upwards.
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Leaf discs were cut out from maize plardeg(mays, var. “Prominent”) or cottonGossypium
hirsutum, var. “Tapladilla”) cultivated for three weekstime greenhouse at 231°C, 75% r.h.
and ambient photoperiod. The maize plants were uUsedS exigua, and cotton for
H. armigera andH. virescens.

Insecticide stock solutions were prepared by di@sgl 3 mg active ingredient in 480ul
acetone (incl. 2.56% of a 3:1 (v/v) mixture of Ndknethylformamide (DMF) and
alcylarylpolyglycolether (emulsifier W)), and died with water to 1g a.i. litte Further
dilutions steps (1:5) were prepared with 0.1% (v@mjulsifier W. A starting solution without
active ingredient served as internal control.

The insecticide solutions were applied using a tdilbased spray applicator (Zinsser
Analytic, Frankfurt, Germany). The automatic (ommdatic arm with a 4-channel system)
system sprayed 2.5ul solution per’ceorresponding to 250 | per hectare.

Subsequently, a singld'@instar larvae was transferred into each well ofaardried plate
(atleastn=12 in triplicate). The plates were covered withstie paper, sealed with a
ventilated lid and stored at RT in the dark. Aftér days, larvae were scored for

efficacy/mortality.

3.3.2 Larval artificial diet bioassay

Cylinders of artificial diet (height: 0.6cm; dianeet 1.5cm) were placed in 24-well tissue
culture plates. The stock solution of 1g litrevas prepared by dissolving 8 mg active
ingredient in 80ul of a 3:1 (v/v) mixture of DMF édiemulsifier W and diluted 100-fold with
water. Further 1.5 dilution steps were preparech wiater, and solvent treated cylinders
served to assess control efficacy. Twelve dietacldrs were applied each with 100ul solution
per concentration, and represented one replicdte.ekperiment was repeated at least three
times. One % instar larva was transferred onto each treatdéddast. The plates were covered
by tissue paper, sealed with a ventilated lid d@onded at RT in the dark. Percentage efficacy
was assessed after seven days. The compound flabedd was additionally tested on all

five instars (freshly ecdysed).

3.3.3 Worldwide monitoring

This monitoring-kit was developed to investigatesgible variations in the effect of
flubendiamide against field-collected populationsl daboratory strains of. exigua and

H. armigera.
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The test system is based on #m#ificial diet bioassay as described above (sacd@®.?.

A single diagnostic concentration was used, progdR9% efficacy (E6y) with the
laboratory strains. One “kit” consists of two 24Hwgates, i.e. one with untreated artificial
diet (control) and one plate with artificial digeated with a diagnostic concentration of
flubendiamide (1 mg litré).

Each plate was covered with self-adhesive film myrshipping, just for conservation and
protection during the transport. A tissue paper ancntilated lid were provided with each
plate to properly carry out the bioassay (FigeOe

The collectors were instructed to sample and teansfie larva to each well of the provided
plates (=24 per plate) and subsequently to store the piafeT (ca. 20-25°C) in the dark.
After six to seven days the number of larvae affiéavas scored. The field-collected larvae
used should be betweefi?and beginning of theBinstar (length: 3-9mm). Fourteen field
populations were collected from June to October420fbm Spain, Turkey, Thailand and
Mexico and tested. Additionally, four laboratoryrashs were tested from Australia.

Additional information are summarized in Appenéix

Figure20: Monitoring — Instruction scheme for collectorsahto use the monitoring-kit

0 0o 0 0 0 @ <«4—— 3. Ventilated lid

<4—— 2. Tissue paper

OO O

4— 1. 24-well plate

3.3.4 Application and synergism studies

In this experiment, % instar larvae, 16-24h old, were used (Tab)e Insecticides and
synergists were dissolved in acetone, and 0.5utisalwas applied on the dorsal thorax with
a Hamilton microsyringe and applicator (Reno, NVSA). The insecticides deltamethrin,
flubendiamide and triflumuron were diluted with toree, the resulting concentrations ranging
from 0 to 100% efficacy. For each concentration|atBae were treated, and each experiment

was at least replicated three times.
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For synergism studies, the larvae were treated RB® (30ug/0.5ul), DEF (15u9/0.5ul) and
profenofos (1pg/0.5ul) 2h prior to insecticide apgtion (see above Tab&®. Controls were
treated with acetone or synergist alone.

After application of the insecticide or acetonenfcol), the larvae were held individually in
24-well plates with artificial diet. Finally, theffieacy was assessed 7d after insecticide

application.

Table6: Synergists

Synergist Inhibitor of Conc. Structure
Piperonyl Mono- 30 pug <Oj©;\/
butoxide oxygenases o O g O
(PBO) (esterasesin

SOme species)
Profenofos Carboxyl- 1pg s\ﬁ/o

esterases )/ |

o]
r cl Br

S,S,S-tributyl- Esterases 15 ug S\(\P?/S
phoshorotrithioate \/r &
(DEF) %

3.3.5 Pharmacokinetic studies

Insect treatmentrifth-instar larvae (16-24h old) of strains SPOR-E and SPOD-EX E-98

were used for pharmacokinetic studies. Experimeiits flubendiamide were only carried out

on strain SPOD-EX SThe radiolabelled compounds (Table see also data sheets in
AppendixB) were dissolved in acetone to final concentratidiee larvaewvere treated with
2.5ng f*Cldeltamethrin, 25ng *{C]flubendiamide and 27ng™“C]triflumuron per larva
(sublethal dose). Aliquots (0.5ul per larva) in tace were applied dorsally with a
microsyringe and applicator (s8€3.4). For each time point six larvae were treatedogdain
one glass petri dish), and the experiments werkcedpd three times. After application the
larvae were provided with a small quantity of aiél diet, and the radioactivity was

recorded 2, 4, 8, 24 and 48 hours after treatment.
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Table7: Radiolabelled compounds (+ AppendiX

Radio- Total Spec.
Compound chemical Activity  Activity Structure
purity [KBq] [MBq]

! O H,C CH,

[phthalic acid 97.7 % 370 4.3
ring-UL-*'C]
Flubendiamide

NH
o
HN
:©\ _CF,
H,C CF

¢ [
CF,

H,

[benzyl‘C] 97.6 % 370  4.24 o
Deltamethrin BfWko . O\@
Br

[phenoxy-UL*C] 97.7 % 370 4.2
Triflumuron

o
o
-
o w@oca
H

* position of label

Estimation of non-penetrated radioactivitffhe amount of radiolabelled*C]-equivalents

which were not absorbed by the larvae cuticle vessayed at different elapsed time intervals
with the following procedure and quantified by lidscintillation counting (LSC):

Petri dishes were rinsed and washed with acetoxe2(l), and the washes were transferred
into scintillation vials. Each group of larva@=6) was washed in a scintillation vial,
containing 2ml acetone (“surface wash”) and thenaeed after 30 sec. This procedure was
repeated three times. The acetone samples (“p&thes’ and “surface wash”) were
evaporated to dryness and the residues were rbdidsm 2.5ml liquid scintillation cocktail
(Ultima Gold, Perkin Elmer, Rodgau-Jigesheim, Geiyhand measured by LSC (Beckman
LS 6500, Krefeld, Germany).

Estimation of internal and excreted radioactivity @dmbustion:The faeces of each time

point was collected in special paper cups (Sch&&Bchuell, Dassel, Germany). The faeces
and acetone-washed larvae (“internal”) were geditigd (60°C, 24h), and pressed to a pellet
form. The pellets were then combusted separatedy liological oxidiser (OX-500, Harvey
Instrument Corp., Hillsdale, NJ, USA). The libecht#CO, was trapped in scintillation
cocktail (Oxysolve C-400, Zinsser) and quantified.
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3.4 Biochemistry

3.4.1 Protein determination

The amount of protein in biological samples wasedrined with slight modifications

according to Bradford (1976). Briefly, 500ul sammlere added to 500ul of the Bradford
reagent (80 mg Coomassie Brilliant Blue G-250) alig=sd in 1 litre 3% perchloric acid,

Es6snm= 1.3-1.5). If less than 500ul sample was used/tiheme was adjusted to 500ul with
the appropriate buffer (depending on homogenatpgpa¢ion). After 5 min incubation the
absorbance at 595nm was measured in a photomelteosfpec 2000, Pharmacia Biotech,
Uppsala, Sweden). Protein concentrations were meted using a bovine serum albumine

(BSA) standard curve with concentrations betwe&pd.and 15ug.

3.4.2 Glutathione S-transferases

3.4.2.1 Standard photometric assay using 1-chloro4£dinitrobenzene as substrate

Mass homogenateThe GST activity was measured using 1-chloro-2tdibenzene
(CDNB) and reduced glutathione (GSH) as substatesrding to Nauen and Stumpf (2002)

in 96-well microplates. Twenty"2instar larvae were homogenized manually in 1m5BLO
Tris-HCL buffer (pH 7.5) and centrifuged for 5 mah4°C and 10,0@) The supernatant was
diluted 10-fold in assay buffer. The total reactiamiume per well of a 96-well microplate
was 300ul, consisting of each 100ul supernatagt lé@va equivalents), CDNB (containing
1% (v/v) ethanol) and GSH in buffer, giving final camtrations of 0.4mM and 4mM of
CDNB and GSH, respectively. The non-enzymatic reacof CDNB with GSH measured
without supernatant served as control. The chamgdsorbance was measured continuously
for 5 min at 340nm and 25°C in a Thermomax kineticroplate reader (Molecular Devices,
Sunnyvale, CA, USA). Changes in absorbance per teiwagre converted into pmol CDNB
conjugated/min/larva equivalent using the extincticcoefficient of the resulting
2,4-dinitrophenyl-glutathionezson.= 9.6 mM* cmi* (Habiget al., 1974).

Frequency distributionEach larva (¥ instar) was homogenised in 320u! assay buffer and

centrifuged. The supernatant was diluted 1:1, tiegpin 0.16 larva equivalents per well. The
subsequent activity measurement was performed sasided above. Totally, fifty individual

larvae were measured for each strain.
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3.4.2.2 Fluorometric assay using monochlorobimanesaubstrate

Mass homogenateGST activity towards monochlorobimane (MCB) wasede&tined in

96-well microplates as reported previously (Naued Stumpf, 2002). Figur2l shows the
reaction of MCB with the reduced glutathione (GStHat forms a stable fluorescent
glutathione adducts by GST.

Twenty 2° instar larvae were homogenized in 1ml HEPES buf@®65M, pH 6.8) and
centrifuged for 5 min at 4°C and 10,@00 he total reaction volume was 300ul per well, and
consisted of 50ul supernatant (equivalent of 1dgrgOul buffer, 100ul MCB (containing 1%
(v/v) ethanol; final conc. 0.2mM) and reduced dlhiane dissolved in 100ul buffer
(final conc. 2mM). Wells with buffer instead of srpatant served as control. After 20 min of
incubation (25°C, 400rpm on a shaker) the fluoneseavas determined in an endpoint assay
using a spectrofluorometer (Tecan, Crailsheim, Geyh at an emission wavelength of

465nm, while exciting at 390nm (gain 50).

Figure21l: Reaction of monochlorobimane and GSH catalysegliathione S-transferases

4¢ éﬁ + GSH - 4¢ # - ||+
N N
C SG

CH,CI

3.4.3 Carboxylesterases

3.4.3.1 Photometric assay with 1-naphthyl acetate

Mass homogenatéctivity of carboxylesterase (CE) was measuredhwiinor modifications

according to Granet al. (1989). Twenty 2 instar larvae were homogenised in 1 ml
sodium-phosphate buffer (0.1M, pH 7.6) containing%® Triton X-100. The homogenates
were centrifuged at 10,0§@nd 4°C for 5 min. The resulting supernatant whgetl 20-fold
and used as enzyme source. The substrate sto¢dloeatantained 100mM 1-naphthyl acetate
(1-NA) dissolved in acetone. Nine mg of Fast bluR Ralt was dissolved in 15ml of
sodium-phosphate buffer (0.2M, pH 6.0), the solutizas filtered and to a 10ml portion was
added 100ul 1-NA stock solution.
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For the determination of CE activity 25ul enzymerse (0.025 larva equivalents) and 25ul
sodium-phosphate buffer (0.2M, pH 6.0) were adaeedch well of a 96-well microplate.

The reaction was started by adding 200ul of thestsate solution. Reaction without enzyme
source served as control. The CE activity was moait over 10 min at 23°C using a
Thermomax microplate reader at 450nm.

Inhibition study with DEF:S,S,S-Tributyl-phosphorotrithioate (DEF) was uded the

inhibition of CE in vitro. The homogenate of'®instar larvae was prepared as described

above. DEF was tested at a final concentrationOOUM in three replicates. Twentyfive pl
enzyme source (0.025 larva equivalents) and 25jibitor solution (containing 1% acetone)
were pre-incubated for 10 min (25°C, 400rpm on aksh) and than the CE activity was
measured as described above. The positive corfuhl réaction rate) contained enzyme
source and 1% acetone in buffer.

Standard curveThe standard curve was designed by using diffecemicentrations of
1-naphthol (0.25 to 2.5nmol) in 250ul fast blue §4R-solution (1% acetone).

Frequency distribution: A single larva (2 instar) was homogenised in 200pl

sodium-phosphate buffer and centrifuged. The s@pem was diluted 5-fold and used as
enzyme source using the method described alyEdj.

3.4.3.2 nPAGE and inhibition studies

Native polyacrylamide gel electrophoresis (nPAGE)algsis was performed in a
NuPAGE®electrophoresis system (Invitrogen, Carlsbad, CASAY using 8-16%
Tris-Glycine Pre-cast gels (Imm x 10 well) accogdio the manufacturer’s instructions. Gels
were run at 125V for 4h on ice. The electrophoress carried out with Tris-Glycine native
buffer (Invitrogen) as running buffer.

Mass homogenates were prepared as described abhdve5al were applied onto the gel,
resulting in 1.5 larva equivalents per well. Thésgeere stained with slight modifications
according to Byrne and Devonshire (1993). The stgisolution consists of 0.2% Fast blue
RR-solution (30ml) containing 600ul 1-naphthyl atet(30mM in acetone). The gels were
stained for at least 20 min in the darkness, fixed% acetic acid and subsequently scanned
for documentation.

Inhibition studiesGels were pre-incubated for 10 min in 30ml 0.2Mism-phosphate buffer

(pH 6.0) including 300ul of acetonic inhibitor stin and also added to the solution during
the staining process. The inhibitors were testefthat concentrations ranging from 0.03mM
to 1mM (TableB).
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Table8: Chemicals and final concentrations for inhibitiohcarboxylesterases in nPAGE

gels

Inhibitor Final (Er(:]rﬁ]entration

Compound Deltamethrin 0.3
Etofenprox 0.03
Triazophos 0.3
Thiodicarb 0.1
Carbofuran 0.3
BW284c51 0.03
Eserine 0.3

Synergist PBO 1.0
DEF 1.0
Profenofos 0.1

3.4.4 Cytochrome Rsdependent monooxygenases

3.4.4.1 Fluorometric assay to measure 7-ethoxycounira O-deethylation

The cytochrome Rgrdependent monooxygenase (monooxygenase) activaly mveasured
with slight modifications according to Stumpf anciién (2001). The O-deethylation of
7-ethoxycoumarin (7-EC) was determined fluoromathycin microtiter plate format.
Fifth-instar larvaeMicrosomes were prepared from guts of freshly reslB” instar larvae.

The larvae were split longitudinally and the guterev dissected. The gut contents were
removed by gently squeezed out. The collected igaues were transferred into a Potter
homogenizer. Ten guts were pooled and homogeniped2f x 6s (on ice) in 5ml
sodium-phosphate buffer (0.1M, pH 7.6, 1ImM EDTA, MnDTT, 200mM sucrose) at
1,500rpm. The homogenate was centrifuged for 5 aitirb,00Q¢ (4°C). The pellet was
discarded and the resulting supernatant was cegédf again at 4°C for 15 min at 15,800
followed by a last ultra-centrifugation step at @@y for 60 min.

The microsomal pellet was resuspended in 300ulusogihosphate buffer (0.1M, pH 7.6)
and served as enzyme source. Fifty pul enzyme sodyce7-EC (final conc. 0.4mM) in
acetone and 39ul assay buffer were added intowelttof a 96-well microplate. The reaction
was started by adding 10ul of agueous NADPH (famdc. 1mM) and incubated for 30 min
(30°C, 400rpm on a shaker). Reaction without enzysoarce served as control. The
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self-fluorescent NADPH was removed by adding 10qdiaed glutathione (30mM in water)
and 10ul glutathione reductase (0.5 units).

After another 10 min of incubation (RT) the reantwas stopped by adding 120ul of 50%
acetonitrile in TRIZMA-base buffer (0.05M, pH 10)he fluorescence was determined in an
endpoint assay using a spectrofluorometer (Tecargnaemission wavelength of 465nm,
while exciting at 390nm (gain 70).

Second-instar larvae (decapitatedi): a second approach, monooxygenase activity was
measured using decapitated® 2nstar larvae as enzyme source. Mass homogendtes o
60 decapitated larvae were prepared manually ilib@fe-cold sodium-phosphate buffer
(0.1M, pH 7.6) with a plastic pestle. The homogegsatiere centrifuged at 10,@p@nd 4°C

for 5 min. Fifty pl supernatant (5 larva equivantvas used as the enzyme source and
measured as described above for microsomes.

Inhibition study with PBOThe inhibition study with piperonyl butoxide (PB@ps carried

out in homogenated obtained from decapitat&tirstar larvae. PBO was tested at a final
concentration of 1mM in three replicates. One pOP®lution was added to 50ul enzyme
source (5 larva equivalents) prior to 7-EC and NAD&ddition, and the monooxygenase
activity was measured as described above. Theiymsibntrol contained enzyme source and
1pl acetone.

Standard curveThe standard curve was prepared using 7-hydroxyadaanfumbelliferone)

in seven concentrations (1.6 to 100 pmol).

3.4.5 Acetylcholinesterases

3.4.5.1 Photometric determination of acetylcholingerase activity
Mass homogenateAcetylcholinesterase (AChE) activity was assaysthgi the procedure

described by Ellmaet al. (1961). Mass homogenates of 30 larvd¥ i(#star) were prepared
in 1ml 0.1M sodium-phosphate buffer pH 7.5, coritajn0.1% (w/v) Triton X-100. After
20 min solubilisation on ice, the homogenates veergrifuged at 10,0@0and 4°C for 5 min
and the resulting supernatant was used as the engguorce. Fifty pul supernatant (1.5 larva
equivalents) were added to 50ul assay buffer withiiton X-100 into the wells of a
mircotiter plate. Substrate solutions of acetylthioline iodide (ATChl) and
dithionitrobenzoate (DTNB) were prepared in sodipihosphate buffer (without Triton
X-100), giving final concentrations of 0.5mM eadlhe reaction was started by adding 100ul
each of ATChl and DTNB buffer solutions. Wells witluffer instead of ATChl served as
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control. The change in absorbance was measurethaouasly for 20 min at 405nm and 25°C
using a Thermomax microplate reader.

Frequency distribution: A single larva (3 instar) was homogenised in 100yl

sodium-phosphate buffer and centrifuged as destibeve. Fifty ul supernatant (0.5 larva
equivalent) was used as enzyme source using thieoohetescribed above. The Frequency
distribution was determined by using 50 individlzavae of each strain.

3.4.5.2 Inhibition studies and determination of kiretic parameters

Inhibition study — different inhibitorsStock solutions of BW284c51, carbofuran, eserine,

methamidophos, methomyl, paraoxon-ethyl and thartdicwere prepared in acetone and
diluted with buffer resulting in a concentration % acetone. The inhibitors were tested at
concentrations ranging from 0.003uM to 3000ifivial conc.) in three replicates. Fifty ul
enzyme source (1.5 larva equivalents) and 50ubbitdri (containing 10% acetone) were
pre-incubated for 10 min (25°C, 400rpm on a shaltied) the AChE activity was measured as
described above. The positive control (full reactrate) contained 50ul enzyme source and
50ul buffer containing 10% acetone. Thegd@alues were calculated Impn-linear regression
using GraphPad Prism 4.0 softwé@raphPad, San Diego, CA, USA).

Determination of kinetic parameteis;, andVmaxvalues of AChE were determined using 1.5

larva equivalents per well and different ATChI centrations (10uM - 3000uM final conc.).
AChE activity was measured as described abovekgnénd Vinacvalues were calculated

usingGraphPad Prism 4.0 softwausing the Michaelis-Menten equation.

3.4.6 Affinity purification of acetylcholinesterases

The AChE fromS exigua strains SPOD-EX S (660 mg) and SPOD-EX E-98 (38) was
purified using procainamide affinity chromatograpBgcond-instar larvae were collected and
homogenized for 3 x 8 s (on ice) in 2.5ml 20mM sodiphosphate buffer (pH 7.2),
containing 0.5% Triton X-100 using a Potter homaogen After 20 min solubilisation on ice,
the homogenate was centrifuged for 10 min at 1@{a0C). The pellet was discarded and
the supernatant was centrifuged again at 4°C fairbat 10,000.

After centrifugation the resulting supernatant $2n8 each) was filtered and desalted on
Sephadex G-25M PD10-columns (Amershan Bioscienoeiblirg, Germany), equilibrated
with the same buffer without Triton X-100. Afterwds; proteins were eluated using
manufacturer’'s guidelines. Fractions showing ACkkvay were combined and loaded on a

procainamide affinity gel column. Subsequently tbelumn was washed with 20ml
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sodium-phosphate buffer (20mM, pH 7.2). SeveramD.factions were then collected by
elution with sodium-phosphate buffer, pH 7.2 camtag 1M NaCl. The fractions with
acetylcholinesterase activity were combined andhltkxs on a PD10-column using a 20mM
sodium-phosphate buffer (pH 7.2). Those fractids@Ofl) containing AChE activity were
pooled for further analysis. During purificatiorgegylcholinesterase activity was measured in
each step as described above.

Inhibition studies and Kkinetic determinations witburified AChE: Carbofuran,

methamidophos and thiodicarb were used for inlwbitstudies with purified AChE; the
method was the same as described above.

Values ofK;, andVnax of purified AChE from twds. exigua strains were exactly determined
as described above for non-purified mass homogenate

In both experiments, the enzyme source consistecconfibined fractions of the last
purification step (second PD10-column). The colcetma AChE assay was carried out with
50ul and 20ul per well for strain SPOD-EX S andistSPOD-EX E-98, respectively.
SDS-PAGE with purified AChESDS-PAGE was performed in a NuPA&#ectrophoresis
system (Invitrogen) using the 4-12% Bis-Tris reawlgde NuPAGE-Gel (Invitrogen)

according to supplier recommended protocol. SeéBite Stained-Standard from
(Invitrogen) was used as molecular weight stand@els were run at 200V for 20 min, and
NuPAGE MES SDS running buffer was used. Aliquots poirified AChE from strains
SPOD-EX S and SPOD-EX E-98 were 10-fold concerdratising Centrifugal Filter Tubes
30kD (Eppendorf, Hamburg, Germany). As non-purifisdmples, mass homogenates
(1.5 larva equivalents per well) were prepared escdbed above and 25ul of the prepared
samples were applied onto the gel, finally contagni6.25ul enzyme source, 6.25ul LDS
sample buffer, and 2.5ul reducing agent per well.

Protein bands were visualized by staining with 0.84/) Coomassie Brilliant Blue R-250
solution. The dye was diluted in a mixture of metblaglacial acetic acid, water (45:10:45).
The gels were incubated for 1h and subsequentitaides (1h) with water containing 10%

acetic acid and 20% methanol.

3.5 Molecular biology

3.5.1 RNA extraction from Spodoptera exigua for sodium channel amplification

Total RNA was extracted from insect material (L& from each strain or a single larva,

3 instar) was frozen in liquid nitrogen, and homdged using a Mixer Mill (Retsch, Haan,
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Germany) (1 min, frequency: 25 §8c The powdered samples were filled up with 1ml
mixture (1:1) of hot phenol and buffer (80°C). Timaffer contained 1M Tris (pH 9), 0.5M
EDTA, 8M LIiCl and 20% SDS. After shaking some tilmehomogeneous mixture was
obtained and 500ul chloroform was added, followgalvigorous shaking over 30 min. The
samples were centrifuged at 13,§@hd 4°C for 10 min.

A phenol/buffer mixture (see above) was cooled dand 500ul of the “lower” phase and
500ul chloroform were added to the resulting sugiamis. After shaking for 10 min (RT) it
was centrifuged as described above and 600ul ofehdting supernatant was then added to
600u! chloroform and vigorously mixed for 5 min. eflkamples were centrifuged again at
12,00@ and 4°C for 10 min. After this centrifugation st&®0ul of supernatant was mixed
with 2001 8M LiCl. For RNA precipitation the sanaglwere stored at 4°C over night.

A subsequent centrifugation at 12,80@5 min, 4°C) resulted in purified RNA pellets ahe
supernatant was discarded. The pellets were wasited00ul 2M LICI (ice-cold) and twice
with 400ul 70% ethanol, dried on air and subsedueesuspended in 35ul sterile water.

In a second procedure the resulting sample wasaprdpusing the RNeasy Mini Total RNA
Isolation Kit (Qiagen, Hilden, Germany) includinglxNAse digestion step (RNAse-Free
DNAse set, Qiagen). Both kits were used accordithe manufacturer’s instructions.

RNA concentrations were determined photometridallg biophotometer (Eppendorf), using

1pl sample in 100ul water.

3.5.2 Synthesis of first-strand cDNA oBpodoptera exigua strains

The total RNA (5ug) was reversely transcribed isiogle stranded cDNA with the
SuperScript Il Reverse Transcriptase (Invitrogand an oligo (dT) primer (500ng) for
poly-A tailing. The reaction volume (20ul) contaihelso dNTP Mix (500uM each),
first-strand buffer, 50mM DTT and RNase OUT forstistrand cDNA synthesis. The
first-strand PCR was carried out with an anneaditegy at 25°C for 5 min, extension of the
first-strand at 50°C for 1h, and followed by in&eation of the reverse transcriptase (70°C for

15 min). Finally, the RNA was removed using RNas@ritrogen).

3.5.3 Polymerase chain reaction (PCR)

Several primers were designed from sequences fefelift insects, covering large parts of the
sodium channel o&. exigua. The sources and abbreviations of these primerggaen in
Table9. Several primer combinations were used includiifggr@nt annealing temperatures.

The cDNA fragments served as templates for subseduet start PCR amplification using a
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HotStarTag Master Mix from Qiagen. The primer P@Rction (30ul) contained 2mM MgCl
(final conc.), 2ul cDNA and 0.6ul each primer. TD&A polymerase was activated by
incubation at 95°C for 15 min. Thirty-five cycles amplification were carried out by
application of the following sequence: 1 min at@fdenature), 1 min at 45-56°C (anneal)
and 2 min at 72°C (extend). A final extension step 10 min at 72°C finished the PCR

reaction.

Table9: List of the primers used for PCR amplification

No. L?Sg;h Name Description Sequence 5’ - 3
261 21 Helioparar fromHeadet al. GTAGTCGAGGACAGTRCTKAA
(1998)
Amplifies linker 111-1V
in Heliothines
260 21 Heligparaf fromHeadetal. ACGACGCTATTGATTCNAGRG
(1998)
Amplifies linker 111-1V
in Heliothines
208 20 Sodium fromWang et al. GARGGNTGGAAYATHTTYGA
Channel (2003)
1S3 f Primer 4
207 19 Sodium from Wang et al. TTAARTTRTCHATHATNAC
Channel (2003)
S6 r
199 20 Insecta fromIngleset al. AGTGGHAACTATTTYTTCAC
Sodium (1996)
Channel f Degenerate primer
region 2509 - 2528
172 21 Insect Degenerate Oligo KSCCCAKCCTTGCCAGAANGG
Sodium for sodium channel
Channel r amplification
4271

Degenerate Sequence’ = G/A; K = G/T; N = A/G/CIT; Y =TIC; H=AICIT; S=GIC
r = reverse; f = forward

In order to obtain one single PCR fragment of #&rshing region (~2.4kb) the primers of the
first PCR reaction, 199f and 261r, were used further PCR (see Tab®. A hot start PCR
was used with slight modifications as describedvab&or the second reaction 3ul cDNA as
template was used. Thermal conditions were: tHivig-cycles of 95°C for 1.15 min, 45 or
50°C for 1.15 min, and final extension at 72°C2d0 min.

All PCR products were separated by preparativetrelgicoresis on agarose gels (15g Hre
and visualization by ethidium bromide staining (1D0).
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3.5.4 Cloning and sequencing of sodium channel fro8podoptera exigua

PCR fragments of expected size from both straif®O[3-EX S and E-98) were extracted
from the gel using QIAquick gel extraction kit (@&n). The resulting DNA was cloned into
PCR II-TOPO plasmid vector included in a TOPO TAo&hg kit (Invitrogen), and
transferred into chemical competent Top10 cellsi{lagen). Both kits were used according
to supplier recommended protocols. After cultured gourification of the plasmids by
mini-prep the insert-positive clones were identifley restriction enzyme digestiokBdoRI).
Then, two positive clones of each strain were sece in both directions. The plasmids
were sequenced using vector M13 forward and reyaiseers by automated DNA sequencer
ABI model 3700 (Applied Biosystems, Foster City, (G4SA) in the laboratory of Robert
Kratzer, Bayer AG. Resulting sequences were aligaed analyzed using Vector NTI

software program (Invitrogen).

3.5.5 Pyrosequencing

3.5.5.1 The principle of pyrosequencing

Pyrosequencing is a new high-throughput DNA seqgugnanethod for analysis of
single-nucleotide polymorphisms (SNPs) in gene emges, for example to diagnose
target-site resistance in single insects (Bentagal., 2004). The unique property of
pyrosquencing is that each allelic variant (homaxygg heterozygous) will give a specific
pattern compared to the two other variants. Thehatktis running in an automated
microtiter-based pyrosequencer instrument, whidowal a fast, accurate, flexible and
sensitive detection of SNPs (Ahmadsiral., 2000; Nordstronet al., 2000; Gut, 2001).
Pyrosequencing is a sequencing-by-synthesis mebas@d on the luminometric detection of
pyrophosphate released upon nucleotide incorparatio

The pyrosequencing reaction (Fig@® consists of a single-stranded, PCR amplified, DNA
template containing the SNP position. Additionatlye mixture contained a short annealing
primer, and four enzymes: DNA polymerase, ATP sylase, luciferase and apyrase. After
primer hybridisation, nucleotides were added stepvim a calculated and defined manner, if
it is incorporated into the new DNA strand pyropbitate (PP is released in proportion to
the number of nucleotides being incorporated. AlllRusylase quantitatively converted RB
ATP, and luciferase used the ATP to generate daikcilight. Real-time signals (height of

peaks in a pyrogram) are corresponded to the nupfldacorporated nucleotides. Unreacted
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nucleotides are degraded by the enzyme apyrasmsyiadl iterative addition of nucleotides
(Ahmadianet al., 2000; Bentinget al., 2004; Nordforst al., 2002).

Figure22: Principle of pyrosequencing reaction
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3.5.5.2 Pyrosequencing

The aim was the detection of the presence or absehmutations in the sodium channel
(called kdr- or super-kdr) in mass homogenates and single larvaeSoexigua strains
(SPOD-EX S and E-98). For analysis of this SNP @ggquencing reaction was performed
in a 45ul volume on an automated Pyrosequencer 6$n&trument (Biotage, Upsalla,
Sweden), following the manufacturer’'s instructioffhmadian et al., 2000; Alonet al.,
2006). The gene region of interest was amplifiechgiprimer 276 and the biotinylated
primer 277 (Tabld.0).
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TablelO: Designed primers for pyrosequencing reaction

Length

No. (bp) Name Description Sequence 5’ - 3’

276 18 S exigua Sense primer for PCR  TCTTCCTGGCTACAGTCG
Sodium amplification of a region
Channel of S. exigua

kdr Pyro f Na-channel Consensus
S3+S4T7-172

277 18 S exigua Antisense primer for GACAGTAACAGGGCCAAG
Sodium PCR amplification of a
Channel region ofS exigua
kdr Pyro r Na-channel Consensus
biotin S3+S4T7-172
278 15 S exigua Pyrosequencing CAGTCGTCATYGGCA
Sodium Primer
Channel
kdr Pyro f
Seq

Degenerate Sequenc#:=T/C
r = reverse; f = forward
biotin = primer is biotinylated at the 5’-end

As a template genomic DNA from mass homogenatengleslarvae was used, all material
was from & instar larvae. The extraction of total RNA was akacarried out as described
above (hot phenol extraction and RNeasy Mini T&BIA Isolation Kit). First-strand cDNA
was synthesized from total RNA (5ug) with the iftrcDNA Synthesis Kit (BioRad,
Munich, Germany). The reaction volume (20ul) comsisof 4ul Reaction Mix (5x), 1ul
iScript reverse transcriptase, nuclease free watdrthe RNA. The first-strand cDNA was
amplified starting with an annealing-step at 259€ 5 min, followed by 42°C for 30 min
(first-strand synthesis), and inactivation of thearse transcriptase (85°C for 15 min).

PCR reactions were done using Qiagen HotStar Thgrewase. The thermal cycling
conditions were 95°C for 15 min followed by 40 ®glof 95°C for 30 sec, 53°C for 45 sec,
72°C for 30 sec and a final extended incubatio@22C for 7 min. The biotinylated PCR
fragments were immobilized onto streptavidin be@lsarmacia Biotech), and the DNA was
denatured and the non-biotinylated strands werd&haway. After neutralization, heating to
80°C, and cooling to room temperature, the sequgngiimer 278 (Tabld0) was added to
the single stranded DNA-fragments, to prime theopgguencing reaction. A CCD camera
detected the emission of light resulting from nottée incorporation. The software used to
run the instrument run and analysis of the resylfigrograms was PS& 96MA 2.0 from
Biotage.

From each strain two mass homogenates and eigjle $arvae were analysed.
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3.6 Statistics and calculations

All bioassay results were corrected by the formafaAbbott (1925) and expressed as
% efficacy. ERg or EGogsogvalues and their 95% confidential intervals (CE®5were
calculated from probit regressions using the commpptogram POLO-PC (LeOra Software,
Berkeley, CA, USA). Based on the results, resisdactors (RF) were calculated by dividing
the EGg-value of strain SPOD-EX E-98 by the @alue of strain SPOD-EX S. Synergistic
factors (SF) were calculated by dividing the fgalue obtained without synergist by the
EDso-value obtained with synergist application prior itesecticide treatment. Generally,
averages were expressed as * standard error (SE).

The determination of statistical significance wamel by utilizing GraphPad Prism version
4.0 software (GraphPad software, San Diego, CA, JJS#gnificant differences between the
means of enzyme activity were evaluated by t-tast] P-values less than 0.05 were
considered to be significant. Different biochemicharacteristics of enzyme activities were
calculated and analysed using GraphPad Prism wedsbsoftware, and expressedin and

Vmaxvalues or IGg-values for inhibition studies.
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4 RESULTS

4.1 Bioassays

4.1.1 Baseline susceptibility of. armigera and H. virescens to different insecticides

The laboratory strains HELI-AR and HELI-VI serveal éstablish the baseline susceptibility
for several relevant lepidopteran insecticidesdsfihg a full range of concentrations in order
to compute dose-response relationships, and substguEGgvalues. Two bioassay
techniques, a leaf-disc spray application (Tdldleand an artificial diet bioassay (Taldlg),
were used and compared, for measurement of theaejfito twelve different insecticides in
2"%instar larvae. The susceptibility status of bottaies to all compounds has not been
exactly described yet; both strains were maintaingte laboratory since many years without
insecticide treatments, thus regarded as suscepéfdrence strains.

In the spray bioassay (Tablel), the benzoylphenyl urea triflumuron showed thedst
efficacy; on the other hand emamectin was the raoste insecticide against both strains
(HELI-AR and HELI-VI). The new insecticide fluberaanide and the pyrethroid deltamethrin
were slightly less effective than emamectin. Gdhgrathe EGgvalues of the
log-dose probit-efficacy lines ranged from ca. 0.08mamectin) to 880 mg litfe
(triflumuron). The rank order, as determined byirtheCsy-value was from the most toxic
compound to the least toxic. Three compounds etdiban EGyvalue greater than 70 mg
litre, triflumuron followed by the two organophosphatesthamidophos and triazophos.
Furthermore, three compounds ranging between ead340 mg litré, methoxyfenozide >
thiodicarb > endosulfan. The remaining six insedés are a very effective group against the
two strains HELI-AR and HELI-VI, and exibited E&values of smaller than 3 mg litte
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Tablell: Log-dose probit-efficacy data for several insgids against™ instar larvae of
strains HELI-AR and HELI-VI in a leaf disc bioassagated by spray application

(4d)
Compound Strain ECso Cl 95% Slope (SE)
mg litre’*
Flubendiamide  HELI-AR 0.079 0.07 t00.09 8.4 (0.89)
HELI-VI 0.087 0.08 t00.09 6.2 (0.68)
Deltamethrin HELI-AR 0.15 0.10 t00.24 2.4 (0.20)
HELI-VI 0.1! 0.10 tc 0.22 2.8 (0.26
Thiodicarb HELI-AR 12.7 11.4t014.1 4.0 (0.40)
HELI-VI 8. 7.1t 9.€ 2.5(0.20
Methamidophos HELI-AR 100.4 72.410139.9 2.6 (0.23)
HELI-VI 126.€ 106.9 tc 150.Z 2.8 (0.27
Triazophos HELI-AR 69.6 64.2t075.8 5.8 (0.62)
HELI-VI 136.: 119.8 t 157.1 3.0 (0.27
Endosulfan HELI-AR 17.6 15.21020.4 3.9 (0.36)
HELI-VI 39.( 33.6t(45.2 3.7 (0.50
Triflumuron HELI-AR 339.1 283.7 t0405.4 2.5 (0.23)
HELI-VI 880.¢ 646.0 tc 121¢ 2.4 (0.22
Indoxacarb HELI-AR 0.25 0.18 t00.42 3.5(0.31)
HELI-VI 0.1 0.15tc 0.1¢ 4.1 (0.37
Emamectin HELI-AR 0.049 0.032to 0.077 2.3(0.19)
HELI-VI 0.06. 0.037t0.11 2.5(0.22
Spinosad HELI-AR 2.1 1.4103.2 2.8 (0.27)
HELI-VI 0.6! 0.40 tc 0.9¢ 2.7 (0.23
Chlorfenapyr HELI-AR 0.92 0.63t0l1.4 2.2 (0.18)
HELI-VI 0.5 0.33tc 1.1 1.9 (0.15
Methoxyfenozide HELI-AR 8.8 7.1t011.6 3.7 (0.37)
HELI-VI 3.0 2.7tc4.C 2.2 (0.18

Furthermore, all twelve insecticides were alsoet@sh an artificial diet bioassay (Talle)
against both strains, HELI-AR and HELI-VI. Emamactvas also found in this bioassay
format to be the most toxic compound @g.013 mg litré") followed by flubendiamide <
deltamethrin < indoxacarb < spinosad < methoxyfeteyzall six insecticides showed an
ECso-value lower than 4 mg litte At the other extremé&riazophoswas the insecticide for
which the highest Efgvalue was recorded, i.e. 123 and 91 mg fitagainst HELI-VI and
HELI-AR, respectively. The efficacy level of theitth biosynthesis inhibitor triflumuron was
also relatively low, 76 and 71 mg littdECso) against HELI-AR and HELI-VI, respectively.
Furthermore, endosulfan, chlorfenapyr and methaptids represent a group of insecticides
with medium toxicity exhibiting EG-values of approx. 15 mg liffe

The comparison of the two heliothine species, rnexethat in general HELI-AR is either

equal (overlapping Cl 95%) or lesser susceptibda tHELI-VI, with the notable exception of
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endosulfan and triazophos in both types of bioasShypendiamide turned out to be a little
less active against both species when tested ibiciattdiet.

Tablel2: Efficacy of several insecticides againf mstar larvae of strains HELI-AR and
HELI-VI in an artificial diet bioassay (7d)

Compound Strain mgﬁtsr%'l Cl 95% Slope (SE)
Flubendiamide = HELI-AR 0.13 0.11 t00.16 2.8 (0.26)
HELI-VI 0.0¢ 0.08 t¢ 0.11 4.3 (0.56
Deltamethrin HELI-AR 0.20 0.17 t00.23 3.9 (0.41)
HELI-VI 0.19 0.16 t00.23 2.9 (0.28)
Thiodicarb HELI-AR 44.6 37.31t053.3 2.5(0.23)
HELI-VI 24.6 20.8t029.1 2.9 (0.27)
Methamidophos HELI-AR 16.4 13.1t020.7 4.6 (0.42)
HELI-VI 13.3 10.0t017.6 5.0 (0.48)
Triazophos HELI-AR 90.9 76.2t0108.3 2.6 (0.24)
HELI-VI 122.6 103.4t0145.6 2.8 (0.26)
Endosulfan HELI-AR 12.6 11.0t014.9 4.6 (0.57)
HELI-VI 29.5 16.9 t053.1 2.3 (0.20)
Triflumuron HELI-AR 75.5 65.6 t088.3 4.9 (0.48)
HELI-VI 70.7 61.6 t082.7 4.6 (0.47)
Indoxacarb HELI-AR 0.37 0.34t00.41 5.5 (0.69)
HELI-VI 0.20 0.09 t00.36 2.4 (0.19)
Emamectin HELI-AR 0.013 0.011t00.015 3.7 (0.50)
HELI-VI 0.014 0.012t00.016 3.4 (0.38)
Spinosad HELI-AR 1.7 1.1to2.7 2.5(0.22)
HELI-VI 0.73 0.60 t00.89 2.0 (0.17)
Chlorfenapyr HELI-AR 16.0 13.7t019.0 5.8 (0.63)
HELI-VI 14.2 12.3t016.8 5.2 (0.59)
Methoxyfenozide HELI-AR 3.58 3.1to4.2 3.7 (0.34)
HELI-VI 0.25 0.21 t00.28 4.0 (0.54)

4.1.2 Resistance pattern irspodoptera exigua strain SPOD-EX E-98

The spray and artificial diet bioassay were adddlty used to test cross-resistance pattern of
2" instar larvae of strain SPOD-EX E-98 in comparisorthe susceptible reference strain
SPOD-EX S. The generated dose-response data wedetoiscalculate Efg-values which
were taken for the determination of resistanceofgadf strain SPOD-EX E-98.

In Table 13, the results of the leaf-disc spray bioassay ammnsarized. Resistance to
deltamethrin and triflumuron was very high in str&dPOD-EX E-98 reaching RFs of 1063
and >84, respectively. Furthermore, both OPs maethgrhos and triazophos were less
efficacious in strain SPOD-EX E-98, and the reaglfRFs were 17.8 and 23.9, respectively.
Resistance factors calculated for indoxacarb (RE3)2Endosulfan (RF=4.1) and thiodicarb
(RF=6.4) were also moderate, but efficacy in th&stant strain SPOD-EX E-98 was still
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insecticides.

compared with the heliothine species tested irséime bioassay format.

good. Resistance was very lomith resistance factors below 1.8 for the remainfivg

Flubendiamide was very active against both strams no resistance was detected in strain

SPOD-EX E-98 (RF 1.5). Howeves, exigua larvae seem to be somewhat less susceptible

Tablel3: Log-dose probit-efficacy data and resistanceofactor several insecticides against

two Spodoptera exigua strains. Second-instar larvae were tested on desafs
treated by spray application (4d).

Compound Strain ECso 1 Cl 95% Slope (SE) RF*
mg litre
Flubendiamide SPOD-EX S 0.17 0.15t00.19 4.1 (0.37)
SPOD-EX E-98 0.26 0.20t00.35 3.2 (0.28) 15
Deltamethrin SPOD-EX S 0.15 0.131t00.17 3.0 (0.29)
SPOL-EX E-98 159.. 126.4 t 202.7 15(0.12 106:
Thiodicarb SPOD-EX S 23.9 20.2 t028.2 2.9 (0.28)
SPOL-EX E-98 151 115.5 t 192.¢ 2.6 (0.21 6.
Methamidophos SPOD-EX S 447 36.8 to54.4 2.1 (0.18)
SPOL-EX E-98 796.! 672.8 1( 945.¢ 2.8 (0.27 17.¢
Triazophos SPOD-EX S 7.1 5.91t08.6 2.4 (0.21)
SPOL-EX E-98 169.¢ 146.2 tc 194.¢ 3.0 (0.26 23.¢
Endosulfan SPOD-EX S 113.3 97.3t0131.0 3.9(0.38)
SPOL-EX E-98 463.¢  387.4 t(556.] 2.5(0.22 4.
Triflumuron SPOD-EX S 11.9 9.9t014.2 2.5 (0.22)
SPOL-EX E-98 > 100( > 84.(
Indoxacarb SPOD-EX S 0.16 0.13100.19 2.3 (0.20)
SPOL-EX E-98 3. 3.1t 3.8 4.2 (0.38 21.0
Emamectin SPOD-EX S 0.069 0.057 t00.083 2.3 (0.19)
SPOL-EX E-98 0.09 0.065t0.15 1.6 (0.11 1.
Spinosad SPOD-EX S 1.0 0.81t01.1 4.0 (0.412)
SPOL-EX E-98 1. 1.3tc24 2.7 (0.23 1.6
Chlorfenapyr SPOD-EX S 3.1 2.61t03.6 2.8 (0.26)
SPOL-EX E-98 3.4 2.1tc7.C 2.3 (0.20 1.
Methoxyfenozide SPOD-EX S 0.86 0.75t01.0 6.6 (0.63)
SPOL-EX E-98 1. 1.1tcl.€ 2.3 (0.19 1.6

*RF = resistance factor, determined by dividingEg, of strain E-98 by E§; of strain S

In the bioassay based on artificial diet (Tab#®, strain SPOD-EX E-98 showed a strong
resistance to the Type Il pyrethroid insecticiddtadeethrin (RF=708) and the non-ester
pyrethroid etofenprox (RF=44.8). Compared to st&HOD-EX S, SPOD-EX E-98 was also
>5.5 and 28.7-fold less susceptible to the OPs aneitophos and triazophos, respectively.
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One of the benzoylphenyl ureas tested, triflumurexpressed a high RF of >46.3, but
hexaflumuron exhibited a higher toxicity against tarvae of strain SPOD-EX E-98, and a
somewhat lower RF of 22.6 was determined.

Interestingly, the additionally tested carbamatebafuran showed a significant negative
cross-resistance (RF<0.3) in strain SPOD-EX E-98,not the other carbamate insecticide
thiodicarb (RF>5.7)Strain SPOD-EX E-98 exhibits low resistance to watarb (RF=3.7)
and but was not responsive to endosulfansgE@00mg litré"; RF>5.4). Several EC-values
and RFs were not exactly determined, because reaejfon larvae at higher concentrations
(e.g. 1000 mg litré) was recorded, e.g. endosulfan. Quite low, cresistance levels were
obtained for spinosad, chlorfenapyr and methoxyfetey and no significant differences in
efficacy to flubendiamide and emamectin were reednalative to the susceptible strain.

In general, the two bioassay types revealed similesistance patterns in strain
SPOD-EX E-98. In contrast to the spray bioassay ISotexigua strains are generally less
susceptible to the insecticides in an artificiadtdrioassay, a result that matches the finding

for the heliothine species.
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Tablel14: Efficacy and resistance of several insecticidgairest 29 instar larvae of strains
SPOD-EX S and SPOD-EX E-98 in an artificial dieddssay (7d)

Compound Strain ECso 1 Cl 95% Slope (SE) RF*
mg litre

Flubendiamide SPOD-EX S 0.21 0.17t00.24 3.2(0.31)
SPOD-EX E-98 0.17 0.14t00.20 3.7 (0.36) 0.8

Deltamethrin SPOD-EX S 0.12 0.10t00.14 2.5(0.22)
SPOL-EX E-98 85.( 59.8tc121.f 2.4 (0.21 70¢

Etofenprox SPOD-EX S 7.3 6.3t08.6 3.4 (0.39)
SPOD-EX E-98 327.1 274.51t0387.4 2.6 (0.21) 44.8

Thiodicarb SPOD-EX S 174.1 132.0t0209.5 4.3(0.51)
SPOD-EX E-98 > 1000 >5.7

Carbofuran SPOD-EX S > 2000
SPOD-EX E-98 595.3 444.4t0772.9 2.3 (0.17) <0.298

Methamidophos SPOD-EX S 183.0 137.410246.3 3.0 (0.30)
SPOD-EX E-98 > 1000 A >55
Triazophos SPOD-EX S 13.1 11.6 to14.7 3.3(0.32)
SPOD-EX E-98 376.0 338.0t0418.2 3.8 (0.36) 28.7
Endosulfan SPOD-EX S 186.7 120.1t0296.8  3.1(0.33)
SPOD-EX E-98 > 1000 >54
Triflumuron SPOD-EX S 21.6 18.2t025.7 2.7 (0.26)
SPOD-EX E-98 > 1000 > 46.3
Hexaflumuron SPOD-EX S 1.1 0.90t01.33 2.3 (0.20)
SPOD-EX E-98 24.9 20.5t030.4 2.0 (0.17) 22.6
Indoxacarb SPOD-EX S 1.1 0.93t01.26 3.9 (0.45)
SPOD-EX E-98 4.1 3.0t05.4 2.3 (0.18) 3.7
Emamectin SPOD-EX S 0.007 0.006 t00.008 3.4 (0.32)
SPOD-EX E-98 0.007 0.006 t00.009 2.8 (0.27) 1.0
Spinosad SPOD-EX S 14 1.0tol.7 3.5(0.33)
SPOD-EX E-98 2.5 2.2t02.9 4.5 (0.57) 1.8
Chlorfenapyr SPOD-EX S 12.3 10.7 to14.5 4.5 (0.57)
SPOD-EX E-98 21.6 18.6 t025.0 4.1 (0.39) 1.8
Methoxyfenozide SPOD-EX S 0.31 0.27100.36 3.4 (0.38)
SPOD-EX E-98 0.68 0.58t00.80 3.0 (0.28) 2.2

*RF = resistance factor, determined by dividingElg, of strain E-98 by E&; of strain S

The artificial diet bioassay showed, compared wvilie spray bioassay against all three
susceptible noctuid strains either equal or high€g-values. Except for methamidophos,
triflumuron and chlorfenapyr in strains HELI-AR ardELI-VI, and methoxyfenozide in

strain SPOD-EX S. However, the artificial diet ldeay proves to be a more simple and
robust than the leaf-disc spray bioassay, and fitreréhe artificial diet technique was used

for further investigations, e.g. the monitoringdstu
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4.2 Efficacy of flubendiamide

4.2.1 Baseline susceptibility and stage-specifictadty

Baseline monitoring of susceptibility of lepidomarstrains was done usinff hstar larvae.
Flubendiamide was used in the artificial diet bgzasin different concentrations, ranging
from 0 to 100% efficacy in the test system (seeaife@3). First, no significant difference was
observed betweers. exigua strains SPOD-EX S and SPOD-EX E-98, although rstrai
SPOD-EX E-98 shows resistance against several mtbecticides. Generally, the variation of
the EGg-values of flubendiamide between all four strairssvapprox. 2-fold, suggesting a
low degree of heterogeneity in response betweeciespéested. The order of flubendiamide
efficacy, expressed as Efvalues, of the strains was SPOD-EX S > SPOD-EX8E>9

HELI-AR > HELI-VI.

Figure23: Dose-response relationships for flubendiamideirsga?™ instar larvae of four
lepidopteran strains in an artificial diet bioas§ag)
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For the determination of the efficacy of flubendidenagainst all five developmental instars

of all four lepidopteran strains the artificial lli@oassay was chosen. Results are expressed as
ECse-values (incl. Cl 95%) and shown in Figuté

The results indicated that flubendiamide was acéigainst all instars, and the g&alues
increased gradually from theé'1o 5" instar for all four noctuid strains. The E&alues
determined for the different stages ranged roudisliyveen 0.07 and 1 mg littei.e. last
instar larvae are ca. 11-fold less susceptibléuteehdiamide than in thé'instar larvae.
Assessment of the relative susceptibility within iastar revealed that larvae from both

S exigua strains are not significantly different in thegsponse to flubendiamide. Strain
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HELI-AR is a little more susceptible than bo®hexigua strains, whereas strain HELI-VI

showed the highest susceptibility towards flubenmiiiz.

Figure24: Efficacy (expressed as EB&values) of flubendiamide against all larval stagés
Spodoptera exigua (strains SPOD-EX S and E-98)glicoverpa armigera (strain
HELI-AR) and Heliothis virescens (strain HELI-VI). The horizontal error bars
represent the Cl 95%.
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4.2.2 Worldwide monitoring

A global monitoring of flubendiamide susceptibilityas done in different field-collected
populations and laboratory strains &fexigua and H. armigera larvae (between"2 and
beginning of the "8 instar). For this purpose the artificial diet isay and one diagnostic
concentration of the novel insecticide flubendiaemdas used. The detailed procedure of the
monitoring bioassay was described in sec8dh3

The diagnostic concentration of flubendiamide chosebased on the effect against three
laboratory strains (Tabl&5). The EGs- and EGg-values of flubendiamide against the three
laboratory strains did not differ significantly el on overlapping of Cl 95%). The overall
composite EGrvalue was 0.98 mg litte (CI 95%: 0.71-1.52), and finally a diagnostic
concentration of 1 mg litfeflubendiamide was chosen for the worldwide monitgri
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Tablel5: Log-dose probit-efficacy data for flubendiamidheairtificial diet bioassays against
2"%instar larvae

Strain ECos 950 ECoo 950 Slope (SE)
mg litre mg litre
SPOD-EX S 0.68 0.541t00.96 112 0.82t01.75 3.15(0.31)

SPOD-EX E-98 0.47 0.38t00.61 0.71  0.55t01.02 3.72 (0.36)

HELI-AR 0.51 0.40t0 0.73 090 0.64t01.44 2.80 (0.26)

Composite 0.58 0.451t00.81 0.98 0.71t01.52 3.02 (0.29)

The efficacy monitoring was carried out in 5 coiedrand 14 field populations and
4 laboratory strains (Tabl&6;, see alscAppendixA) were tested. Twelve strains responded
fully susceptible (100% efficacy) to the diagnostioncentration of 1 mg litte Three
populations ofS. exigua and one laboratory strain Bif armigera showed a slight variation in
their response to flubendiamide (83 to 92% effi¢acy

The susceptibility of Spanish strains 8fexigua No. B (67%) andH. armigera No. A (65%)
was somewhat lower. Nevertheless, the combinecathymrcentage efficacy of all monitored

strains and populations was 93.2% (SD 11.6).
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Table16: Worldwide Monitoring: Efficacy of flubendiamidel (mg litré®) against larvae of
Spodoptera exigua andHelicoverpa armigera (+ AppendixA)

Dead or
. Date non- .
Species Country  No. Crop bioassay developed Treatment History
larvae
Spodoptera Spain A Melon 30/06/04 83% Nomolt
exigua (Teflubenzuron),

Mimic

(Tebufenozide)
B Eggplant  01/06/04 67% Match (Lufenuron),

Delfin (Bt?),

Alfa-cypermethrin
C  Cucumber 07/07/04 100% Pyrethroids

D Pepper  06/08/04  100% Bt?, Soap
E Pepper  30/08/04 88% Bt*
(Green-
House)
F Tomato 06/10/04  100% Lannate

(Methomyl)

G Tomato 06/10/04  100% Lannate, Bt, Decis
(Deltamethrin)

H Pea 26/10/04  100% Bt®+ Decis,

Spinosad,
Chlorpyrifos +
Decis

Thailand A Chinese 01/07/04 100% Multi-resistance

kale (OP’, Pyrethoids,

IGR)

Mexico A Corn 01/07/04  100% Chlorpyrifos

Turkey A Corn 23/06/04 83% No chemical

applied before

Helicoverpa Spain A Cotton 27/07/04 65% Endosulfan,
B Cotton 05/08/04 100% Endosulfan,
Methomyl

Turkey A Cotton 20/07/04  100% No chemical
applied before

Australia A Lab strain  09/06/04 92% susceptible
B Labstrain 09/06/04 100% Fenvalerate
C Labstrain 09/06/04 100% Bifenthrin
D Labstrain 09/06/04 100% Methomyl

2Bacillus thuringiensis, ® OrganophosphateSinsect growth regulators
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4.3 Application and synergism studies

The effect of three different synergists was tested deltamethrin, triflumuron and
flubendiamide efficacy on strains SPOD-EX S and BHEX E-98 (Tablel17). Both,
synergists and insecticides, were applied topicalty 16-24h old 8 instar larvae. The
synergist piperonyl butoxide (PBO) is a cytochroRgedependent monooxygenase
inhibitor, S,S,S-tributyl-phosphorotrithioate (DEBnd the organophosphorous insecticide
profenofos are known to inhibit carboxylesteraseviyg. All three synergists were used in
the highest possible concentration with no effectaxicity to the twoS. exigua strains, i.e.
30, 15 and 1 ug per larva for PBO, DEF and profesaespectively.

Strain SPOD-EX E-98 exhibited high resistance kv deltamethrin and triflumuron,
resulting in resistance ratos of 590- and >44-foldspectively. Interestingly, strain
SPOD-EX E-98 was slightly more susceptible to fluiamide compared to strain
SPOD-EX S, resulting in a resistance factor of 0.6.

Larval pre-treatment with synergists resulted iw to moderate synergistic effects (SF=0.8 to
3.5) to all three insecticides in both strains. ldger pre-treatment with PBO resulted in a
significant increase of deltamethrin efficacy imagst SPOD-EX E-98 (SF=30), suggesting
metabolic degradation via cytochromgdfdependent monooxygenases.

The lowest synergistic effect was observed forlutmfuron in strain SPOD-EX S, the
EDsg-value increased from 138ng/larva to 303ng/larvarupre-treatment with PBO. None of

the synergists reduced the resistance to triflumurcstrain SPOD-EX E-98.
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Tablel7: Synergistic effect of PBO (30 ug/larva), DEF (l®/larva) and profenofos
(1 pg/larva) on flubendiamide, deltamethrin andlumuron efficacy against
strains SPOD-EX S and SPOD-EX E-98%pbdoptera exigua

. Compound EDso 0 Slope . .
Strain + Synergist ng Cl 95% (SE) SF RF
SPOD-EX S  Flubendiamide 793 534t01192 1.7 (0.12)

+ PBO 224 146 to345 1.7 (0.11) 3.5

+ Profenofos 561 365 to863 16(0.11) 14

+ DEF 790 569t01105 1.8(0.12) 1.0
SPOD-EX E-98 Flubendiamide 458 248 t0825 1.7 (0.12) 0.6

+ PBO 231 145t0 375 1.6 (0.11) 2.0

+ Profenofos 513 33710780 1.7(0.11) 0.9

+ DEF 597 44010813 2.2(0.16) 0.8
SPOD-EX S  Deltamethrin 19 13to 27 2.2 (0.16)

+ PBO 10 7.1t014 2.6 (0.20) 1.9

+ Profenofos 80 54tol2 1.6(0.10) 24

+ DEF 12 9.7t016 1.7(0.11) 1.6
SPOD-EX E-98 Deltamethrin 11202 4637 t023857 1.3 (0.08) 590

+ PBO 373 212 t0692 1.7 (0.12) 30.0

+ Profenofos 11881 44521028087 1.2 (0.07) 0.9

+ DEF 10506  41321t022579 1.4(0.08) 1.1
SPOD-EX S  Triflumuron 138 118t0161 2.4 (0.18)

+ PBO 303 224 t0411 2.3(0.17) 0.5

+ Profenofos 68 52t088 1.8(0.12) 2.0

+ DEF 96 68 to 134 1.8(0.12) 1.4
SPOD-EX E-98 Triflumuron > 6000 > 44

+ PBO > 6000

+ Profenofos > 6000

+ DEF > 6000

*SF = synergistic factor, determined by dividing Big;, of strain without synergist by Epof
strain with synergist application
*RF = resistance factor, determined by dividingHEig, of strain E-98 by EE) of strain S

4.4 Biochemical assays

In many cases, the most important mechanism ofciitsgde resistance is the metabolic
degradation of chemical compounds. The enzymeshadoin the detoxification of
insecticides are usually overexpressed. Three neajpyme groups, i.e. esterases, glutathione
S-transferases and monooxygenases are normallyivedson metabolic resistance to
insecticides.

In the following part, these major enzyme familigere studied in botls. exigua strains
(SPOD-EX S and E-98).
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4.4.1 Glutathione S-transferases

4.4.1.1 Photometric assay in larvae mass homogemnate

In Figure 25 the glutathione S-transferase activity towardshibio-2,4-dinitrobenzene
(CDNB) is shown in box-and-whisker plots. No sigraht differences (p<0.05, t-test) were
observed between both strains when the activitglatathione S-transferases was measured
in mass homogenates.

The average glutathione S-transferase activitytrizirs SPOD-EX S (385 + 18 nmol/min/mg
protein) was slightly lower compared with strainCEREX E-98 (488 = 40 nmol/min/mg
protein), resulting in a 1.3-fold difference iniadtly.

Figure25: Glutathione S-transferase activity in mass homates (2 instar) of
Spodoptera exigua strains SPOD-EX S and SPOD-EX E-98 determined with
1-chloro-2,4-dinitrobenzene (CDNB) as substrate
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4.4.1.2 Frequency distribution of enzyme activity bsingle larvae

Glutathione S-transferase activity in individuakseptible and resistant larvag=$0) was
measured by conjugation of the artificial subst@ENB with GSH, and showed overlapping
Gaussian distribution curves of the two populatifFigure26).

Individual larvae of the susceptible strain SPOD-&Xhowed an activity range between 194
and 386 nmol/min/mg protein, expressing a quite ¢égenous Gaussian distribution of
activity. The resistant strain SPOD-EX E-98 exHdbita glutathione S-transferase activity
between 219 and 854mol/min/mg protein, thus resulting in a Gaussitridhution with a
higher maximum compared to strain SPOD-EX S. Hmafbrty-eight percent of the
individual larvae of strain SPOD-EX E-98 showed lataghione S-transferase activity

overlapping with those activities measured in thecsptible strain.
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The average activity in strain SPOD-EX E-98 (436otimin/mg protein) was only 1.6-fold
higher than that in strain SPOD-EX S (280 nmol/mig/protein). At the same time, the
results of glutathione S-transferase activity inssmiaomogenates showed a similar result,
1.3-fold difference between SPOD-EX S and SPOD-ESSE

Figure26. Frequency distribution of glutathione S-transéeractivity in 50 individual larvae
(2" instar) of strain SPOD-EX S and SPOD-EX E-98 Sphdoptera exigua
(Gaussian distribution for each strain on the ight
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4.4.1.3 Fluorometric assay with monochlorobimane

The results in Figur@7 show the glutathione S-transferase activity ole@iwith another
substrate, monochlorobimane (MCB), in the two ssaifS. exigua. Strains SPOD-EX S and
SPOD-EX E-98 exhibited a glutathione S-transferasgvity of 192 + 25 and 246 + 39
fluorescence units/20min/pg protein, respectivdlile more sensitive fluorometric assay
revealed also no marked differences (p<0.05, }-tedtveen glutathione S-transferase activity
in strains SPOD-EX S and SPOD-EX E-98, and sinyilaolthe results obtained with CDNB
as a substrate the difference between strains s@4 8.

However, using two different biochemical assays, significant differences in activity
between strains SPOD-EX S and SPOD-EX E-98 werendourherefore, glutathione
S-transferase activity as metabolic detoxificatmachanism was not further investigated in
this study.
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Figure27. Glutathione S-transferase activity measured wibnochlorobimane (MCB) in
mass homogenates d¥anstar larvae of strains SPOD-EX S and SPOD-EXSE-9
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4.4.2 Carboxylesterases

4.4.2.1 Standard assay in larvae mass homogenates

The enzyme family of carboxylesterases is ofteemieined in the literature in a photometric

assay using the artificial substrate 1-naphthykatee The released product 1-naphthol can
easily be detected upon binding to a diazonium (fast blue RR) at 450nm. The standard
curve is shown in Figur8 and was established with 1-naphthol using conagatrs

between 0.25 and 2.5nmol.

Figure28: Standard curve obtained for 1-naphthei3)
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Figure 29 shows the carboxylesterase activity in mass homaigs of strains SPOD-EX S
and SPOD-EX E-98 using 1-naphthyl acetate as@difsubstrate.
The carboxylesterase activity in strain SPOD-EX&(960 = 7 nmol/min/mg protein) was

2.7-fold greater than in susceptible strain SPODSEO0 + 7 nmol/min/mg protein).

Figure29: Carboxylesterase activity towards 1-naphthyl deetan mass homogenates
(2" instar) of strains SPOD-EX S and SPOD-EX E-88ndicates significant
differences compared with strain SPOD-EX S (p<Ot@8st,n=4))
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Additionally, the carboxylesterase activity in massnogenates was inhibited with a single
concentration of the esterase inhibitor DEF. Therage of the remaining activity in percent
(n=3) was determined using a pre-incubation (10 minjhe enzyme source with 100uM
DEF. The results were similar in both strains: 32% and 41 + 10% inhibition for strains
SPOD-EX S and SPOD-EX E-98, respectively.

4.4.2.2 Frequency distribution of enzyme activity single larvae

The photometric assay using 1-NA allowed the mesamsant the carboxylesterase activity in
individual 2 instar larvae, using 50 individuals each (FigB®g

The frequency distribution of esterase activity sttain SPOD-EX E-98 was scattered
(range: 77 to 238 nmol/min/mg protein) and 21 imdlnals overlapped with the more
homogeneous Gaussian distribution of strain SPODSEXvarying between 33 and 149
nmol/min/mg protein.

The individual larvae of strains SPOD-EX S and SPED E-98 showed an average

carboxylesterase activity of 77 and 159 nmol/min/prgtein, respectively: this was in



Results 64

average a 2.1-fold increase in the resistant ptipulaThese data are comparable with the

results of activity measurements of mass homogsriateoth strains.

Figure30: Frequency distribution of carboxylesterase aftivi measured  with
1-naphthyl acetate in strains SPOD-EX S and SPOIEE8 f=50).
Insert on the right: Gaussian distribution for each strain
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4.4.2.3 Carboxylesterase iso-enzyme analysis andhiipition visualised by nPAGE

Carboxylesterases are one of the important metakgitems. Therefore, it was decided to
have a close look at the characteristic enzymedhgrghttern of botls. exigua strains.

The carboxylesterase iso-enzyme banding patterns separated by native polyacrylamide
gel electrophoresis (NnPAGE) of homogenates f iistar larvae ofS exigua strains
SPOD-EX S and SPOD-EX E-98. Furthermore, vitro inhibitory effects of different
insecticides and synergists on separated esteaaseshown in Figur&l. The gels for the
inhibition study were pre-incubated for 10 min iaffer with potential inhibitors diluted in
acetone, and the different final concentrationsdigplayed in Tabl&. The carboxylesterase
bands were visualised using 1-naphthyl acetatal(Gonc. 0.6mM) as substrate and Fast blue
RR. The gels were not running simultaneously, tegyin small variations among banding
patterns and staining colours including the backgdo

There were some intriguing differences in the gainbanding patterns of carboxylesterase
NPAGE between strains SPOD-EX S and SPOD-EX E-88t(al in Figure31, panelA).
Most bands were common in both strains, the regigtain SPOD-EX E-98 lacked two
bands (black arrows) found in the susceptiblersti@n the other hand, strain SPOD-EX E-98
showed one small band and one with remarkably higtvity (red arrows); however, both
bands are lacking in strain SPOD-EX S.
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Three synergists were used for investigatiomaitro inhibition of carboxylesterases pattern.
PBO exhibited no inhibition of bands in both steat a final concentration of 1mM, but the
carboxylesterase inhibitor and organophosphateepodbs was quite active at a low
concentration (0.1mM) resulting in a complete inidim of all bands (both gels are not
shown).

The inhibition profile of the synergist DEF (finedbnc. 1mM) is shown in Figui&l, panelA.

In both strains, the upper part of the gel is sligand the lower part is completely inhibited.
Interestingly, in the resistant strain SPOD-EX Ee® band (red arrow) is unaffected by the
inhibitory potential of DEF.

The two used acetylcholinesterase standard ininghi®\W284c51 (final conc. 0.03mM) and
eserine (final conc. 0.3mM) exhibited no inhibitafect on the esterase nPAGE pattern in
both strains (gels are not shown).

Moreover, the effects of different insecticides &valso investigated on esterases separated by
NPAGEs. Two pyrethroids, deltamethrin (FiguB& panelA) and etofenprox (gel is not
displayed) did not show any effect on the enzymedbmy pattern in both strains, using final
concentrations of 0.3mM and 0.03mM, respectively.

As outlined in paneB of Figure31, the insecticide triazophos fully inhibited of fasnning
esterases in the lower part of the gels of bothirsty whereas carbofuran showed only a slight
inhibition potential in the same area. The secamtbamate thiodicarb also expressed only a

slight inhibition of esterases in the lower partlod gels.
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Figure31: In vitro inhibition in NPAGE gels of carboxylesterases tohias SPOD-EX S and
SPOD-EX E-98 ofSpodoptera exigua (1.5 larva equivalents per well) using

1-naphthyl acetate as substrate.
A. control, DEF (synergist) and deltamethrin (pyreitty
B. triazophos (OP), thiodicarb and carbofuran (caddias).
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4.4.3 Cytochrome Rsrdependend monooxygenases

4.4.3.1 Fluorometric assay with 7-ethoxycoumarin iisecond-instar larvae

Cytochrome Bdependent monooxygenase activity was determindd avhighly sensitive
method using the artificial substrate 7-ethoxycoumehich in the course of the reaction is
O-deethylated to the fluorescent product umbebifier (7-hydroxycoumarin).

The standard curve in FiguB2 shows linearity of the reaction between 1.6 an@d ol of

7-hydroxycoumarin.

Figure32 Standard curve obtained for 7-hydroxycouman=¥(
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The activity of cytochrome &r-dependent O-deethylation was detected in mass gemades
of decapitated larvae T instar) using the artificial substrate 7-ethoxymeuwin in a
fluorometric assay (Figurg3d); the detection of the monooxygenase activity gisiomplete
larvae was not possible.

The average activity in strain SPOD-EX E-98 (162@84 pmol/30 min/mg protein) was
significantly higher than in strain SPOD-EX S (1®837 pmol/30 min/mg protein), resulting
in a difference of 8.2-fold.

These results suggested that cytochromgrd&pendent monooxgenases are most likely

involved in the resistance mechanisms of the mnatistant strain SPOD-EX E-98.
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Figure33: Cytochrome Rsdependent monooxygenase (O-deethylation) actitatyards
7-ethoxycoumarin in decapitated‘dZinstar larvae of strains SPOD-EX S and
SPOD-EX E-98 A indicates significant differences compared withraist
SPOD-EX S (p<0.05, t-test=4))
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The O-deethylation activity was additionally inhdd by PBO, an inhibitor for cytochrome
Pssc-dependent monooxygenases, in b8thexigua strains. The average activity remaining
(expressed in %9=3) in the presence of 1mM PBO in the reaction orxtwas 67 £ 3% and
45 + 10% for strains SPOD-EX S and SPOD-EX E-98peetively.

4.4.3.2 Monooxygenase activity in isolated guts bfth-instar larvae

The activity of cytochrome Jrdependent O-deethylation was also measured inosoanal
fractions obtained from gut tissue of freshly ety8" instar larvae.

Microsomal gut fractions of strains SPOD-EX S an®O®-EX E-98 showed an
O-deethylation activity of 184 + 28 and 1076 + 55q/30 min/mg protein, respectively
(Figure34).
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Figure34: Microsomal O-deethylation activity in strains SPE&X S and SPOD-EX E-98
determined using 7-ethoxycoumarin as artificial sftdie. Microsomes were
prepared from guts of freshly ecdysell iBstar larvae. *(indicates significant
differences compared with strain SPOD-EX S (p<Ot@8st,n=4))
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4.4.4 Acetylcholinesterases

4.4.4.1 Standard assay in larvae mass homogenates

The acetylcholinesterase activity of the tf&cexigua strains measured in mass homogenates
(2" instar larvae) is shown in FiguBs. Strains SPOD-EX S and SPOD-EX E-98 exhibited
an average acetylcholinesterase activity of 784 1abd 1686 + 111 mOD/min/mg protein,
respectively. Thus the activity of acetylcholineat® was significantly lower (2.2-fold) in the
susceptible strain SPOD-EX S compared with theimestistant strain SPOD-EX E-98.
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Figure35: Acetylcholinesterase activity in mass homogenatieSpodoptera exigua strains
SPOD-EX S and SPOD-EX E-98"{anstar) ¢ indicates significant differences
compared with strain SPOD-EX S (p<0.05, t-tast))
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4.4.4.2 Frequency distribution of enzyme activity bsingle larvae

Acetylcholinesterase activity determination in widual larvae was conducted iff 3nstar
larvae of both strains. The susceptible strain SEEODS and the resistant strain
SPOD-EX E-98 could be clearly separated by theetydcholinesterase activity patterns
(n=50, frequency distribution) as shown in Fig@te

It seems that acetylcholinesterase activity in Isiigrvae was more homogeneous in strain
SPOD-EX S (315 - 752 mOD/min/mg protein). Howevier,strain SPOD-EX E-98 the
activity was more heterogeneous, i.e. ranging fi®#0 to 3144 mOD/min/mg protein.

The average activity in strain SPOD-EX S (512 mOiD/mg protein) was 3.5-fold lower
compared with the resistant strain SPOD-EX E-98641MmOD/min/mg protein). In
comparison, acetylcholinesterase activity measimedass homogenates di?2nstar larvae
was 2.2-fold higher in the resistant strain tharnhie susceptible strain, but the activities for

the two different instars ranged in the same area.
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Figure36. Frequency distribution of acetylcholinesterastvag measured in homogenates
of individual larvae of twoSpodoptera exigua strains. The sample size for both
strains was 50 larvae'f3nstar).

Insert: Gaussian distribution for each strain.
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4.4.4.3 Michaelis-Menten kinetics

Kinetic parameters of acetylcholinesterase wererdghed in mass homogenate&’ @star)
of the susceptible strain SPOD-EX S and the regissrain SPOD-EX E-98 using six
different concentrations of the substrate ATChld axpressed as Michaels-Menten plots
(Figure 37, left). Additionally, the observed data were plotted 1/v against 1/s
(Lineweaver-Burk plots) as shown in Figu@ (right). The Michaelis-Menten constar{()
and maximum velocityMmay Was determined for ATChl using Michaelis-Mentéotg.

The observed results revealed differences betwegams SPOD-EX S and SPOD-EX E-98.
Vmax reached 1299 + 144 mOD/min/mg protein in the nisaogenate of strain SPOD-EX S
compared with 2821 + 68 mOD/min/mg protein for gldtolinesterase of strain
SPOD-EX E-98, i.e. representing a 2.2-fold higlaivdy in strain SPOD-EX E-98.

Strain SPOD-EX S showed a 1.5-fold highgs-value (211 + 88uM) compared with strain
SPOD-EX E-98 (140 + 14uM), indicating an increase the affinity of the enzyme
acetylcholinesterase from strain SPOD-EX E-98.
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Figure37: Michaelis-Menten and Lineweaver-Burk plots (rigbt acetylcholinesterases from
Spodoptera exigua strains SPOD-EX S and SPOD-EX E-98 using six
concentrations of acetylthiocholine iodide (ATCAa$) substrate (Data and equation
of graphs are described in Appendix
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4.4.4.4 Acetylcholinesterase inhibition studies vitro

Acetylcholinesterase activity of mass homogenateabetwo S exigua strains (SPOD-EX S
and E-98) were inhibited the by several insectgid®Ps and carbamates) and two
non-insecticidal standard inhibitors (eserine aniZB4c51) and expressed assg@alues
(Table18; see also Appendi®).

In the case of OPs, strain SPOD-EX E-98 showed gh hinsensitivity factor to
methamidophos (IF=9.8) and a slight, but not sigaift IF to the second OP paraoxon-ethyl
(IF=1.4).

Interestingly, the carbamate carbofuran showeagaoinhibition of the acetylcholinesterase
in strain SPOD-EX E-98, indicating negative crossistance (IF=0.009). The results also
showed that acetylcholinesterase from strain SPGIEE8 was less sensitive to inhibition
by the other carbamates, methomyl and thiodicaxihjbéing IF-values of 9.2 and 4.6,
respectively. A slight negative cross-resistanaeSSBOD-EX E-98 acetylcholinesterase was
found also for BW284c51 (IF=0.7) and eserine (1B4Q.).
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Tablel8: ICso-values of different inhibitors (10 min pre-incuioe) for the inhibition of
acetylcholinesterase if%nstar larvae of strains SPOD-EX S and SPOD-EXSE-9

(+ AppendixD)
Compound / , ICso 0 *
Chemical Strain UM Cl1 95% IF
Carbofuran SPOD-EX S 54.0 44.7t0 64.4
SPOD-EX E-98 0.475 0.415t0 0.543 0.009
Methomyl SPOD-EX S 9.0 7.3t011.2
SPOD-EX E-98 82.3 55.2t0122.6 9.2
Thiodicarb SPOD-EX S 14.4 8.91023.3

SPOD-EXE-98 66.3 63.9t068.8 4.6

Methamidophos SPOD-EX S 156.0 109 to 223
SPOD-EX E-98 1534.0 893102636 9.8

Paraoxon-ethyl SPOD-EX S 6.9 48t09.7
SPOD-EX E-98 9.3 70t0123 1.4

Eserine SPOD-EX S 23.4 11.0to 49.5
SPOD-EX E-98 0.245 0.203t00.295 0.011

BW284c51 SPOD-EX S 0.028 0.024 to 0.034

SPOD-EX E-98 0.019 0.017t00.021 0.7

*IF = insensitivity factor, determined by dividinhe
G, of strain E-98 by IG, of strain S

4.4.5 Partial purification of acetylcholinesterases

Acetylcholinesterase (AChE) from strains SPOD-EXar8l SPOD-EX E-98 was purified
using procainamide affinity chromatography. For AQburification 2%instar larvae were
used. Purification data obtained from each isahatgiep of strains SPOD-EX S and
SPOD-EX E-98 are presented in Tabt

The losses of activity during the individual purdtion steps were similar in both strains,
except the elution profiles of the procainiamidindiy purification step (Figur&8). AChE of
strain SPOD-EX S was bound less to the matrix, ahowed only a total activity of
2122 mOD/min compared with 24719 mOD/min for str&ROD-EX E-98. This result
suggested that the AChE of strain SPOD-EX E-98 steWwigher affinity to the procainamide
affinity resin.

Finally, after three steps 2.4% and 13% of totalhEGCactivity were obtained from strains
SPOD-EX S and SPOD-EX E-98, respectively. For dtlewing experiments, i.e. kinetic and
inhibition studies, purified AChE samples with artidty of 993 + 29 mOD/min/mg protein
for strain SPOD-EX S and 8407 + 35 mOD/min/mg grofer strain SPOD-EX E-98 were
used.
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Tablel9: AChE purification scheme @&podoptera exigua strains SPOD-EX S (660 mg) and
SPOD-EX E-98 (330 mg)

. Volume . AChE Yield ’."OD’
Step Remark Strain [ul] activity total (%] min/mg
H [MOD/min] protein
supernatant® 660 mg S 235( 74088| 100.0
330 mg E-98 2350 119050 100.0
PD10 column’ : S 7500 54420| 73.5
all fractions
E-98 7500 100095| 84.1
delivered on - AChE S 7110 51590| 69.6
next step measurement g-gg 7110 94890 79.7
_ _ homogenate | S 3010 15867 21.4
procainamide E-08 4140 17222| 145
affinity column -
wash S 4250 270 0.4
E-98 5250 339 0.3
elution® S 4500 2122 2.9
E-98 7000 24719 20.8
delivered ]9” - AChE S 4365 2058| 2.8
next step from
elution P measurement g_gg 6510 22989| 19.3
PD10 column’ : S 13000 2007 2.7
all fractions
E-98 13000 21498 18.1
for further fraction 8-16 | S 4500 1790 2.4 993
experiments fraction 7-18 | E-98 5500 15450 13.0 8407
& 20mM sodium-phosphate buffer, pH 7.2, 1mM EDTA, %.5X10
® 20mMm sodium-phosphate buffer, pH 7.2, 1ImM EDTA
¢ 20mM sodium-phosphate buffer, pH 7.2, 1mM EDTA, 1rNiiCI

Figure38: AChE elution profile from strains SPOD-EX S an@dGD-EX E-98 using a
procainamide affinity column
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4.45.1 Michaelis-Menten kinetics

The enzyme activity (v) of purified AChE from stnai SPOD-EX S and SPOD-EX E-98
towards ATChl was estimated in the presence ofdgberent substrate concentrations (s).
The Michaelis-Menten constanK{) and the apparent maximum rate of hydrolysiga.{
obtained from Michaelis-Menten plots are preseimeeigure39.

The data in Figur89 show that th&/acvalue of the AChE in strain SPOD-EX E-98 (11015
+ 639 mOD/min/mg protein) was 10.7-fold higher thanstrain SPOD-EX S (1031 + 100
mOD/min/mg protein). In addition, the binding affinto the substrateK(-value) in strain
SPOD-EX E-98 (76 + 20uM) was higher compared t@istsPOD-EX S (117 £ 47uM).

In mass homogenates (see secdof.4.3 and purified AChE similar results iK,- and
VmaxVvalues between susceptible and resistant strare wleserved. These results indicate a
higher hydrolytic AChE enzyme activity in larvaestfain SPOD-EX E-98.

Figure39: Michaelis-Menten and Lineweaver-Burk plots (rigf affinity purified AChE
from strains SPOD-EX S and SPOD-EX E-98 using sbncentrations of
acetylthiocholine iodide (ATChl) as substrate (Datad equation of graphs are
described in Appendi&)
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4.4.5.2 Inhibition studies with purified acetylchoinesterases

Three different compounds, i.e. carbofuran, metHoand thiodicarb, were subjected to
inhibition studies with purified AChE from strainSPOD-EX S and SPOD-EX E-98;
inhibition parameters (I§g-values) for AChE are listed in Tal2@ (see als®\ppendixE).
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Both methomyl and thiodicarb were less effective ABhE from strain SPOD-EX E-98
(Table 20) and resulting in insensitivity factors of AChE nee7.8 and 4.2, respectively.
Similarly to the inhibition studies in crude homaogées carbofuran was found to be
negatively cross-resistant in strain SPOD-EX E{880.009), i.e. AChE was 113-fold more
susceptible to carbofuran compared with the enzyandied from strain SPOD-EX S.

In general, the inhibition studies using crude prapion and purified enzyme revealed similar

inhibitory patterns (I6- and IF-values) for carbamates in both strains.

Table20: Inhibition (IGso-values) of purified AChE from strains SPOD-EX Sdan
SPOD-EX E-98 by three insecticides (+ Append)x

Compound : IC 50
/ Chemical >tran UM

Carbofuran SPOD-EX S 43.1 33.6t055.3
SPOD-EX E-98 0.383 0.372t0 0.394 0.009

Cl1 95% IF*

Methomyl SPOD-EX S 7.0 4.8t010.2
SPOD-EX E-98 54.3 36.6t080.6 7.8
Thiodicarb  SPOD-EX S 9.4 7.5t011.7

SPOD-EX E-98 39.3 23.1t067.0 4.2

*IF = insensitivity factor, determined by dividinhe
G, of strain E-98 by Ig, of strain S

4.45.3 SDS-PAGE

SDS-PAGE profiles of affinity-purified AChE are shkio in Figure40. The purified AChE
was 10-fold concentrated before subjecting to edptioresis: 1.5 larva equivalents of a mass
homogenate (¥ instar) were electrophoresed along the purifiedyere and stained using
Coomassie Brilliant Blue R-250.

The procainamide affinity-purified enzyme of bothagis (SPOD-EX S and E-98) appeared
as a single band on SDS-PAGE in the expected mlaleeweight range for AChE, i.e.
showing a molecular weight of approximately 62 kDia. differences were seen in protein

patterns between the two strains.
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Figure40: SDS-PAGE gel of affinity-purified AChE fromSpodoptera exigua (strains
SPOD-EX S and E-98). Lane 1+6: mass homogenatdgiv& equivalents); lane
2+5: SeeBIuB Pre-Stained Standard (10u! per well; moleculamimsi are given
in kDa); lane 3+4: affinity purified AChE samplesThe mobility of
affinity-purified AChE from both strains @& exigua corresponds to a molecular
weight of ca. 62 kDa.
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4.5 Molecular biology

4.5.1 Cloning and sequencing of sodium channel fro8podoptera exigua

The first PCR amplification using several degeree@imers (see Tabl@ yielded different
fragments spanning the region from domain Il traesiorane segment 2 to linker between
domain llI-1V of thepara-homologous sodium channel $hexigua (strains SPOD-EX S and
E-98). This sequence is covering almost the extiding region of the gene, with a coding
length of ~2.4kb.

Two expected fragments were amplified (Figd®, first the primer pair 199f and 172r
(anneal: 45°C) with an amplification product of #p3containing the 5’end of the region. On
the other hand primers 260f and 261r (anneal: 5¢&Vg a fragment of the expected size of
1,305bp on the 3’end of the vgSCh.
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Figure4l: Gel electrophoresis: PCR amplification of an 41.8primers 199f + 172r) and an

1,305bp (primers 260f + 261r) product from strai®OD-EX S and
SPOD-EX E-98 ofSpodoptera exigua

bp
500
300

t PCR Marker (Sigma) t 1Kb DNA Ladder (Imagen)

The second round of PCR using the outer primerd 488 261r yielded a single band
fragment (anneal: 50°C) of the expected size (+.&dom both strains (electrophoresis gel is
not shown). Subsequently, the extracted DNA fragmeh both PCR reactions were cloned

into pCR 1I-TOPO (Figure42) vectors and transferred into chemical competel0 cells
(Invitrogen).
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Figure42: The map shows the features of pCR 1I-TOPO veatalr the sequence surrounding
the TOPO cloning site and the restriction sites additionally labelled (Picture
was taken from www.invitrogen.com)

lacZo ATG

M13 Reverse Primer Sp6 Promoter *
CAG GAA ACA GCT ATG AC[C ATG ATT ACG CCA AGC TAT TTA GGT GAC ACT ATA GAA
GTC CTT TGT CGA TAC TGG TAC TAA TGC GGT TCG ATA AAT CCA CTG TGA TAT CTT

Nsil Hind Il Kplnl Sac| BamH | S,:lzel

| |
TAC TCA AGC TAT GCA TCA AGC TTG GTA CCG AGC TCG GAT CCA CTA GTA ACG GCC
ATG AGT TCG ATA CGT AGT TCG AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG

BstX 1 EcoRI EcoR | EcoRV

GCC AGT GTG CTG GAA TTC GCC CTT JEFYOTSE NGRS, GGC GAA TTC TGC AGA TAT

CGG TCA CAC GAC CTT AAG CGG GAES TTC CCG CTT AAG ACG TCT ATA
BsiX | Not | Xho | Nsil Xba | Apal

| | | (! |
CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG [CCC TAT
GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG _ATA

T7 Promoter M13 {-20) Forward Primer

AGT GAG TCG TAT TAC AAT TCA |[CTG GCC GTC GTT TTA C CGT CGT GAC TGG GAA AAC
\ TCA CTC AGC ATA AT[G TTA AGT |GAC CGG CAG CAA AAT GTT GCA GCA CTG ACC CTT TTG /

After transformation and culture, plasmids wereiffad using mini-prep and identified by
digestion. The products of the first PCR derivemifrthe sodium channel gene were digested
with EcoRlI to the expected fragments of 413 and 1,305bguli® not shown). Furthermore,
EcoRI was found to restrict PCR products of the seaeadtion of ~2,400bp into two smaller
fragments of 800 and 1,600bp, see FigitBe

Figure43: Digestion withEcoRI: Gel electrophoresis of restriction profiles tbe amplified
PCR products of the second PCR reaction usingrilreeps 199f and 261r

bp
P ]
200( -
150C S e -
100( -
75C

PCR Marker (Sigma) 1Kb DNA Ladder (Invitroget
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The inserts of two positive clones from each straére then sequenced in both directions.
The predicted DNA sequence of the searching regfaie sodium channel showed a high
level of similarity to the corresponding region thie Drosophila melanogaster para gene
(Loughneyet al., 1989).

Sequencing of the sodium channel geneSokxigua revealed only one mutation in the
analyzed region. This was the substitution of Ieecito phenylalanine (L1029F,
para numbering EMBL: M32078) in the pyrethroid-residtatrain SPOD-EX E-98, resulting
from a CIT to TTT single base change. This mutation is locatedh& transmembrane

segment 6 of domain Il (see Figu®).

4.5.2 Pyrosequencing

After the detection through cloning and sequenahgnly onekdr-point mutation (L1029F,
accordingpara-gene) in the vgSCh @& exigua, the results were additionally checked in mass
homogenatesnE2) and also in individual larvaen£8) of both strains using the novel
pyrosequencing technique.

This technique is a sequencing-by-synthesis method allows the rapid real-time
determination of 20-30 base pairs of a target ssopieln the case of detecting the
kdr-mutation in the two strains SPOD-EX S and SPOD-EX8, specifically designed
primers (Figure44) were used and a sequential nucleotide additiohT(GATCGTGT) for

the pyrosequencing reaction. As template genomi@ Dfdm mass homogenates or single

larvae was used, all larvae material was obtainad the & instar.

Figure44: Position of primers for pyrosequencing reaction

276 Sodium Channetdr Pyro f
' 278% Sodium Channeitdr Pyro fSeq

5 i 3

CCA‘;TCTTCC TGGCTL CAGDGT CATTGGC AIAT YTT|IGTGG TACTCAACCTCTTCTTGGCCCTGTTACTGTCC

GGTRAGAAGARCCGATGTCA GCAGTAACCGTTARAAICACC ATGAGTTGGAGA/;RGAACCGCGBACAATGAC,@;G
kdr site : :

crr >TTTL >F 277 Sodium Channétdr
Y=CorT CTT =strain SPOD-EX S Pyro r biotin
R=GorA TTT =strain SPOD-EX E-98

In Figure45, strain SPOD-EX S shows the homozygous variarma@€lA) and the paneB
corresponds to the homozygous variant T in strdd®B-EX E-98, both based on mass
homogenates.
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The allelic variants could easily be separatedHwy dlear difference in signal pattern. The
homozygous variant C (strain SPOD-EX S) showed #fiee addition of dATP (normalization
of the peak value) two single peaks, correspondiitiy the incorporation of T and C on the
polymorphic position. Furthermore, a double signak obtained when the nucleotide T was
added to the reaction, i.e. resulting in a sequeidg@TT (leucine). On the other hand, the
homozygous variant T (strain SPOD-EX E-98) showedfald peak after the addition of A,
and no signals for the following four nucleotidesyresponding with a sequence of T
(phenylalanine).

The obtained pyrosequencing data for the mass henabg samples (panél and B) are
exactly equal as the pyrograms of individual laredesach strain, examples are shown in
panelsC (strain SPOD-EX S) and (strain SPOD-EX E-98) in Figurb.

Figure45: Pyrograms: Single-nucleotide polymorphism analyBy pyrosequencing. The
marked grey areas detected the sequence differdpeak heights are proportional
to the number of incorporated nucleotides.

A. + B. mass homogenat€, + D. individual larvae.

SPOD-EX S (homozygote): Allele 1: AT CTT GTG...
Allele 2: AT CTT GTG...

SPOD-EX E-98 (homozygote): Allele 1: AT ITTT GTG...
Allele 2: AT ITT GTG...
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4.6 Pharmacokinetic studies irSpodoptera exigua

The focus of the following studies was to identifie critical pharmacokinetic differences
between the susceptible (SPOD-EX S) and resistaaih §SPOD-EX E-98) 08. exigua, and

to compare the pharmacokinetic profiles of thrdéedint insecticides. Therefore, the uptake
and the excretion of topically applied radiolabeélempounds were measured fiiBstar
larvae. Data for the pharmacokinetic studies ‘6€]deltamethrin (strain SPOD-EX &.
E-98), pP“Cltriflumuron (strain SPOD-EX Svs. E-98) and }‘C]flubendiamide
(strain SPOD-EX S) are present in Tablk, 22, 23and Figure46. Generally, in the
experiments with deltamethrin and triflumuron osmall differences in the pharmacokinetic
profiles between strains SPOD-EX S and SPOD-EX E& measured.

Deltamethrin (Table21): Deltamethrin penetrated rapidly through the catid both strains

followed by fast excretion of the compound equinéde Immediately after application of
deltamethrin solution, strain SPOD-EX S shows symst of poisoning in the first four
hours, followed by a complete recovery after 4Hegtied larvae (strain SPOD-EX S) showed
strong excitatory symptoms resulting in non-com#bl movements explaining the lower
values of the surface wash, and also the higheuatrad radioactivity in the dishes compared
with the resistant strain SPOD-EX E-98 (no symptlmgy of poisoning at applied doses).
Four hours after application ca. 25% of the radielavas found in the larvae and 40% was
excreted with the faeces. After 24h, only a smatioant of {“C]deltamethrin could be
detected in the larvae and ca. 90% of the radiafctivere found in the excreta. Both strains

showed a rather rapid clearance of radiolabell¢@methrin from the body.
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Table21: Penetration and distribution after topical apaticn of p“C]deltamethrin in
5™ instar larvae ofpodoptera exigua

% Recovered f“C]deltamethrin + SE (n=3)

Time Surface wash Larvae Faeces Petri

(h) Strain (external) (internal)  (excretion) dishes
1 SPOD-EXS 28.: 3.4 34.2+ 3.0 24.1+ 3.0 13.7+£0.9
SPOD-EX E-98 50.9x25 288+14 12.2+1.7 8.2x21
2 SPOD-EX S 27.4 3.6 269+ 1.8 31.5+5.0 142+ 0.1
SPOD-EX E-98 40.0+4.7 33.5x25 20.6x 1.6 6.0+£0.8
4 SPOD-EX S 14315 319+ 3.5 41.6+3.3 12.2+ 0.7
SPOD-EX E-98 22.7x5.3 24.3+1.0 475+ 4.2 55+14
8 SPOD-EX S 12.6:1.2 25.8+2.0 53.5+£3.3 8.7£04
SPOD-EXE-98 13.6x1.8 147+ 0.6 67.9+2.2 3.9x1.0
24 SPOD-EX S 3.6t 0.6 75+0.6 83.1+0.9 6.4+0.3
SPOD-EX E-98 09+04 48+1.0 92.0+1.3 2.3+0.3
48 SPOD-EX S 0.2 0.2 46+0.1 89.9+£0.8 46+0.8

SPOD-EX E-98 0.4 +0.3 3.8+0.5 94.3+0.6 1.4+0.3
Total recovery: strain SPOD-EX S 83 + 0.4%; st@ROD-EX E-98 84 + 0.4%

Triflumuron (Table22): In the first hours ca. 10% of the appliééﬂ]triflumuron was found

in the larval body, and decreased to 5% after 48hcomparison to deltamethrin, the
elimination of triflumuron inS. exigua was more slowly.

After 24h, ca. 55% of the applied radiolabel wasnid in the faeces, and this increased to
ca. 70% at the end of the experiment. In cont@3¥% of deltamethrin was observed at this
time point in the faeces of the larvae. In addititre amount of radioactivity stayed on the
cuticle was ca. 20% (48h) after triflumuron appiica.
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Table22: Penetration and distribution after topical apmfion of F*Cltriflumuron in
5™ instar larvae ofpodoptera exigua

% Recovered [“Cltriflumuron + SE ( n=3)

Time Surface wash Larvae Faeces Petri

(h) Strain (external) (internal) (excretion)  dishes
1 SPOD-EXS 85.8: 2.6 7.8+£1.8 44+0.4 21+04
SPOD-EX E-98 86.6t 1.6 54+1.0 52+0.8 2.8x0.3

2 SPOD-EX S 79.# 4.5 85+1.7 89+22 29+£0.8
SPOD-EX E-98 69.4:5.1 9.8+3.2 16.9£25 3.9+0.9

4 SPOD-EX S 63.5: 0.6 11.0£0.3 23.4%£0.1 2.2+0.8
SPOD-EX E-98 48.9 2.3 8.1+27 359+15 7215

8 SPOD-EX S 54,3 3.1 8.0x04 34.4+£2.4 3.3x1.0
SPOD-EX E-98 55.5t 3.2 6.1+£1.6 33.3£2.8 5.1+0.7

24 SPOD-EX S 36. % 3.2 74+04 53.5+29 2.3+£0.6
SPOD-EX E-98 29.5:2.1 5.0+£0.3 58.7+1.7 58+1.7

48 SPOD-EX S 142 3.9 6.2+ 0.6 77.7+3.2 1.4x£0.3

SPOD-EX E-98 24.% 0.8 50£04 69.2+1.0 1.7+0.1
Total recovery: strain SPOD-EX S 81 + 0.8%; st@ROD-EX E-98 82 + 1.2%

Flubendiamide (Tabl®3 and Figure46): The amount of unpenetratetf¢]flubendiamide

recorded from the cuticle indicated a similar peatein profile as triflumuron, The levels of
radiolabelled flubendiamide in the larvae increaskavly during time, and cumulated at a
rate of 17% after 48h. The elimination of flubendde, ca. 60% after 48h, through faeces

was not so fast compared with the two other comgswsed in this study.

Table23: Penetration and distribution after topical apation of [“C]flubendiamide in
5™ instar larvae ofpodoptera exigua strainSPOD-EX S

% Recovered [“C]flubendiamide + SE (1=4)

Time Surface wash  Larvae Faeces Petri
(h) Strain (external) (internal) (excretion) dishes

1 SPOD-EXS 80.3: 1.6 6.0+1.4 50+10 87+x14
2 SPOD-EX S 73.3: 4.0 89+16 119+23 59+13
4 SPOD-EX S 75.3 1.8 7.9+0.9 121+26 4.7+0.6
8 SPOD-EXS 52.3 52 142+14 28.3+55 52+%1.1
24 SPOD-EX S 39.&59 17.3+0.9 38.6+52 48+0.2
48 SPOD-EX S 22.%46 171+1.2 57.0+56 3.0+x0.3

Total recovery: strain SPOD-EX S 82 + 0.6%
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Figure46: Pharmacokinetic profiles of*fC]flubendiamide, topically applied to™5instar
larvae ofSpodoptera exigua (strain SPOD-EX S):
A. Penetration anB. Retention and excretion
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5 DISCUSSION

The discussion section of the present thesis isl€livinto two main parts. The first part deals
with the investigation/discovery of the resistancgechanisms in a multi-resistant
Soodoptera exigua strain on toxicological, biochemical, pharmacokion@nd molecular level.
The second part presents and discusses the data eXtensive resistance risk assessment
study for the novel insecticide flubendiamide irreth noctuid pest specie¥he beet
armyworm & exigua), the cotton bollworm Helicoverpa armigera) and the tobacco
budworm Heliothis virescens) are of worldwide importance in several crops aare
frequently exposed to high selection pressure bipws insecticides applied for their control
under field conditions. Consequently, insecticiégsistance has developed in these insect

species against several chemical classes of ingbetion the market.

5.1 Bioassays

Two different bioassay techniques, foliar spray artdicial diet were used to investigate the
susceptibilities of three different laboratory stea HELI-AR, HELI-VI and SPOD-EX S in
detail. Twelve insecticides of different chemicabgps were tested of%nstar larvae. The
resulting EC-values of the dose-response curvesiradat for the susceptible strains are used
as a reference for future monitoring purposes.

The leaf-disc spray application bioassay is quitphssticated due to the use of a
purpose-build automatic spraying robot system. Hm@wethe advantage of the second
bioassay type (artificial diet) is its cheapnesd aasiness and the prepared multi-well plates
are stable for up to one month. This allows to seatly-made “bioassay kits” in all regions
worldwide for monitoring studies directly in theld.

Additionally, the resistance pattern of tBeexigua strain SPOD-EX E-98 was determined in
comparison with strain SPOD-EX S. The two bioas$mth work by oral uptake and contact
mortality of insecticides. Generally, all threedadtory strains were equal or more susceptible
to the insecticides in the spray application biagssompared with the artificial diet bioassay.

Resistance of strain SPOD-EX E-98 to several ingdes tested is discussed in detail below.

5.1.1 Endosulfan resistance

Both bioassay types conducted with 2nstar larvae indicated significant differences in
response to endosulfan between strains SPOD-EX BA#B SPOD-EX S. However, the
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endosulfan resistance levels were moderate buftfisemt, and the resistance factors were
4.1 and >5.4 in the spray bioassay and in thd@atifdiet bioassay, respectively.

Cyclodiene insecticides, like endosulfan, act aB@&Aantagonists and so they suppress the
inhibitory transmitter action of GABA, their actioBsults in increased post-synaptic neuronal
activity.

The frequent use of cyclodienes during the pasadies has resulted in the development of
resistance to this chemical class of insecticides] especially to the major compound
endosulfan (Gunning and Easton, 1994; Maetial., 1995; Murugesan and Dhingra, 1995;
Armeset al., 1996 and 1997; Krantlet al., 2002).

Resistance to cyclodienes, called resistance (resistance to dieldrin), usually tesubm a
modification of the GABA-gated chloride channel. nmost cases, molecular studies have
identified a single point mutation (alanine to sejiassociated with target-site insensitivity in
this gene (Feyereisen, 1995; Soderlund, 1997; Btpost, 2001).

5.1.2 Indoxacarb resistance

The artificial diet bioassay using indoxacarb resilin a moderate 3.7-fold lower
susceptibility of strain SPOD-EX E-98 compared with susceptible strain. In contrast in the
other bioassay system (spray application) a higisstance level (RF=21) to the oxadiazine,
indoxacarb was observed.

Indoxacarb is a pro-insecticide which is convertedhe toxic form by esterases through
cleavage of the N-methoxycarbonyl group. The resyINH-derivative is a highly potent
voltage-dependent sodium channel (vgSCh) blockereaslly in lepidopteran larvae
(Wing et al., 1998 and 2000).

Normally, one would expect indoxacarb to have adigefficacy against strains showing
higher esterase activities due to its more rapid emmplete activation. However, such a
response was not seen in strain SPOD-EX E-98. Tdusld probably reflect a
monooxygenase-based resistance conferred by thenesly high monooxygenase activity
measured in the resistant strain SPOD-EX E-98.

For indoxacarb, a high level of resistance (7085favas only reported for the lepidopteran
speciesChoristoneura rosaceana (Ahmadet al. 2002).

Since the introduction of indoxacarb no cross-tasise to pyrethroids has been found on the
molecular level, this is not surprising, becauseytlact on different sites of the vgSCh
(Wing et al., 1998; Nauen and Bretschneider, 2002).
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5.1.3 Carbamate and organophosphate resistance

Two important chemical groups on the insecticidek@iaare organophosphates (OPs) and
carbamates, both share the same mode of acticacedgicholinesterase (AChE) inhibitors.
AChE is responsible for the neutralisation of tleeimotransmitter acetylcholine in the insect
nervous system. In the moment, these compoundsiactar ca. 45% of the world market of
all insecticides and acaricides marketed in crapgation.

However, there are many data on dramatic changasatticide susceptibility in important
pest species, including exigua populations (Breweet al., 1990; Mascarenhaa al., 1998;
Aldosariet al., 1996; Kernst al., 1998; Péreert al., 2000; Byrne and Toscano, 2001). This is
the result of the intense and frequent use of @Earbamates in the field.

In the spray application bioassay, two OPs andoaneamate were tested off mstar larvae

of both S. exigua strains. The strain SPOD-EX E-98 turned out tadsstant to both OPs
methamidophos and triazophos and resistance faoforks7.8 and 23.9 were calculated,
respectively. In addition, only a moderate leveledistance was recorded for the carbamate
thiodicarb (RF=6.4).

These results were confirmed in the artificial digbassay, where strain SPOD-EX E-98
exhibited resistance ratios of >5.5 and 28.7-fodhiast methamidophos and triazophos,
respectively. Resistance to thiodicarb was >5.@-fobmpared to strain SPOD-EX S.
Additionally, a second carbamate, carbofuran, wastet and interestingly strain
SPOD-EX E-98 was more sensitive to carbofuran (RE<@han the susceptible strain
SPOD-EX S, i.e. a negative cross-insensitivity detected. Although the chemical structures
of both compounds are related with each other,dibésb is essentially a dimer of two
molecules of methomyl joined by an N-SN bridge.

The negative cross-insensitivity to carbofuran ¢atits that strain SPOD-EX E-98 has an
altered AChE as resistance mechanism. This phermmaas previously observed in several
important pests (Raymoneé al., 1986; Brown and Bryson, 1992; Zhu and Clark, 1995
Yu et al., 2003) using different carbamates, but also OPs.

5.1.4 Benzoylphenyl urea resistance

In both used bioassay methods larvae of strain SERIE-98 exhibited a strong resistance
level against triflumuron, for the spray applicatia resistance factor of >84 was calculated.
This result was confirmed by the artificial dietb@ssay, expressing in a resistance factor
greater than 46.3 for the resistant strain SPODEEXS. Additionally, in the latter bioassay
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method a further benzoylphenyl urea, hexaflumuras wested and a resistance ratio of
23-fold was calculated.

These two benzoylphenyl ureas (BPUs) are actinghenchitin biosynthesis of insects,
especially in lepidopteran larvae and so they &ssdied and well-known as insect growth
regulators.

Resistance to benzoylphenyl ureas has been obsergederal insect species, e.g. in recent
reports as Ishaaya and Klein (1990), SauphanorBoier (1995),Van Laeckeet al.,
(1995) and Kristensen and Jespersen (2003). Inptesent work, both triflumuron and
hexaflumuron were less active in SPOD-EX E-98. sulethat is quite common in view of
the positive cross-resistance usually observed dertvdifferent BPUs, due to their structural
similarity (Emamet al., 1988 Van Laecke and Degheele, 1991a; Sauphanor and &ouvi
1995; Van Laecket al., 1995). The higher toxicity of some BPUs is prdiatue to their
high retention in the larval body and the cuticso observed irSpodoptera species
(Emamet al., 1988; Audaet al., 1991; Van Laecke and Degheele, 1991a; Van Laeick,
1995).

However, the fluorination in hexaflumuron could yeat proper attack by monooxygenases
as it is known that fluorine atoms protect fromad@ication. In the case of SPOD-EX E-98
both triflumuron and hexaflumuron are most probabifected by a similar resistance
mechanism, which could be either detoxification otlgh metabolic enzymes
(monooxygenases) or target-site resistance.

In several cases, mechanisms of BPU resistance sedi@ caused by all three groups of
metabolic enzymes, through hydrolytic (esterased)axidative (monooxygenases) processes
as well as conjugation supported by GSTs (Ishaayh Kein, 1990; Van Laecke and
Degheele, 1991a and 1991b). Especially, hydrolggithe urea bridge and conjugation of
BPUs seem to be the major detoxification route ®UB in S exigua (Van Laecke and
Degheele, 1991a and 1991D).

In this study, the resistance to triflumuron inagtrSPOD-EX E-98 was not affected by the
action of all synergists tested, i.e. PBO, DEF @ndfenofos. PBO is a monooxygenase
inhibitor and DEF and profenofos inhibit esteragepossible metabolism through the action
of GSTs is less likely, because no significantedéhces were observed in the biochemical
assay between bofh exigua strains.

Consequently, such a strong resistance factor withay effects of synergists on toxicity

suggests a decreased binding at the target-sitehwémains elusive since the introduction of
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BPUs. Further studies on the molecular level arees®ary to characterise such proposed
target-site insensitivity to BPUs in this highlysigtantS. exigua strain SPOD-EX E-98.

5.1.5 Pyrethroid resistance

Both bioassays revealed extremely high resistagwad in strain SPOD-EX E-98 against the
pyrethroid deltamethrin. Resistance ratios of 1f88- (spray application) and 708-fold
(artificial diet) were calculated. A second pyreil; etofenprox, reached a lower resistance
factor of 45 in the artificial diet bioassay.

During the past decades, the extensive and widedpuse of pyrethroids to control
Soodoptera species led to the development of resistance inyragronomic cropping systems
(Riskallah, 1983; Brewer and Trumble, 1989; Brewteal., 1990; Ishaaya and Klein, 1990;
Yu et al., 1991 and 1992; Aldosaet al., 1996; Kranthiet al., 2002), this also includes the
pyrethroid deltamethrin (Delormet al., 1988; Van Laecket al., 1995; Pérezt al., 2000).
Studies on the metabolic mechanisms for pyrethdatbxification in insects revealed two
predominant detoxification pathways: oxidation bypnooxygenases and/or hydrolysis by
esterases (Elliott al., 1978; Ishaaya, 1993; McCaffery, 1999).

In vivo suppression of resistance by application of inbrsi of metabolic enzymes is often
used as a diagnostic tool, likewise in this studythis study a topical application bioassay on
5" instar larvae ofS exigua was used and confirmed the high resistance levedtriain
SPOD-EX E-98 towards deltamethrin, resulting in esistance factor of 590. The
pre-treatment of three different synergists, PBEF&and profenofos, revealed no significant
synergistic effects with the esterase inhibitordCad profenofos.

Interestingly, the use of PBO, a monooxygenasebitdri resulted in a reduction of the ED
from 11,202ng to 373ng in strain SPOD-EX E-98. Téywergistic factor of 30 for PBO
strongly suggests the presence of cytochromgrRediated degradation of deltamethrin in
the resistant strain.

In the recent literature several cases were reghavteere the use of PBO resulted in a partial
or complete loss of pyrethroid resistance, e.q permethrin-resistar® exigua strain PBO
reduced the resistance ratio significantly from592o0 7.9-fold (Natsuharat al., 2004) or
resulting in a complete loss of the cypermethrisistance inSpodoptera litura larvae
Armeset al. (1997).

The synergist study suggests that monooxygenasesaaronly responsible for pyrethroid

resistance in this resistafitexigua strain SPOD-EX E-98, because PBO did not completely
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suppress the deltamethrin resistance. In the chsdrain SPOD-EX E-98 an additional

non-metabolic resistance mechanism must be invphedarget-site resistandel().

5.2 Molecular aspects of pyrethroid resistance

In the present study, the nucleotide coding sequén.4kb) of part of the voltage-gated
sodium channel gene from the insecticide-susceptiirain SPOD-EX S and the
pyrethroid-resistant strain SPOD-EX E-98 was det&cThis gene is known to be implicated
as the site of knockdown resistan&dr], an important resistance mechanism in insects tha
confers nerve insensitivity to DDT and pyrethraidecticides.

As outlined in Figure47, the sequencing of the sodium channel geneSokxigua
(para-homologous) revealed only one mutationfTCto TTT, encoding a leucine to
phenylalanine change (L1029Bara numbering) in strain SPOD-EX E-98. As expected, al
the resistant alleles of individual larvae of straBPOD-EX E-98 carry the same
single-nucleotide substitution in homozygous varidh determined through the novel
pyrosequencing technique. Pyrosequencing is atigaveloped technique for the detection

of the allelic variants of a SNP, possibly leadiagnsecticide resistance.
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Figure47. Partial cDNA sequence of the transmembrane segénenthe domain 1l (11IS6) of
the sodium channel fronpodoptera exigua (strains SPOD-EX S and E-98).
Further, an alignment of the predicted amino aeiquences of both strains are
compared with sequences Bieliothis virescens, Musca domestica (hscp) and
Drosophila melanogaster (para). The box indicates the position of polymorphisms
(amino acid substitutions) associated with inseiaesistance to pyrethroids.
Numbering followsD. melanogaster para translation.
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An amino acid sequence comparison of this regiotwd®n the twoS exigua strains
(SPOD-EX S and E-98). virescens and M. domestica in relation to thepara sodium

channel gene fror®. melanogaster is shown in Figuré7. This mutation occurs at a position
homologous to the mutation L to F (L1014F)Nh domestica (Williamsonet al., 1996) and
an L to H change iil. virescens (L1029H, Parket al., 1999) both reported to be associated

with knockdown resistancédr) to pyrethroids.

In addition, the L to F change in 11S6 has beeroasased withkdr phenotypes in several

insect species, e.glattella germanica (Dong, 1997)Leptinotarsa decemlineata (Leeet al.,
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1999), Haematobia irritans (Guerreroet al., 1997),Plutella xylostella and Myzus persicae
(Martinez-Torrest al., 1997) as the most common mutation. At the sanséipn, an L to S
mutation was observed iAnopheles gambiae (Ransonet al., 2000) andCulex pipiens
(Martinez-Torrest al., 1999). The region (IIS6) is highly conserved asra range of insect
species, for example in Martinez-Torreisal. (1997) three lepidopteran species share 99%
identity in the amino acid sequence. Accordingh predicted sodium channel structure, the
location of this mutation within the intracellularouth of the channel pore in a region, known
to be important for channel inactivation, providedditional evidence that this mutation is
indeed involved in nerve insensitivity resistankear).

However, extensive sequencing between segment dowfain Il and the linker between
domain Il and 1V, only a single-nucleotide polympbism was identified in the region
segment 6 from domain Il (IIS6). Most of the mutas known to be associated wkiir or
super-kdr-types are detected in this region (Veisl., 2001; Dong, 2003).

Several studies have identified additional sodilrannel mutations, which co-exist with the
L to F (11S6) mutation in pyrethroid-resistant st (Vaiset al., 2001; Dong, 2003). These
super-kdr phenotypes express higher resistance levels (fdl@P-compared with moderate
levels ofkdr-types (<100-fold). For example, insaper-kdr strain of the diamondback moth
(P. xylostella), which exhibit great levels of resistance (>106@ to Type Il pyrethroids, a
second mutation T9291 was found in addition to¢bexmon L to F mutation (Schuleral.,
1998).

In the bioassay part of this study the strain SFEODE-98 exhibited resistance factors of
>700 for the pyrethroid deltamethrin. These biogssata are not consistent to the
observation of just onledr mutation.

Finally, the first reason for the high pyrethroidsistance observed in this study is a
kdr mutation (L1029F) in the target-site, the vgSChurtlirermore, the biochemical
investigations and the synergistic study suggesitetl a metabolic detoxification through
monooxgenases must also be present in strain SPOB-EB.

5.3 Pharmacokinetic studies

The two major mechanisms of resistance are metabetoxification and altered target-sites
of the insecticide target protein. Another factontributing to resistance is the change of the
pharmacokinetic behaviour, e.g. slower penetraiothe toxicant through the cuticle. Such a

reduced-penetration mechanism is often combineld thé two major mechanisms mentioned
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above, and has a supplementary effect on the aassstlevel of the resistant insect
(Oppenoorth, 1985).

In addition to the synergist study, the cuticulangtration, internal recovery and excretion,
via faeces of f'C]-labelled insecticides (deltamethrin, flubendideiand triflumuon), were
investigated after topical application on th® iBstar larvae of botls exigua strains (for
flubendiamide only strain SPOD-EX S was used).

These investigations revealed no significant déffiees in the pharmacokinetic profiles of the
susceptible and the resistant strain when radib&beleltamethrin and triflumuron were
applied. Based on these results it can be concltitdthis resistance mechanism (reduced
penetration) has no importance for deltamethrin anfflumuron resistance in strain
SPOD-EX E-98.

Nevertheless, lower penetration and/or faster ¢xereof different insecticides have been
shown to contribute to resistance in several lgpelan species, e.g. iIH. armigera
(Gunning et al., 1991; Ahmad and McCaffery, 1999). virescens (Little et al., 1989;
Abd-Elghafaret al., 1994; Otteaet al., 1995);Helicoverpa zea (Abd-Elghafar and Knowles,
1996); P. xylostella (Noppun et al., 1989); Spodoptera littoralis (Emam et al., 1988;
Lagadicet al., 1993), and also i8. exigua (Delormeet al., 1988; Smagghet al., 2003).

The comparison of the pharmacokinetic behaviourinsfecticides used revealed that
flubendiamide and triflumuron expressed a similaarqmacokinetic profile as a function of
time. Whereas, deltamethrin is characterised thr@utast penetration of the cuticle (after 4h
only 20% remained on the cuticle), this propertytabutes to the fast acting “knock-down”
symptoms of pyrethroids. On the other hand, at tiize nearly half of the applied
[“*C]deltamethrin was excreted via faeces. The 50%l lef excretion for triflumuron and
flubendiamide was reached only after 24 and 48peetively. Generally, triflumuron and
flubendiamide demonstrated a slower cuticular patieh into the larval body and a slower
elimination through faeces.

Finally, knowledge of the pharmacokinetics, usiadiolabelled compounds, is an essential

tool in understanding one possible mechanism d@éteesce to a given insecticide.
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5.4 Biochemical studies of insecticide detoxificath enzymes

5.4.1 Glutathione S-transferases

Insect glutathione S-transferases (GSTs) are knmnmpe involved in the development of
resistance to insecticides. The significance of &8Tinsecticide detoxification was first
reported in OP-resistant houseflies (Motoyama aadt&man, 1975).

With respect to the more recent literature, theatation of insecticide resistance with higher
GST activity has been reported from several otlmsedts (Grant and Hammock, 1992;
Ransonet al., 1997; Yu and Hang, 2000; Rauch and Nauen, 2008)yding lepidopteran
species (Huangt al., 1998; Yu, 2002). Changes in the transacting eggn of one or more
GSTs appear to be responsible for insecticide teegie; the molecular background is best
characterized inM. domestica and the mosquitoes\n. gambiae and Aedes aegypti
(Feyereisen, 1995; Grant and Hammock, 1992; Radsaln 1997; Hemingway, 2000). One
rare example of molecular-based over-expressionG&T and direct relationship to
OP resistance in insects was described from thédpperan diamondback moth, xylostella
(Huanget al., 1998).

In this study, levels of GST activity were assesseghass homogenates and single larvae of
S exigua with CDNB, a well established artificial substrdte GST activity measurements
(Habig et al., 1974). GST activity in individual larvae of smaSPOD-EX S was compared
with the resistant strain SPOD-EX E-98 and onlytleuthifferences in frequency distributions
were apparent. The measurement in mass homogepamessed also no significant
differences between both strains.

In addition to CDNB, the GST activity was fluoromeally measured with MCB, a recently
introduced artificial substrate (Nauen and Stun®®02). This biochemical assay also
revealed no significant differences in GST actiigtween the strain SPOD-EX S and the
resistant strain SPOD-EX E-98.

In some cases greater differences in GST activitede/een individual strains were detected
with MCB rather than CDNB, for example iretranychus urticae (Nauen and Stumpf, 2002;
Stumpf and Nauen, 2002) orBemisia tabaci (Rauch and Nauen, 2004).

In conclusion, the activity measurements with battificial substrates, CONB and MCB,
suggest that GST did not play an important role insecticide resistance in strain
SPOD-EX E-98.
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5.4.2 Carboxylesterases

Carboxylesterases (CE) play an important role ie thiotransformation of different
insecticides; they hydrolyse and subsequently digteeveral insecticides. Esterase-based
resistance to organophosphates, carbamate andhiydstis common in a range of different
insect pests; all substrates/insecticides detakifiea this route contain an ester moiety.
Several studies reported higher esterase actimitgesistant insect populations (Yu, 1992;
Kangaet al., 1997; Kranthiet al., 2001; Rossiteet al., 2001; Wuet al., 2004; Yanget al.,
2004).

In the majority of resistant pest insects, highstemse activity is elevated through
over-expression (Feyereisen 1995; Soderlund, 1Bi@mingway, 2000). However, esterase
gene(s) amplification is only well characterisedtba molecular level in resistant strains of
Culex mosquitoes (Mochedt al., 1986; Karunaratnet al., 1998),M. persicae (Field et al.,
1988; Field and Devonshire, 1998) aviitlparvata lugens (Small and Hemingway, 2000b).

In S exigua (2”d instar larvae) investigated here, significant etéihces in the CE activity
between strain SPOD-EX S (60 £ 7 nmol/min/mg protand the resistant strain (160 + 7
nmol/min/mg protein) could be detected, resultingai 2.7-fold higher enzyme activity in
strain SPOD-EX E-98.

In later instars of some noctuid species similardchvities were found (Yu, 1992; Ibrahim
and Ottea, 1995; Zhaat al., 1996; Yuet al., 2003; Yanget al., 2004), ranging between 100
and 700 nmol/min/mg protein.

Additionally, the CE activity was also measuredgsingle larvaerf=50) in order to determine
the frequency distribution pattern in both straiB$rain SPOD-EX E-98 showed a more
heterogeneous Gauss curve compared with the freguistribution of strain SPOD-EX S.
The carboxylesterase activity in mass homogenatdsrasingle larvae was investigated by
using a standard biochemical assay. Additionallyave polyacrylamide gel electrophoresis
(nPAGE) was used to demonstrate quantitative aralitgtive inter-strain differences in
esterase banding patterns between the two sf@8PO©D-EX S and E-98). Several esterases
of different mobility were found in both straingjtlihe resistant strain SPOD-EX E-98 shows
two additional bands not detected in strain SPODSEX

The observed esterase bands in both strains aracetylcholinesterases. Two inhibitors,
BW284c51 and eserine were used and no inhibitdigcefvas seen, both compounds are
known as excellent acetylcholinesterase stand&ibitors.

Generally, other electrophoretic studies for examplH. armigera (Gunninget al., 1996b

and 1999) also described similar esterase bandermpst However, forS. exigua no
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comparable study is found in the literature. Gugnah al. (1996b) found a correlation
between additional esterase bands (low mobililgd).24-0.33) and resistance to pyrethroids
in H. armigera. Furthermore, strains with low-level fenvaleraesistance (5- to 30-fold)
showed only one additional band Rt 0.33, and this relationship was also described in
NPAGE studies of Gunning al. (1999) and Youngt al. (2005). These results with regard to
the additionally found bands i& exigua, suggest that quantitative and qualitative changes
(over-expression of iso-enzymes) of esterasesra@vied in the hydrolysis of pyrethroids
and possibly other insecticides.

Thein vitro inhibition experiments of this study showed tlneg pyrethroids, deltamethrin and
etofenprox, have no effect on the esterases bargihttgrns in botls exigua strains. This
result most likely suggests that the pyrethroidstaace in strain SPOD-EX E-98 is not
esterases mediated.

Furthermore, nPAGE showed that the synergist angt©feénofos is an excellent inhibitor of
all esterase bands in both strains, and the seocoganophosphate triazophos inhibited
completely the fast moving esterases (lower pathefgel); both compounds also inhibited
the thick additional band in the resistant straifO®-EX E-98. The two carbamates,
carbofuran and thiodicarb, expressed a similarlresutriazophos, a slight inhibition of the
lower part of the gels.

In in vivo inhibition experiments (pre-treatment of larvaa)hvH. armigera (Gunninget al.,
1999) it was shown that, OPs, including profenofiofjbited esterases which have been
linked to pyrethroid resistance.

On the other hand, the general esterase inhibid¥ Dhibited nearly all esterases on the gel,
except the additional dark band in the resistarairstSPOD-EX E-98. In biochemical
inhibition studies, DEF has the same inhibitorygodial in both strains. The analysis of the
inter-strain differences of the esterase pattemsRAGE detected differences in the response
to DEF.

The insecticide synergist PBO is known as a specifhibitor of microsomal
monooxygenases, but recent studies reported thatO PRBdditionally inhibits
resistance-associated esterases (Yatiafy, 2005). In this study, PBO displays no inhibitory
effects on the esterase bandSiexigua.

5.4.3 Cytochrome Rsg-dependent monooxygenases

Cytochrome Rdependent monooxygenases (monooxygenases) catalyzariety of

oxidative reactions, using a broad-spectrum of erogs and endogenous substrates
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(Hodgson, 1983; Feyereisen, 1999). Therefore, ncasgs of metabolic resistance in insects
to insecticides are the result of enhanced monaengse activities. Several authors
(Feyereisen, 1995 and 1999; Berge, 1999; Scott9;19%gfried and Scharf, 2001) have
reviewed the role of monooxygenases as one of th@rnmetabolic mechanisms for
resistance to many classes of insecticides.

The involvement of monooxygenase enzymes in registaan be shown by several methods.
The first indication that this group of metabolitzgmes must be involved in the resistance to
insecticides was the observation that the monomasee inhibitor sesamex could result in the
loss of resistance to carbaryl (Eldefraaval., 1960).

Monooxygenase inhibitors, especially PBG@re commonly used, not only for the
demonstration of oxidative metabolism in resistpapulations, but also in the control of
resistant populations in the field (Hodgson, 198&ptt, 1999).

The monooxygenase-mediated resistance is ofteh detected through bioassays using
additionally sublethal doses of monooxygenase itdrdy such as PBO. The co-application of
the synergist usually increases the toxicity ofiresecticide in resistant strains. Additionally,
biochemical and genetic diagnostic tools were umedthe exact characterisation of the
resistance at the molecular level.

High monooxygenase activity associated with inseii resistance has regularly been
observed in microsomal pellets prepared from lamalguts of noctuidspecies (Yu, 1991
and 1992; Roset al., 1995; Van Laecket al., 1995; Qiuet al., 2003; Smagghet al., 2003;

Yu et al., 2003; Yanget al., 2004). This is not surprising, as the gut tissua known as a
primary source of digestive enzymes needed for foma/ersion into nutrients, but also the
detoxification of xenobiotics such as insecticif®magghe and Tirry, 2001).

For this study, a sensitive biochemical method veamsployed for the detection of
monooxygenase activity in"sand especially in " instar larvae ofS exigua, in order to
compare the results with the bioassay data andtier biochemical investigations (GST,
AChE and CE).

For the biochemical detection of monooxygenaseiie a highly sensitive and fluorometric
microplate assay according Stumpf and Nauen (2@8@%)used. The monooxygenase activity
can be measured quantitatively with the artificalbstrate 7-ethoxycoumarin which is
O-deethylated by monooxygenases to the highly éscent product 7-hydroxycoumarin.

This model substrate was already used to detectostimal monooxygenase activity in
several insect species, for examplBemisia tabaci (Rauch and Nauen, 2003),
Cydia pomonella (Sauphanor, 1997; Bouviest, al., 2002),H. armigera (Yanget al., 2004) or
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in single D. melanogaster abdomens (DeSousa al., 1995). ForT. urticae, Stumpf and
Nauen (2001) described the use of a 10g0€pernatant instead of microsomes as enzyme
source for the measuring of the 7-ethoxycoumaritke@thylation (ECOD) activity.
Furthermore, the elevated activity of ECOD in irisepecies has been associated with
resistance to different classes of insecticideg, @yrethroids (DeSousat al., 1995;
Sauphanoet al., 1997; Yanget al., 2004), neonicotinoids (Rauch and Nauen, 2003nhor
acaricide resistance to METIs (Stumpf and Nauef1p@nd abamectin (Stumpf and Nauen,
2002) in spider mites.

Using the guts of B instar larvae, the resulting microsomal ECOD distivin strain
SPOD-EX E-98 (1076 + 55 pmol/30 min/mg protein) wa9-fold higher than in the
suspceptible strain SPOD-EX S (184 + 28 pmol/30/ménproteir). In case oH. armigera,

the microsomal monooxygenase activity against EQG@IS 3- to 27-fold higher in resistant
field strains. Finally, the higher monooxygenastvdg was responsible for the pyrethroid
resistance in these strains (Ya@l., 2004).

The determination of microsomal monooxygenase igtiising isolated guts from"2instar
larvae ofS. exigua is very difficult, because a lot of biological regal is necessary and a
dissection of gut from such small larvae (length:3mm) is impossible. Therefore, the whole
larva was used as enzyme source, but the head emasved, because parts of the head
capsule were shown to be self-fluorescence at 390im detection wavelength of
7-hydroxycoumarin. Due to their small size, it wead possible to measure ECOD activity in
individual larvae, and at least 5 larva equivalgmes microtiter plate well are needed. The
susceptible strain SPOD-EX S showed an ECOD agtwit197 + 37 pmol/30 min/mg
protein and the resistant strain SPOD-EX E-98 divigcof 1620 £ 284 pmol/30 min/mg
protein; this was an 8.2-fold difference betweendtrains.

The ECOD activity was additionally inhibiteich vitro by 1mM PBO, a monooxygenase
inhibitor which is generally used as a synergissuppress insecticide resistance and to study
resistance mechanisms in bioassays. The residtam SPOD-EX E-98 showed a 1.5-fold
increase in comparison to the susceptible strain.

This assay is suitable to detect increasing mongengse (ECOD) activity in small insects
without the necessity to isolate microsomes, arsb&@ms to be a strong monitoring tool for
future programs.

Generally, 2% instar larvae expressed in both strains higher B@@tivities compared with
5" instar larvae. A possible explanation is that3fiénstar larvae were sampled directly after
moulting and the ¥ instar during feeding. In literature, it was désed that phytophagous
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larvae showing higher monooxygenase expressiorhenmidgut during periods of active
feeding (Snydekt al., 1995; Ranasinghet al., 1997), such as the'2instar larvae in this
study.

In conclusion, these results suggest that the rdifise in the capacity for the metabolic
degradation vi®-deethylation between strains SPOD-EX S and SPRIEPS is a possible
mechanism responsible for insecticide resistantleadmulti-resistant strain SPOD-EX E-98.

5.4.4 Acetylcholinesterases

Acetylcholinesterase (AChE), responsible for thesachge of the neurotransmitter
acetylcholine, is the target-site for OP and carg@mnsecticides. The properties of insect
AChEs are important for understanding AChE insengit as an insecticide resistance
mechanism.

Therefore, qualitative and quantitative differentetween the forms of AChE in the two
S exigua strains were analysed using various biochemicsdyass The extensive use of OPs
and carbamates to control insect pests has letetistant” enzymes, less inhibited than the
wild-type enzyme. OP- or carbamate-resistant stragontaining AChE with reduced
sensitivity are shown to have modified binding atatytic properties towards substrates and
inhibitors (Fournier and Mutero, 1994; McCafferg9D; Gunning and Moores, 2001).
Generally, strain SPOD-EX E-98 (1686 mOD/min/mgteiry) showed a 2.2-fold higher
AChE activity than the susceptible strain SPOD-EX784 mOD/min/mg protein), but the
biochemical assay used was not sensitive enoughddtecting AChE activity in single
2"%instar larvae. Therefore “3instar larvae were used for the determinationrefjdency
distributions of botlS. exigua strains. The obtained activity patterns of the strains were
close together, but clearly separated. In compayidte susceptible strain SPOD-EX S was
more homogeneous than strain SPOD-EX E-98.

Furthermore, AChE was successfully purified fromaistis SPOD-EX S and SPOD-EX E-98
using 660 and 330 mg of"®instar larvae, respectively. The procainamide néffi
chromatography purification step yields AChE ofthurity from both strains, but constantly
higher amounts of AChE from the resistant strai©®BFEX E-98. This result was due to a
higher affinity between SPOD-EX E-98 AChE and tHéndy ligand. Thus, structural
modification(s) in the AChE form of strain SPOD-EX98 could explain the higher yield and
affinity.
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The Michaelis-Menten kinetics revealed a 2.2-folghlr Vihaxcvalue (2821 mOD/min/mg
protein) and a 10.7-fold high®&acvalue (11015 mOD/min/mg protein) in the resiststnain
SPOD-EX E-98 in comparison to the sensitive forrhAGhE (strain SPOD-EX S) using
mass homogenates and purified enzyme, respectively.

Additionally, AChE from strain SPOD-EX E-98 exhisit a lowerKp-value (140puM) than
the enzyme from the susceptible strain (211pM). Khevalue determined with purified
AChE was quite lower than that one obtained withrhEGrom crude homogenates.

Similar Kn-values were reported for AChE fro@. pipiens (Raymondet al., 1986),

P. xylostella (Wu et al., 2004), and heads of adultsSQuodoptera frugiperda (Yu et al., 2003)
and S exigua (Byrne and Toscano, 2001). A methomyl-resistarfrugiperda strain has an
increased affinity of AChE, reflected also by a é,- and a higheWaxvalue (Yuet al.,
2003).

The higher turnover of the artificial substrate ACaqual with a lowelK-value and the
resulting higheNMpnax in strain SPOD-EX E-98 suggests a structural neatibn of AChE in
this strain. Smissaert (1964) was the first wharega insensitivity of AChE as a mechanism
of resistance to OPs in the spider miteurticae. The frequent use of OPs and carbamates
over the last 60 years resulted in an increaseafget-site resistance to these compounds.
To date, altered AChE, resulting in an insectiditeensitive enzyme, is one of the major
mechanisms of OP and carbamate resistance in nhare 25 insect and mite species
(Fournier and Mutero 1994; Russetlal., 2004).

Molecular studies have now identified several pamitations in the primary structure of
AChE conferring insecticide resistance. These siratalternations of AChE are based on a
variety of amino acid substitutions, which were jsab of several reviews (Fournier and
Mutero, 1994; Feyereisen, 1995; Russdllal., 2004). In D. melanogaster up to five
nucleotide point mutations, either alone or in corabon, were associated with the reduction
of AChE sensitivity (Muteret al., 1994). AChE, encoded by tlaee gene, occurs as just one
gene in the higher Diptera, whereas other inseudsnaites have two. Recently, Russzlhl.
(2004) postulated two major classes of targetisgensitivity mutations conferring resistance

to OPs and carbamates.

No significant differences in the enzyme inhibitignass homogenate) was observed between
both strains using the organophosphate paraoxgh{@*1.4). On the other hand, the strain
SPOD-EX E-98 expressed a high insensitivity to raetidophos (IF=9.8), corresponding to
high resistance factors (>5.5 and 17.8) in thedsags.
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AChE from strain SPOD-EX E-98 was 9.2- and 4.6-ftdds sensitive to inhibition by
methomyl and thiodicarb, respectively, using masendgenates. Similar results were
obtained with the affinity-purified AChE. In compswn, the inhibition of AChE from mass
homogenates by the three carbamates exhibitedtlgligiyher 1Gq-values as used purified
AChE as enzyme source.

Biochemical studies on AChE from several insectcEseshowed insensitivity to inhibition
by OPs and carbamates (Berragdaal., 1994; Mooreset al., 1996; Guedest al., 1997,
Charpentier and Fournier, 2001; Yetoal., 2002) including lepidopteran species (Brown and
Bryson, 1992; Yu, 1992; Van Laeckeal., 1995; Gunninggt al., 1996a; Byrne and Toscano,
2001; Yuet al., 2003; Baeket al., 2005). These observations in many cases arerocwdi

with the correspondinin vivo bioassays.

In contrast, it was shown here that AChE from st@POD-EX E-98 was ca. 110-fold more
sensitive to inhibition by carbofuran, when compangth AChE from the susceptible strain.
This phenomenon is called “negative cross-inseiitsitj i.e. an inhibitor is more active
against AChE of the resistant strain than agai@&®R from the sensitive strain. Additionally,
negative cross-insensitivity was also detected wihk standard inhibitors BW284c51
(IF=0.7) and eserine (IF=0.011) in mass homogenat&POD-EX E-98 larvae. BW284c51
and eserine are well-known as potent non-insedticgthndard AChE inhibitors. A qualitative
change in the AChE of strain SPOD-EX E-98 could@&xpthe insensitivity to carbamate and
OP insecticides and on the other hand the negato@s-insensitivity to carbofuran, eserine
and BW284c51.

Negative cross-resistance of altered AChE assatiaith resistance to OPs and carbamates
is quite common in some species including Lepid@p{®aymondkt al., 1986; Brown and
Bryson, 1992; Zhu and Clark, 1995; Yat al., 2003) and was mainly detected with
biochemical methods.

Such an unusual pattern of AChE resistance to andoo has also been observed in strains of
Aphis gossypii (Villatte et al., 1999; Benting and Nauen, 2004) aRlayzopertha dominica
(Guedest al., 1997).

The negative cross-insensitivity of AChE from str&POD-EX E-98 was also confirmed by
the invivo bioassay data, where carbofuran was more actigmsiglarvae of the resistant
strain (RF of <0.3). It might be possible to breakistance through such compounds which
show a negative cross-insensitivity, so carbofuisara potential candidate for resistance

management programs as shown earlier in otherespaoid suggested by Brown (1961).
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The broad-spectrum of insecticide resistance obsenv strain SPOD-EX E-98 was due to
multiple resistance mechanisms, including the fssietoxification of these insecticides by
esterases, monooxygenases and an altered AChE.

In conclusion, the four used biochemical assaysl isethe determination of GST, AChE,
CE and ECOD activities offer highly sensitive aratwaate monitoring techniques in early

instars (2% of S. exigua.

5.5 Establishment of a bioassay-kit for a worldwidenonitoring

Flubendiamide (NNI-0001) is the first member of avel class of insecticides, the
phthalic acid diamides, and is active against aadraange of lepidopteran insects
(Tohnishiet al., 2005; Nauen, 2006). This class of chemistry shawew mode of action,
they act as ryanodine receptor modulators in teedhnervous system.

Another purpose of this study was to investigate éfficacy of flubendiamide in field
populations worldwide, in order to monitor for base susceptibility. For a worldwide
monitoring in the year 2004, a very robust and $nipoassay, based on the artificial diet
bioassay was established. The collectors in therdifit countries obtained a “ready-to-use”
kit with a diagnostic dose of flubendiamide andatol plate. The field persons should only
collected larvae of the correct size and then pgittne larva into each well of the provided
plates.

The focus was on two specieS, exigua and H. armigera, collected in five countries
(Australia, Mexico, Thailand, Turkey, and Spain)oweéver, 14 field populations and 4
laboratory strains were tested in total.

The diagnostic concentration of 1 mg litrlubendiamide in the present monitoring assay
was based on the combined bioassay data ofHonarmigera strain and twoS. exigua
laboratory strains. This composite fg@alue will serve as diagnostic rate to carry auitife
monitoring projects in these two lepidopteran sgeci

Normally, monitoring studies are done in singleioag or countries. The test populations are
usually are send to one place for testing and samestthe populations must be maintained in
order to get the right developmental stage/instar guantity. Local monitoring programs are
very well described in the literature, and areiedrout on the initiative of public institutions
within research projects, industry or extensiorofabories. Such studies also carried out for
S exigua (Breweret al., 1990; Kernset al., 1998; Mascarenhas al., 1998; Moultonet al.,
2000) andH. armigera (Glenn et al., 1994; Martinet al., 2000; Kranthiet al., 2001;
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Torres-Vila et al., 2002; Ahmad, 2004) with different commercial icts&des,
e.g.pyrethroids.

For a worldwide monitoring, this procedure is tana consuming and laboratory intensive,
independent of the necessity of import- and exfpeetices for living material, so sending
prepared plates with insecticide seem to be a gtiechative.

The monitoring experiments performed in the fiaddicated that flubendiamide was very
effective against @ to beginning % instar larvae and a mean mortality/efficacy of
approximately 93% (SD 12) was obtained (all straiombined). Eighteen flubendiamide-
population combinations were tested and twelve loé field populations were fully
susceptible and whereas four populations showedight svariation in flubendiamide
sensitivity (83 - 92% efficacy). Only two strainsne of each species, expressed ca. 65%
efficacy and a somewhat reduced response to fludende in this monitoring program. The
use of bigger larvae or higher fitness effectsi@ldfstrains compared with laboratory-reared
strains might account for this variation in respoitssome of the tested populations.

This artificial diet based monitoring method lookise an excellent and simple tool for
monitoring and analysis of the risk of resistan@vealopment in lepidopteran species,

especially in view of global investigations withwand old insecticides.

5.6 Resistance risk assessment of flubendiamide

The baseline susceptibilities towards flubendiamadeall four lepidoperan strains were
similar as shown by the artificial diet bioassayngs2'® instar larvae. The dose-response
curves demonstrated a high degree of homogenetiyeba the species, expressed by only a
2-fold difference in Egy-values. Flubendiamide was most effective agaitrairs HELI-VI,
followed by HELI-AR, SPOD-EX E-98 and SPOD-EX S.eTtorresponding Edg-values for
flubendiamide against"2 instar larvae of the three species can be usedisasiminating
concentration to monitor field populations for pbses flubendiamide resistance in the future.
Flubendiamide was tested with two bioassay teclasga spray bioassay and an artificial diet
bioassay, using"2 instar larvae. Insecticides from eleven chemicaligs representing the
main competitors and mode of action groups onrikedticide market were tested.

In summary, the three laboratory strains, HELI-ARELI-VI and SPOD-EX S, behaved
similar in the different bioassays and accordingtheir susceptibility to the different
insecticides. Emamectin was found to be the most wompound in all cases, followed by a

group of three compounds: flubendiamide, deltanmettand indoxacarb. These four
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insecticides exhibited an outstanding potency/afyc with EGgvalues lower than
1 mg litré-

In both used bioassay types, flubendiamide was esligtly more active against the
multi-resistant strain SPOD-EX E-98 than the suSbkpstrain SPOD-EX S. In addition,
flubendiamide was not cross-resistant to pyretls,0@Ps, carbamates, BPUs, endosulfan and
indoxacarb irS. exigua.

Tohnishi et al. (2005) described also the excellent efficacy afbéndiamide against a
resistantP. xylostella strain, showing high resistance ratios to pyretts,0BPUs, OPs and
carbamates. Against the resistant strain, flubenidia exhibited a level of activity in the
range as a susceptible reference strain.

No evidence for resistance development againstefldlamide was found yet, so
flubendiamide is well suited for resistance managenprograms.

The new insecticide was shown to be very activanagall five developmental stages of
S exigua, H. armigera andH. virescens. The EGg-values for the % instar was calculated to
be 0.07 mg litré¢ and increases ca. 11-fold when applied to theifessar (1 mg litré). In
comparison, during larval development the weightha larvae increases ca. 500-fold for
S exigua and ca. 1000-fold foH. armigera andH. virescens. Generally, the both heliothine
species are a little bit more sensitive to flubandde compared witls exigua, and no
differences were observed between the susceptilleaamulti-resistans. exigua strain in
their response to flubendiamide.

In comparison to the two bioassays Shigstar larvae, strain SPOD-EX E-98 was also kit
bit more susceptible to flubendiamide using topiegiplication on % instar larvae.
Additionally, the two esterase inhibitors, DEF gmdfenofos, had no significant effects on
flubendiamide toxicity in botls. exigua strains. Only pre-treatment with the monooxygenase
inhibitor PBO resulted in negligible effects onldendiamide toxicity in strain SPOD-EX S
(SF=3.5) and strain SPOD-EX E-98 (SF=2).

The synergistic effect of PBO is independent of higher monooxygenase activity in strain
SPOD-EX E-98 (6-fold; 8 instar). PBO is known to facilitate insecticidenptration through
the cuticle of some insects (Sun and Johnson, 1R&&naughet al., 1993; Gunningt al.,
1995); and a similar behaviour in combination withbendiamide is a possible explanation of

the obtained minimal synergistic effect in botlasts.

Advances in the recent time have promoted a shiiinfreactive to proactive resistance

efforts, e.g. the integration of resistance rislalgsis in registration dossiers for new
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insecticides, like flubendiamide. This is importantview of the tremendous increase of
resistance cases in pest species against almastnathercially used insecticides.

The results of this study and the novel mode obaobf flubendiamide suggested that this
compound is a strong new option in future resigantanagement programs to control
lepidopteran pest species. Additionally, altermatstrategies, including flubendiamide, will
reduce the selection pressure on field populatamts may help to delay the development of
insecticide resistance.

Finally, flubendiamide will be an excellent and gtial partner in resistance management

strategies, with no tendency to select resistampest insects in the moment.
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6 SUMMARY

Noctuid species, such as the beet armywdpodoptera exigua, the cotton bollworm
Helicoverpa armigera and the tobacco budworhkheliothis virescens, are well-known pests in
many agricultural cropping systems worldwide; hoerewf economic importance are the
phytophagous larvae of these species. The extermidewidespread use of insecticides
against these species has led to the developmeesistance against almost all commercially
used compounds, including new insecticides sudpa®sad.

The focus of this thesis was on the novel lepid@ptespecific compound flubendiamde, to
get a detailed overview about the efficacy usirfecent kinds of bioassays for a resistance
risk assessment. On the other hand, the underlyossible resistance mechanisms of a
S exigua strain from southern Spain was investigated on tthecological, biochemical,

pharmacokinetic and molecular level.

The basic of all further experiments was two biagssechniques, a leaf-disc spray
application and an artificial diet bioassay, ofi 2nstar larvae. Flubendiamide and
11 competitors with different mode of actions weéested on three susceptible laboratory
strains (HELI-AR, HELI-VI, SPOD-EX S) and one fiedtkain from Spain (SPOD-EX E-98).
The aim was to get baseline susceptibilities ofttitee noctuid species and additionally the
resistance profile of strain SPOD-EX E-98 agaihstdifferent insecticides.

The results of the two bioassay techniques werepeoable with each other, emamectin
shown the highest efficacy followed by low &@alues for flubendiamide, deltamethrin and
indoxacarb.

Additionally, flubendiamide expressed an excellgficacy against all five larval stages of all

four noctuid strains.

An interesting cross-resistance pattern againsciisdes with different mode of actions

demonstrated th®&. exigua strain SPOD-EX E-98, and can be called as “mebligtant”.

High resistance to three classes of insecticidgsetiproids, benzoylphenyl ureas and
carbamates/organophosphates, was detected intitils, 21so moderate resistance levels to

endosulfan and indoxacarb.
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The artificial diet bioassay was used for a worldisvmonitoring, because of the robust and
simple handling. It was used a diagnostic concéatrgl mg litré") of flubendiamide, and

resulting in a mean efficacy of 93% in 18 test gapans ofS. exigua andH. armigera.

Thein vivo application study with the synergist PBO (monoayase inhibitor) has shown
an additionally participation of this enzyme systEwards the deltamethrin resistance in the
S exigua strain SPOD-EX E-98.

Additionally, PBO and two esterase inhibitors (D&Rd profenofos) had no effect to the
resistance level of triflumuron (benzoylphenyl yraad so target-site resistance is likely in
this case.

Using molecular biological methods, a point mutati@dr) in the voltage-gated sodium

channel of the resistant strain SPOD-EX E-98 wdsatled, this channel is the target of the
pyrethroids. This target-site resistance is padity responsible for the extremely high

resistance factor (~900) of the pyrethroid deltametdetected in the bioassays.

In order to investigate the pharmacokinetic prefilef deltamethrin, triflumuron and
flubendiamide inS exigua larvae (8' instar) topically applied radiolabelletf¢]-compounds
were used. No differences in penetration or exmnetf the compounds were observed
between the two strains (SPOD-EX S and E-98). Shggests that physiological changes

have not influence as a possible mechanism ofrdeltarin and triflumuron resistance.

Four biochemical markers, carboxylesterases (CEsytochrome Rgrdependent
monooxygenases  (monooxygenases), glutathione  Sktrases (GSTs) and
acetylcholinesterases (AChEs), were investigatetatih S. exigua strains. These enzyme
systems are known to be linked with metabolic déitation/resistance to diverse
insecticides, but in the case of AChE it is a tagje resistance to organophosphates and
carbamates.

With the exception of GST, in the multi-resistanPCGD-EX E-98 strain was found

significantly higher enzyme activities to the otlteree marker enzymes.

The higher CE activity in the multi-resistant sr&POD-EX E-98 was further investigated,

using a native PA-gel electrophoresis to obtairiimg iso-enzyme banding patterns of both
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strains. In comparison, the strain SPOD-EX E-98ilatdd an additional thick band and it
was not possible to inhibiting this bamdvitro through the synergist DEF (esterase inhibitor).
It is possible that this result is involved in stance, but only further investigations could be

clarify the exact role of the additional band irstresistant strain.

The AChE of bothS. exigua strains was used fan vitro inhibition studies. The resistant
strain SPOD-EX E-98 was insensitive against severghnophosphates and carbamates
compared with strain SPOD-EX S. Only one excepticas detected, the AChE of the
resistant strain SPOD-EX E-98 was more sensibt@atbofuran than the enzyme from strain
SPOD-EX S. This phenomenon of “negative cross-isiseity” is generally correlated with
an altered substrate binding site of the AChE. Hasrinvestigations of kinetic parameters
(Vmax andKy-values) exhibited a higher turnover of the sultstia strain SPOD-EX E-98;
this should be only deriving from an alternatiorttegd AChE-enzyme structure.

The bioassays confirmed these results and so sigtarce mechanism of the two chemical

classes (organophosphates and carbamates) iseeda®ChE in the resistant strain.

In conclusion, the new insecticide flubendiamidevésy active against all developmental

instars and showing an outstanding efficacy agaaistfour used lepidopteran strains,

including the multi-resistang. exigua strain SPOD-EX E-98. Additionally, the synergist

studies and the worldwide monitoring have showrnemalency to development of resistance,
and so flubendiamide is a new strong option foistasce management programs in the
future.

The occurrence of multi-resistant strains, sucBR®OD-EX E-98, is well-known, because of

high selection pressure through the intensive atdngive use of insecticides in the field.

This study shows the involvement of one or moréstasce mechanisms for the individual

resistance cases. Therefore, it is important t@meseach chemical group independently and
additionally to have a range of well establishedthods (bioassays and diagnostic of

resistance mechanisms) for the insect speciederest.
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7 ZUSAMMENFASSUNG

Schadlinge der Familie der Noctuidae, wie z.B. fliekerriibeneul&podoptera exigua, der
BaumwollkapselwurnHelicoverpa armigera und die Baumwolleuléleliothis virescens sind
weltweit in vielen agronomischen Anbausystemen bekawobei die phytophagen Larven
als Verursacher den wirtschaftlichen Schaden hittoein. Der haufige und weit verbreitete
Einsatz von Insektiziden in den genannten Artenrtéilzu einer Resistenzentwicklung
gegeniber fast allen kommerziell erhaltichen Woken, dieses schliel3t auch neuere
Insektizide wie Spinosad ein.

Der Fokus dieser Arbeit lag auf einem neuen ingaldn Wirkstoff, Flubendiamide, der
spezifisch gegen Lepidopteren wirkt. Verschiedenemvon Biotests wurden eingesetzt um
einen Uberblick tiber das Risiko einer Resistenziektung zu bekommen. Des Weiteren lag
das Interesse auf einenS exigua Stamm aus Suddspanien, dessen madgliche
Resistenzmechanismen auf biochemischer, pharmai@cher und molekularer Ebene

untersucht wurden.

Die Grundlage fur alle weiteren Versuche bildetenveiz Biotestsysteme, eine
Spruhapplikation auf Blattmaterial und ein Kund#wBiotest, die am zweiten
Larvenstadium durchgefihrt wurden. Flubendiamided utii Konkurrenzprodukte mit
unterschiedlichen Wirkmechanismen wurden an drasib&en Laborstimmen (HELI-AR,
HELI-VI, SPOD-EX S) und einem Freilandstamm ausriigra (SPOD-EX E-98) getestet.

Ziel war es die Basisdaten fur die drei sensiblégm®e und das Resistenzprofil fir den
Stamm SPOD-EX E-98 gegentber den verschiedenektiriden herauszuarbeiten, wobei
beide Testsysteme vergleichbare Ergebnisse erzielte

Emamectin zeigte die beste Wirkung dicht gefolgtn voiedrigen EGo-Werten fur
Flubendiamide, Deltamethrin und Indoxacarb.

Zusatzlich zeigte Flubendiamide eine exzellentekWig an allen funf Larvenstadien der vier

verschiedenen Noctuiden-Stamme.

Der S. exigua Stamm SPOD-EX E-98 zeigte sich interessanterweesgzresistent gegeniuber
verschiedenen Insektiziden mit unterschiedlicherrkdfechanismen und kann somit als
~-multiresistent” bezeichnet werden.

Eine starke Resistenz gegeniber den drei Insekigasen, Pyrethroide, Benzoylharnstoffe
und Carbamate/Organophosphate wurde fiir diesennsfasigestellt, zusatzlich moderatere

Resistenzfaktoren fir die Wirkstoffe Endosulfan imdboxacarb.
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Der Kunstfutter-Biotest erwies sich als robust wathr einfach in der Handhabung, sodass
dieser mit einer diagnostischen Konzentration vdumbé&ndiamide (1 mg/Liter) in einem
weltweiten Resistenz-Monitoring zum Einsatz kam, bwio ein durchschnittlicher

Wirkungsgrad von 93% bei 18 Testpopulation8retigua undH. armigera) erreicht wurde.

Die in vivo Versuche mit dem Synergisten PBO (Monooxygenakisibor) zeigten eine
zusatzliche Beteiligung dieses Enzymsystem an ddrandenen Deltamethrin-Resistenz des
S exigua Stammes SPOD-EX E-98.

Zusatzlich konnte kein Effekt, sowohl mit PBO algcla mit den Esterase Inhibitoren (DEF
und Profenofos), auf den Resistenzlevel von Trifloom (Benzoylharnstoff) erzielen werden.
Daher muss in diesem Fall auch eine Target-SitésRez angenommen werden.

Mit  molekularbiologischen  Methoden konnte eine Romkation kdr) im
spannungsabhangigen Natriumkanal, dem Wirkort demretRroide, des Stammes
SPOD-EX E-98 ermittelt werden. Diese Target-Sitaienz ist teilweise fir den extrem
hohen Resistenzfaktor (~900) des Pyrethroids Deltlarim verantwortlich, der in den

Biotests ermittelt wurde.

In weiteren Experimenten wurde das pharmakokinegisProfil von topikal applizierten
radioaktiv markierten fC]-Wirkstoffen (Deltamethrin, Triflumuron, Fluberadhide) in
S exigua Larven (5. Stadium) nachvollzogen. Zwischen deiddre Stammen (SPOD-EX S
und E-98) ergab sich keine verénderte Aufnahme @&deéaretion der Wirkstoffe, sodass
gegenuber Deltamethrin und Triflumuron eine Verdundg auf physiologischer Ebene als

Resistenzmechanismus auszuschlie3en ist.

In den zweiS. exigua Stammen wurden vier biochemische Marker, Carbatgtasen (CESs),
Cytochrom Bsgabhangige Monooxygenasen (Monooxygenasen), GlatatB-Transferasen
(GSTs) und Acetylcholinesterasen (AChESs), untersuatn denen bekannt ist, dass sie an
einer metabolischen Entgiftung von diversen Ingadkdin beteiligt sind. Dabei handelt es sich
im Falle der AChE um eine Target-Site-ResistenZdiganophosphate und Carbamate.

Das Ergebnis zeigte, auRer bei GSTs, in allen anddrei Enzymsystemen signifikant
erhohte Aktivitaten des multi-resistenten Stamnme®B-EX E-98.

Zusatzlich zu der erhohten CE-Aktivitdt des mudsistenten Stammes SPOD-EX E-98
konnten mittels nativer PA-Gelelektrophorese di®@efzym-Bandenmuster fir beide
S exigua Stamme bestimmt werden. Im Vergleich der beidem8té fiel eine zusatzliche
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starke Bande im Stamm SPOD-EX E-98 auf, die auchtin vitro durch den Synergisten
DEF (Esterase-Inhibitor) inhibiert werden konnte.
Die zusatzlich gefundene Bande kann mdglicherwaisdresistenzfaktor in dem resistenten

Stamm eine Rolle spielen, hierzu sind aber nochenelUntersuchungen nétig.

In vitro Inhibierungsstudien von AChE aus beid8nexigua Stammen zeigten das der
resistente  Stamm SPOD-EX E-98 unempfindlicher gélgen Organophosphaten und
Carbamaten als der Stamm SPOD-EX S ist, nur im @erud Carbofuran zeigte sich die
AChE aus dem Stamm SPOD-EX E-98 sensibler als dasynE aus dem Stamm
SPOD-EX S. Dieses Phanomen der ,negativen Kreuzsipatat® wird generell mit einer
veranderten Substratbindungsstelle der AChE in Mddng gebracht. Weitere
Untersuchungen der kinetischen Parametgrn£ und K,-Werte) zeigten zusatzlich eine
erhohte Substratumsetzung in dem Stamm SPOD-EX, Ei88&ich nur auf eine verdnderte
Struktur des AChE-Enzyms zuriickzufuhren lasst.

Dieses Ergebnis wurde in den Biotests bestatigtkamth als Resistenzmechanismus fur diese

beiden Wirkstoffgruppen (Organophosphate und Caat@nhangesehen werden.

Zusammenfassend kann gesagt werden, dass das mmektiZid Flubendiamide
aulRergewohnlich gut gegen alle vier getestetendogperen-Stamme wirkt, eingeschlossen
dem multi-resistenters. exigua Stamm SPOD-EX E-98. Aufllerdem erzielt es in allen
Larvenstadien eine sehr gute Wirkung. Zusatzlich ndfa sich in  den
Synergismus-Experimenten und im weltweiten Monitgri kein Hinweis auf eine
Resistenzentwicklung, so dass Flubendiamide eine sehlagkraftige Option fur zuklnftige
Programme im Resistenz Management sein wird.

Der hohe Selektionsdruck durch den intensiven ueid werbreiteten Einsatz von Insektiziden
im Feld bewirkt, das dass Auftreten von multi-resisen Stammen, wie z.B. der Stamm
SPOD-EX E-98, keine Seltenheit ist.

Diese Studie zeigt auch, dass die einzelnen Rez&teignisse sich auf ein oder mehrere
verschiedene Resistenzmechanismen grinden konredrer bDst es wichtig die einzelnen
chemischen Insektizidgruppen getrennt voneinandebetrachten und fir jede relevante
Spezies die entsprechenden Methoden fiir Biotestsd uBiagnostik von

Resistenzmechanismen bereitzuhalten.



References 113

8 REFERENCES

Abalis, .M., Eldefrawi, M.E. and Eldefrawi, A.T1985). High-affinity stereospecific binding
of cyclodiene insecticides arydhexachlorocyclohexane fgaminobutyric acid receptors
of rat brainPestic. Biochem. Physiol. 24, 95-102.

Abbott, W.S. (1925). A method of computing effeetiess of an insecticide. Econ.
Entomol. 18, 256-267.

Abd-Elghafar, S.F., Abo-Elghar, G.E., and Knowl€sQ. (1994). Fenvalerate penetration,
metabolism, and excretion in pyrethroid-susceptibtel resistanHeliothis virescens
(Lepidoptera: Noctuidae). Econ. Entomol. 87, 872-878.

Abd-Elghafar, S.F. and Knowles, C.0O. (1996). Phaxwkaetic of fenvalerate in laboratory
and field strains oHelicoverpa zea (Lepidoptera: Noctuidae)l. Econ. Entomol. 89,
590-593.

Ahmad, M. and McCaffery, A.R. (1999). Penetratiod anetabolism of trans-cypermethrin
in a susceptible and a pyrethroid-resistance stodindelicoverpa armigera. Pestic.
Biochem. Physial. 65, 6-14.

Ahmad, M., Hollingworth, R.M. and Wise, J.C. (200Byoad-spectrum insecticide resistance
in obliqguebanded leafrolleChoristoneura rosaceana (Lepidoptera: Tortricidae) from
Michigan.Pest Manag. Sci. 58, 834-838.

Ahmad, M. (2004). Potentiation/antagonism of dek#mn and cypermethrins with
organophosphate insecticides in the cotton bollworkelicoverpa armigera
(Lepidoptera: Noctuidaepestic. Biochem. Physiol. 80, 31-42.

Ahmadian, A., Gharizadeh, B., Gustafsson, A.C.rkyteF., Nyrén, P., Uhlén, M. and
Lundeberg, J. (2000). Single-nucleotide polymonphianalysis by pyrosequencing.
Anal. Biochem. 280, 103-110.

Aldosari, S.A., Watson, T.F., Sivasupramaniam,r8l. @sman, A.A. (1996). Susceptibility of
field populations of beet armyworm (Lepidoptera:codae) to cyfluthrin, methomyl,
and profenofos, and selection of resistance toutlyfin. J. Econ. Entomol. 89,
1359-1363.

Alon, M., Benting, J., Lueke, B., Ponge, T., Aléh,and Morin, S. (2006). Multiple origins of
pyrethroid resistance in sympatric biotypesBefmisia tabaci (Hemiptera: Aleyrodidae).
Insect Biochem. Molec. Biol. 36, 71-79.

Argentine, J.A., Jansson, R.K., Starner, V.R. amdllitthy, W.R. (2002). Toxicities of
emamectin benzoate homologues and photodegradatepidopteral. Econ. Entomol.
95, 1185-1189.

Armes, N.J., Jadhav, D.R. and DeSouza, K.R. (19Q6urvey of insecticide resistance in
Helicoverpa armigera in the Indian subcontinerBull. Entomol. Res. 86, 499-514.

Armes, N.J., Wightman, J.A., Jadhav, D.R. and R&aa, G.V. (1997). Status of insecticide
resistance irgpodoptera litura in Andhra Pradesh, Indi®estic. ci. 50, 240-248.

Armstrong, R.N. (1991). Glutathione S-transferasesaction mechanism, structure and
function.Chem. Res. Toxicol. 4, 131-140.

Armstrong, R.N. (1997). Structure, catalytic medlan and evolution of the glutathione
S-transferase€hem. Res. Toxicol. 10, 2-18.

Auda, M., El Saidy, F.M. and Degheele, D. (19919xi€ity, retention and distribution of
[**C]hexaflumuron in the last larval instar bfptinotarsa decemlineata, Spodoptera
littoralis andSpodoptera exigua. Pestic. ci. 32, 419-426.



References 114

Baek, J.H., Kim, J.Il., Lee, D.-W., Chung, B.K., Mitg, T. and Lee, S.H. (2005).
Identification and characterization atel-type acetylcholinesterase likely associated
with organophosphate resistancelntella xylostella. Pestic. Biochem. Physiol. 81, 164-
175.

Benting, J., Hauser-Hahn, R., Nauen, R. and Bd®a,(2004). Molecular diagnosis of
resistancePflanzenschutz-Nachrichten Bayer 57, 78-85.

Benting, J. and Nauen, R. (2004). Biochemical eweethat an S431F mutation in
acetylcholinesterase-1 éphis gossypii mediates resistance to pirimicarb and omethoate.
Pest Manag. Sci. 60, 1051-1055.

Bergé, J-B., Feyereisen, R. and Amichot, M. (19€3)fochrome P450 monooxygenases and
insecticide resistance in insects. Imsecticide Resistance: From Mechanisms to
Management. (Eds. I. Denholm, J.A. Pickett and A.L. Devonshir€ABI Publishing
London, pp. 25-29.

Berrada, S., Fournier, D., Cuany, A. and NguyeiX. T1994). Identification of resistance
mechanisms in a selected laboratory straifCadopsylla pyri (Homoptera: Psyllidae):
altered acetylcholinesterase and detoxifying ox@daPestic. Biochem. Physiol. 48,
41-47.

Black, B.C., Hollingworth R.M., Ahammadsahib, KKukel, C.D. and Donovan, S. (1994).
Insecticidal action and mitochondrial uncouplinginaty of AC-303,630 and related
halogenated pyrrole®estic. Biochem. Physiol. 50, 115-128.

Bloomquist, J.R. (1993). Neuroreceptor mechanismspyrethroid mode of action and
resistanceRev. Pestic. Toxicol. 2, 185-230.

Bloomquist, J.R. (2001). GABA and glutamate recepts biochemical sites for insecticide
action. In: Biochemical Stes of Insecticide Action and Resistance. (Ed. I. Ishaaya),
Springer-Verlag, Berlin, Heidelberg, pp. 17-41.

Bouvier, J.-C., Boivin, T., Beslay, D. and Sauphari (2002). Age-dependent response to
insecticides and enzymatic variation in susceptdnid resistant codling moth larvae.
Arch. Insect Biochem. Physiol. 51, 55-66.

Bradford, J.P. (1976). A rapid and sensitive mettiod the quantitation of microgram
quantities of protein utilising the principle ofgbein-dye bindingAnal. Biochem. 72,
248-253.

Brewer, M.J. and Trumble, J.T. (1989). Field moriitg for insecticide resistance in beet
armyworm (Lepidoptera: Noctuidae).Econ. Entomol. 82, 1520-1526.

Brewer, M.J., Trumble, J.T., Alvarado-Rodriguez, &d Chaney, W.E. (1990). Beet
armyworm (Lepidoptera: Noctuidae) adult and larsasceptibility to three insecticides
in managed habitats and relationship to laboras®ection for resistancel. Econ.
Entomol. 83, 2136-2146.

Brown, A.W.A. (1961). Negatively-correlated insealies: A possible countermeasure for
insecticide resistanclest Control 29, 24.

Brown, T.M. and Bryson, P.K. (1992). Selective Witors of methyl parathion-resistant
acetylcholinesterase frohbeliothis virescens. Pestic. Biochem. Physiol. 44, 155-164.

Byrne, F.J. and Devonshire, A.L. (1993). Insensitigcetylcholinesterase and esterase
polymorphism in susceptible and resistant popuiatioof the tobacco whitefly,
Bemisia tabaci. Pestic. Biochem. Physiol. 45, 34-42.

Byrne, F.J. and Toscano, N.C. (2001). An insersitigetylcholinesterase confers resistance
to methomyl in the beet armyworrSpodoptera exigua (Lepidoptera: Noctuidae).
J. Econ. Entomol. 94, 524-528.



References 115

Carlson, G.R., Dhadialla, T.S., Hunter, R., JansdRiK., Jany, C.S., Lidert, Z. and
Slawecki, R.A. (2001). The chemical and biologipabperties of methoxyfenozide, a
new insecticidal ecdysteroid agoniBest Manag. Sci. 57, 115-119.

Charpentier, A. and Fournier, D. (2001). Levelstaitl acetylcholinesterase [Drosophila
melanogaster in relation to insecticide resistané®estic. Biochem. Physiol. 70, 100-107.

Dauterman, W.C. (1985). Insect metabolism: extramsemal. In: Comprehensive Insect
Physiology, Biochemistry and Pharmacology. (Eds. G.A. Kerkut and L.l. Gilbert).
Pergamon, Oxford, U.K. Vol. 12, pp. 713-730.

Delorme, R., Fournier, D., Chaufaux, J., Cuany, Bxide, J.M., Auge, D. and Berge, J.B.
(1988). Esterases metabolism and reduced penetratie causes of resistance to
deltamethrin inSpodoptera exigua HUB (Noctuidae; Lepidoptera)Pestic. Biochem.
Physiol. 32, 240-246.

DeSousa, G., Cuany, A., Brun, A., Amichot, M., Ramm R. and Berge, J.-B. (1995). A
microfluorometric method for measuring ethoxycoum&-deethylase activity in
individual Drosophila melanogaster abdomens: interest for screening resistance gcins
populations Analyt. Biochem. 229, 86-91.

Dong. K. (1997). A single amino acid change inphea sodium channel protein is associated
with knockdown-resistancekdr) to pyrethroid insecticides in German cockroaches.
Insect Biochem. Molec. Biol. 27, 93-100.

Dong, K. (2003). Voltage-gated sodium channelshasdticide targets. i€hemistry of Crop
Protection. Progress and Prospects in Science and Regulation. (Eds. G. Voss and
G. Ramos), Wiley-VCH, Weinheim, Germany, pp. 165.17

Dong, K. (2007). Insect sodium channels and insielgi resistancelnvert. Neurosci. 7,
17-30.

Ebbinghaus-Kintscher, U., Lummen, P., Lobitz, Nchdte, T., Funke, C., Fischer, R.,
Masaki, T., Yasokawa, N. and Tohnishi, M. (2005htHalic acid diamides activate
ryanodine-sensitive Garelease channels in insed&| Calcium 39, 21-33.

Ebbinghaus-Kintscher, U., Limmen, P., Raming, Kaskki, T. and Yasokawa, N. (2007).
Flubendiamide, the first insecticide with a novebda of action on insect ryanodine
receptorsPflanzenschutz-Nachrichten Bayer 60, 117-140.

Eldefrawi, M.E., Miskus, R. and Sutcher, V. (1960)ethylenedioxyphenyl derivates as
synergists for carbamate insecticides on susceptiDDT-, and parathion-resistant
housefliesJ. Econ. Entomol. 53, 231-234.

Elliott, M., Farnham, A.W., Janes, N.F., Needhani.Rand Pulman, D.A. (1974). Synthetic
insecticide with a new order of activityature 248 710-711.

Elliott, M., Janes, N.F. and Potter, C. (1978). Thture of pyrethroids in insect control.
Ann. Rev. Entomol. 23, 443-469.

Ellman, G.L., Courtney, K.D., Andres, V. and Feastene, R.M. (1961). A new and rapid
colorimetric determination of acetylcholinesterasetivity. Biochem. Pharmacol. 7,
88-95.

Emam, A.K., Degheele, D. and Van Outryve D’ydewalte (1988). Distribution of four
4C benzoylphenyl ureas in last instar larvaeSoddoptera littoralis (Boisd.) and their
excrementsMed. Fac. Landbouww. Rijksuniv. Gent 53, 751-757.

Evans, H.E. (1984).nsect Biology: A Textbook of Entomology. Addison-Wesley Publishing
Company, San Francisco, CA, USA.

Farnham, A.W., Murray, A.W.A., Sawicki, R.M., Derlg I. and White, J.C. (1987).
Characterization of the structure-activity relaship ofkdr and 2 variants aduper-kdr to
pyrethroids in the houseflyMusca domestica L.). Pest. Sci. 19, 209-220.



References 116

Feyereisen, R. (1995). Molecular biology of insade resistanceToxicol. Lett. 82/83
83-90.

Feyereisen, R. (1999). Insect P450 enzyrasu. Rev. Entomol. 44, 507-533.

Field, L.M., Devonshire, A.L. and Forde, B.G. (198Blolecular evidence that insecticide
resistance in peach-potato aphilfs/fus persicae Sulz.) results from amplification of an
esterase gen8iochem. J. 251, 309-312.

Field, L.M. and Devonshire, A.L. (1998). Evidendwatt the E4 and FE4 esterase genes
responsible for insecticide resistance in the apiydus persicae (Sulzer) are part of a
gene family Biochem. J. 330, 169-173.

Forgash, A.J. (1984). History, evolution, and capsaces of insecticide resistanBestic.
Biochem. Physiol. 22, 178-186.

Fournier, D., Bride, J.M., Hoffmann, F. and Kardh, (1992). Acetylcholinesterase. Two
types of modifications confer resistance to ingédd. J. Biol. Chem. 267, 14270-14274.

Fournier, D. and Mutero, A. (1994). Maodification afetylcholinesterase as a mechanism of
resistance to insecticide€omp. Biochem. Physiology C: Toxicol. Pharmacol. 108
19-31.

Gammon, D.W., Brown, M.A. and Casida, J.E. (1981)0 classes of pyrethroid action in
the cockroachPestic. Biochem. Physiol. 15, 181-191.

Georghiou, G. and Lagunes-Tejeda, A. (1991). Theu@ence of Resistance to Pesticides in
Arthropods: An Index of Cases reported through 198®od and Agriculture
Organization of the United Nations, Rome.

Glenn, D.C., Hoffmann, A.A. and McDonald, G. (1994esistance to pyrethroids in
Helicoverpa armigera (Lepidoptera: Noctuidae) from corn: adult resisgnlarval
resistance, and fitness effecisEcon. Entomol. 87, 1165-1171.

Grant, D.F. and Hammock, B.D. (1992). Genetic aradegular evidence for &rans-acting
regulatory locus controlling glutathione S-tranafe-2 expression ledes aegypti. Mol.
Gen. Genet. 234, 169-176.

Guedes, R.N.C., Zhu, K.Y., Kambhampati, S. and Dov&.A. (1997). An altered
acetylcholinesterase conferring negative crossagitieity to different insecticidal
inhibitors in organophospate-resistant lesser goairer, Rhyzopertha dominica. Pestic.
Biochem. Physiol. 58, 55-62.

Guerrero, F.D, Jamroz, R.C., Kammlah, D. and Ku8#. (1997). Toxicological and
molecular characterization of pyrethroid-resistdmdrn flies, Haematobia irritans.
identification of kdr and super-kdr point mutationsinsect Biochem. Molec. Biol. 27,
745-755.

Gullan, P.J. and Cranston, P.S. (200% insects. An outline of entomology. Third Edition,
Blackwell Publishing, Oxford, England.

Gunning, R.V., Easton, C.S., Balfe, M.E. and Ferti&. (1991). Pyrethroid resistance
mechanisms in Australidfelicoverpa armigera. Pestic. Sci. 33, 473-490.

Gunning, R.V. and Easton, C.S. (1994). Endosulfsistance inHelicoverpa armigera
(Hubner) (Lepidoptera: Noctuidae) in AustraliaAust. Entomol. Soc. 33, 9-12.

Gunning, R.V., Devonshire, A.L. and Moores, G.[09%). Metabolism of esfenvalerate by
pyrethroid-susceptible and -resistant Australidelicoverpa armigera (Lepidoptera:
Noctuidae)Pestic. Biochem. Physiol. 51, 205-213.

Gunning, R.V., Moores, G.D. and Devonshire, A.L199@&a). Insensitive acetylcholinesterase
and resistance to thiodicarb in Australiblelicoverpa armigera Hiubner (Lepidoptera:
Noctuidae)Pestic. Biochem. Physiol. 55, 21-28.



References 117

Gunning, R.V., Moores, G.D. and Devonshire, A.L99@&b). Esterases and esfenvalerate
resistance in AustraliarHelicoverpa armigera (Hubner) (Lepidoptera: Noctuidae).
Pestic. Biochem. Physiol. 54, 12-23.

Gunning, R.V., Moores, G.D. and Devonshire, A.199%). Esterase inhibitors synergise the
toxicity of pyrethroids in AustraliarHelicoverpa armigera (Hubner) (Lepidoptera:
Noctuidae)Pestic. Biochem. Physiol. 63, 50-62.

Gunning, R.V. and Moores, G.D. (2001). Insensiti@eetylcholinesterase as sites for
resistance to organophosphates and carbamatesertsninsensitive acetylcholinesterase
confers resistance in Lepidoptera. IBiochemical Stes of Insecticide Action and
Resistance. (Ed. I. Ishaaya), Springer-Verlag, Berlin, Heidethep. 221-238.

Gut, 1.G. (2001). Automation in genotyping of siaglucleotide polymorphismblum. Mutat.

17, 475-492.

Habig, W.H., Pabst, M.J. and Jakoby, W.B. (1974ut&hione S-transferases, the first step
in mercapturic acid formatiod. biol. Chem. 249, 7130-7139.

Hall, T. (2007). Ecological effects assessmentiuliédndiamide Pflanzenschutz-Nachrichten
Bayer 60, 167-182.

Head, D.J., McCaffery, A.R. and Callaghan, A. (1998&ovel mutations in the
para-homologous sodium channel gene associated withgtigic expression of nerve
insensitivity resistance to pyrethroids in Helioghilepidopteralnsect Molec. Biol. 7,
191-196.

Hemingway, J., Hawkes, N., Prapanthadara, L., maltda J. and Ranson, H. (1999). The
role of gene splicing, gene amplification and regoh in mosquito insecticide
resistance. In:Insecticide Resistance: From Mechanisms to Management. (Eds. |.
Denholm, J.A. Pickett and A.L. Devonshire), CABIdHshing London, pp. 19-23.

Hemingway, J. (2000). The molecular basis of twat@sting metabolic mechanisms of
insecticide resistancénsect Biochem. Molec. Biol. 30, 1009-1015.

Hirooka, T., Schneider, J., Masters, R. and Budthb& (2007). Introduction.
Pflanzenschutz-Nachrichten Bayer 60, 101-104.

Hirooka, T., Nishimatsu, T., Kodama, H., Reckmath, and Nauen, R. (2007). The
biological profile of flubendiamide, a new benzeiwadoxamide insecticide.
Pflanzenschutz-Nachrichten Bayer 60, 183-202.

Hodgson, E. (1983). The significance of cytochrdmd50 in insectslnsect Biochem. 13,
237-246.

Hoffmann, G.M., Nienhaus, F., Poehling, H.-M., Sabéck, F., Weltzien, H.C. and Wilbert,
H. (1994). Tierische Schadlinge und ihre natirlich&egenspieler. Intehrbuch der
Phytomedizin. 3. Auflage, Blackwell Wissenschafts-Verlag, Berli Germany,
pp. 171-175.

Huang, H.S., Hu, N.T., Yao, Y.E., Wu, C.Y., ChiailgW. and Sun, C.N. (1998). Molecular
cloning and heterologous expression of a glutathi®siransferase involved in insecticide
resistance from the diamondback md®hytella xylostella. Insect Biochem. Molec. Biol.

28, 651-568.

Ibrahim, S.A and Ottea, J.A. (1995). Biochemicadl aoxicological studies with laboratory
and field populations dfleliothis virescens (F.). Pestic. Biochem. Physiol. 53, 116-128.
Ingles, P.J., Adams, P.M., Knipple, D.C. and Sadet| D.M. (1996). Characterization of
voltage-sensitive sodium channel gene coding semseinom insecticide-susceptible and

knockdown-resistant house fly straihgsect Biochem. Molec. Biol. 26, 319-326

Ishaaya, I. and Klein, M. (1990). Response of spidaie laboratory and resistant field strains
of Spodoptera littoralis (Lepidoptera: Noctuidae) to teflubenzurdnEcon. Entomol. 83,
59-62.



References 118

Ishaaya, I. (1993). Insect detoxifying enzymesirtimportance in pesticide synergism and
resistanceArch. Insect Biochem. Physiol. 22, 263-276.

Ishaaya, I. (2001). Biochemical processes relatednsecticide action: an overview. In:
Biochemical Stes of Insecticide Action and Resistance. (Ed. I. Ishaaya), Springer-Verlag,
Berlin, Heidelberg, pp. 1-16.

Jansson, R.K. and Dybas, R.A. (1998). Avermectischemical mode of action, biological
efficacy and agricultural importance. Ihnsecticides with Novel Modes of Action,
Mechanism and Application. (Eds. I. Ishaaya and D. Degheele), Springer-\gerBerlin,
Heidelberg, pp. 152-170.

Jefferies, P.R., Yu, P. and Casida, J.E. (1997jucktral modifications increase the
insecticidal activity of ryanodinéestic. ci. 51, 33-38.

Kanga, L.H.B., Pree, D.J., Van Lier, J.L. and Whi&.J. (1997). Mechanisms of resistance
to organophosphorus and carbamate insecticidesriental fruit moth populations
(Grapholita Molesta Busck).Pestic. Biochem. Physiol. 59, 11-23.

Karunaratne, S.H.P.P., Vaughan, A., Paton, M.G. Hachingway, J. (1998). Amplification
of a serine esterase gene is involved in inseeticidsistance in Sri Lankan
Culex tritaeniorhynchus. Insect Molec. Biol. 7, 307-315.

Kennaugh, L., Pearce, D., Daly, J.C. and Hobbs, . A(2993). Piperonyl butoxide
synergizable resistance to permethrin Helicoverpa armigera which is not due to
increased detoxification by cytochrome P4B6stic. Biochem. Physiol. 45, 234-241.

Kerns, D.L., Palumbo, J.C. and Tellez, T. (1998gsiRtance of field strains of beet
armyworm (Lepidoptera: Noctuidae) from Arizona ar@hlifornia to carbamate
insecticidesJ. Econ. Entomol. 91, 1038-1043.

Kranthi, K.R., Jadhav, D., Wanjari, R., Kranthi, &d Russell, D. (2001). Pyrethroid
resistance and mechanisms of resistance in figlginst of Helicoverpa armigera
(Lepidoptera: Noctuidae). Econ. Entomol. 94, 253-263.

Kranthi, K.R., Jadhav, D.R., Kranthi, S., Wanj&LR., Ali, S.S. and Russell, D.A. (2002).
Insecticide resistance in five major insect pedtaiton in India.Crop Protect. 21,
449-460.

Kristensen, M. and Jespersen, J.B. (2003). Lamwicasistance iMusca domestica (Diptera:
Muscidae) populations in Denmark and establishn@ntesistant laboratory strains.
J. Econ. Entomol. 96, 1300-1306.

Lagadic, L., Leicht, W., Ford, M.G., Salt, D.W. aBdeenwood, R. (1993). Pharmacokinetics
of cyfluthrin in Spodoptera littoralis (Boisd.). I.1n vivo distribution and elimination of
[**C]cyfluthrin in susceptible and pyrethroid-resigtéarvae. Pestic. Biochem. Physiol.
45, 105-115.

Lee, S.H., Dunn, J.B., Clark, J.M. and Soderlund/1999). Molecular analysis &ér-like
resistance in a permethrin-resistant strain of reolo potato beetlePestic. Biochem.
Physiol. 63, 63-75.

Little, E.J., McCaffery, A.R. Walker, C.H. and ParkT. (1989). Evidence for an enhanced
metabolism of cypermethrin by a monooxygenase pyrathroid-resistant strain of the
tobacco budwormHeliothis virescens F.). Pestic. Biochem. Physiol. 34, 58-68.

Loughney, K., Kreber, R. and Ganetzky, B. (1989hlédular analysis of thpara locus, a
sodium channel iDrosophila. Cell 58, 1143-1154.

Martin, S.H., Elzen, G.W., Graves, J.B., Micinsgi, Leonard, B.R. and Burris, E. (1995).
Toxicological responses of tobacco budworm (Lepidan Noctuidae) from Louisiana,
Mississippi, and Texas to selected insecticideBcon. Entomol. 88, 505-511.



References 119

Martin, T., Ochou, G.O., Hala-N’Klo, F., VassakM. and Vaissayre, M. (2000). Pyrethroid
resistance in cotton bollwormHelicoverpa armigera (Hubner), in West Africa.
Pest Manag. <ci. 56, 549-554.

Martinez-Torres, D., Devonshire, A.L. and WillianmsaV.S. (1997). Molecular studies of
knockdown resistance to pyrethroids: cloning of domll sodium channel gene
sequences from inseciestic. ci. 51, 265-270.

Martinez-Torres, D., Chevillon, C.A., Brun-Barald., Bergé, J.B., Pasteur, N. and
Pauron, D. (1999). Voltage-dependent Mhannels in pyrethroid-resista@tlex pipiens
L mosquitoesPestic. ci. 55, 1012-1020.

Mascarenhas, V.J., Graves, J.B., Leonard, B.R.Bands, E. (1998). Susceptible of field
populations of beet armyworm (Lepidoptera: Noctajd® commercial and experimental
insecticidesJ. Econ. Entomol. 91, 827-833.

McCaffery A. and Nauen R. (2006). The InsecticidesiRtance Action Committee (IRAC):
Public responsibility and enlightened industrialf-ggerest. Outlooks Pest Manag.
17,11-14.

McCaffery, A.R. (1999). Resistance to insecticideseliothine Lepidoptera: a global view.

In: Insecticide Resistance: From Mechanisms to Management. (Eds. I. Denholm, J.A.
Pickett and A.L. Devonshire), CABI Publishing Lomd@p. 59-74.

Moores, G.D., Gao, X., Denholm, I. and Devonshifel.. (1996). Characterization of
insensitive acetylcholinesterase in insecticidéstast cotton aphidsAphids gossypii
Glover (Homoptera: Aphididaelpestic. Biochem. Physiol. 56, 102-110.

Motoyama, N. and Dautermann, W.C. (1975). Interstracomparison of
glutathione-dependent reactions in susceptiblerasidtant housefliefestic. Biochem.
Physiol. 5, 489-495.

Mouches, C., Pasteur, N., Berge, J.B., Hyrien, Raymond, M., DeSaint Vincent, B.R.,
De Silvestri, M. and Georghiou, G.P. (1986). Ampétion of an esterase gene is
responsible for insecticide resistance in a Califor Culex mosquito. Science 233
778-780.

Moulton, J.K., Pepper, D.A. and Dennehy, T.J. (308@et armyworm $podoptera exigua)
resistance to spinosadest Manag. Sci. 56, 842-828.
Murugesan, K. and Dhingra, S. (1995). Variabiliyresistance pattern of various groups of

insecticides evaluated again§todoptera litura (Fabricius) during a period spanning
over three decaded.ent. Res. 19, 313-3109.

Mutero, A., Pralavorio, M., Bride, J.M. and FoumiB. (1994). Resistance-associated point
mutations in insecticide-insensitive acetylcholieesse Proc. Natl. Acad. Sci. USA 91,
5922-5926.

Narahashi, T. (2000). Neuroreceptors and lon CHarasethe Basis for Drug Action: Past,
Present, and Futuré. Pharmacol. Exp. Ther. 294, 1-26.

Natsuhara, K., Shimada, K., Tanaka, T. and Miy&ta(2004). Phenobarbital induction of
permethrin detoxification and phenobarbital meteol in susceptible and resistant
strains of the beet armywor8podoptera exigua (Hubner).Pestic. Biochem. Physial. 79,
33-41.

Nauen, R. (2002). Aphid toxicology and plant systeproperties of an insecticidal tetramic
acid derivateDissertation - University of Portsmouth, School of Biological Sciences.

Nauen, R. and Bretschneider, T. (2002). New moflestmon of insecticidesestic. Outlook
13, 241-245.

Nauen, R. and Stumpf, N. (2002). Fluorometric nptaite assay to measure glutathione
S-transferase activity in insects and mites usingaohlorobimaneAnal. Biochem. 303
194-198.



References 120

Nauen, R. (2006). Insecticide mode of action: rewir the ryanodine receptdPest Manag.
ci. 62, 690-692.

Nishimatsu, T., Kodama, H., Kuriyama, K., Tohniski,, Ebbinghaus, D. and Schneider, J.
(2005). A novel insecticide agent, flubendiamider, €ontrolling lepidopterous insect
pests.International Conference on Pesticides 2005, Kuala Lumpur, Malaysia, Book of
Abstracts.

Noppun, V., Saito, T. and Miyata, T. (1989). Culigupenetration of S-fenvalerate in
fenvalerate-resistant and susceptible strainseofltamondback mottRlutella xylostella
(L.). Pestic. Biochem. Physiol. 33, 83-87.

Nordfors, L., Jannsson, M., Sandberg, G., Lavebi@tf Sengul, S., Schalling, M. and
Arner, P. (2002). Large-scale genotyping of singlecleotide polymorphisms by
pyrosequencing' and validation against the 5'nuclease (Taqf)aassayHum. Mutat.
19, 395-401.

Nordstrém, T., Ronaghi, M., Forsberg, L., de Faldke, Morgenstern, R. and Nyrén, P.
(2000). Direct analysis of single-nucleotide polyptusm on double-stranded DNA by
pyrosequencingBiotechnol. Appl. Biochem. 31, 107-112.

Oppenoorth, F.J (1985). Biochemistry and genetids imsecticide resistance In:
Comprehensive insect physiology, biochemistry and pharmacology (Vol. 12 Eds.
G.A. Kerkut and L.I. Gilbert)Pergamon, Oxford, U.K., pp. 731-773.

Ottea, J.A., lIbrahim, S.A., Younis, A.M., Young,JR.Leonard, B.R. and McCaffery, A.R.
(1995). Biochemical and physiological mechanisms mjfrethroid resistance in
Heliothis virescens (F.). Pestic. Biochem. Physiol. 51, 117-128.

Ozoe, Y. and Akamatsu, M. (2001). Non-competitivdBA antagonists: probing the
mechanisms of their selectivity for insegt sus mammalian receptor®est Manag. <ci.

57, 923-931.

Palli, S.R. and Retnakaran, A. (2001). Ecdysteanid juvenile hormone receptors: properties
and importance in developing novel insecticides. Brochemical Stes of Insecticide
Action and Resistance. (Ed. |. Ishaaya), Springer-Verlag, Berlin, Heidethe
pp. 107-132.

Park, Y., Taylor, M.F.J. and Feyereisen, R. (19%®jtage-gated sodium channel gehesp
and hDSC1 of Heliothis virescens F. genomic organizationlnsect Molec. Biol. 8,
161-170.

Pasteur, N. and Georghiou, G.P. (1989). Improvéigrfipaper test for detecting and
quantifying in organophosphate-resistant mosquit@egptera: Culicidae).J. Econ.
Entomol. 82, 347-353.

Pérez, C.J., Alvarado, P., Narvaez, C., MirandaHErnandez, L., Vanegas, H., Hruska, A.
and Shelton, A.M. (2000). Assessment of insectidgiégistance in five insect pests
attacking field and vegetable crops in Nicaragu&con. Entomol. 93, 1779-1787.

Qiu, X., Li, W., Tian, Y. and Leng, X. (2003). Cyfwrome P450 monooygenases in the
cotton bollworm (Lepidoptera: Noctuidae): tissudfedence and inductiond. Econ.
Entomol. 96, 1283-1289.

Ranasinghe, C., Headlam, M., Hobbs, A.A. (1997)ubttion of the mRNA for CYP6B2, a
pyrethroid inducible cytochrome P450, Hhelicoverpa amigera (Hubner) by dietary
monoterpenedArch. Insect. Biochem. Physiol. 34, 99-109.

Ranson, H., Prapanthadara, L., and Hemingway,QR7(1 Cloning and characterization of
two glutathione S-transferases from a DDT-resiststnain of Anopheles gambiae.
Biochem. J. 324, 97-102.



References 121

Ranson, H., Jensen, B., Vulule, J.M., Wang, X., ihgmay, J. and Collins, F.H. (2000).
Identification of a point mutation in the voltagatgd sodium channel gene of Kenyan
Anopheles gambiae associated with resistance to DDT and pyrethrdidsect Molec.
Biol. 9, 491-497.

Rauch, N. and Nauen, R. (2003). Identification dabchemical markers linked to
neonicotinoid cross resistanceBemisia tabaci (Hemiptera: Aleyrodidae)Arch. Insect
Biochem. Physiol. 54, 165-176.

Rauch, N. and Nauen, R. (2004). Characterizatiah ranlecular cloning of a glutathione
S-transferase from the whiteflBemisia tabaci (Hemiptera: Aleyrodidae).lnsect
Biochem. Molec. Biol. 34, 321-329.

Raymond, M., Fournier, D., Bride, J.-M., Cuany, Berge, J., Magnin, M. and Pasteur, N.
(1986). Identification of resistance mechanismsCuiex pipiens (Diptera: Culicidae)
from southern France: insensitive acetylcholinesterand detoxifying oxidasek.Econ.
Entomol. 79, 1452-1458.

Riskallah, M.R. (1983). Esterases and resistancsyitthetic pyrethroids in the Egyptian
cotton leafwormPestic. Biochem. Physiol. 19, 184-1809.

Rose, R.L., Barbhaiya, L., Roe, R.M., Rock, G.Cd atodgson, E. (1995). Cytochrome
P450-associated insecticide resistance and thelogewent of biochemical diagnostic
assays iHeliothis virescens. Pestic. Biochem. Physiol. 51, 178-191.

Rossiter, L.C., Gunning, R.V. and Rose, H.A. (200Ihe use of polyacrylamide gel
electrophoresis for the investigation and deteabibfenitrothion and chlorpyrifos-methyl
resistance inOryzaephilus surinamensis (Coleoptera: Silvanidae)Pestic. Biochem.
Physiol. 69, 27-34.

Russell, R.J., Claudianos, C., Campbell, P.M., dptn Sutherland, T.D. and Oakeshott, J.G.
(2004). Two major classes of target site inserigjtimutations confer resistance to
organophosphate and carbamate insecticlekstic. Biochem. Physiol. 79, 84-93.

Sauphanor, B. and Bouvier, J.C. (1995). Crossimsis between benzoylureas and
benzoylhydrazines in the codling mo@ydia pomonella L. Pestic. Sci. 45, 369-375.

Sauphanor, B., Cuany, A., Bouvier, J.C., Brosse,Armichot, M. and Berge, J.-B. (1997).
Mechanism of resistance to deltamethrin @ydia pomonella (L.) (Lepidoptera:
Tortricidae).Pestic. Biochem. Physiol. 58, 109-117.

Schuler, T.H., Martinez-Torres, D., Thompson, A.Denholm, I., Devonshire, A.L.,
Duce, I.LR. and Williamson, M.S. (1998). Toxicolaglic electrophysiological, and
molecular characterisation of knockdown resistat@wepyrethroid insecticides in the
diamondback motiRlutella xylostella (L.). Pestic. Biochem. Physiol. 59, 169-182.

Scott, J.G. (1999). Cytochromes P450 and inseeticabistancelnsect. Biochem. Molec.
Biol. 29, 757-777.

Scott, J.G. (2001). Cytochrome P450 monooxygenaseésinsecticide resistance: lessons
form CYP6D1. In: Biochemical Stes of Insecticide Action and Resistance. (Ed.
I. Ishaaya), Springer-Verlag, Berlin, Heidelberg, @55-267.

Siegfried, B.D and Scharf, M.E. (2001). Mechanisofsorganophosphate resistance in
insects. In:Biochemical Stes of Insecticide Action and Resistance. (Ed. I. Ishaaya),
Springer-Verlag, Berlin, Heidelberg, pp. 269-321.

Smagghe, G. and Tirry, L. (2001). Insect midguiaasite for insecticide detoxification and
resistance. InBiochemical Stes of Insecticide Action and Resistance. (Ed. I. Ishaaya),
Springer-Verlag, Berlin, Heidelberg, pp. 293-321.

Smagghe, G., Pineda, S., Carton, B., Del EstaBilia, F. and Vifiuela, E. (2003). Toxicity
and kinetics of methoxyfenozide in greenhouse-sedkgpodoptera exigua (Lepidoptera:
Noctuidae)Pest Manag. Sci. 59, 1203-1209.



References 122

Small, G.J. and Hemingway, J. (2000). Molecular rabgrisation of the amplified
carboxylesterase gene associated with organophasphosecticide resistance in the
brown planthoppeNilaparvata lugens. Insect Molec. Biol. 9, 647-653.

Smissaert, H.R. (1964). Cholinesterase inhibitiorspider mites susceptible and resistant to
organophosphateScience 143 129-131.

Snyder, M.J., Stevens, J.L., Andersen, J.F., Fegmre R. (1995). Expression of
cytochrome P450 genes of the CYP4 family in midgot fat body of the tobacco
hornworm,Manduca sexta. Arch. Biochem. Biophys. 321, 13-20.

Soderlund, D.M. (1997). Molecular mechanisms ofeatigide resistance. Inviolecular
mechanisms of resistance to agrochemicals. (Vol. 13 Ed. V. Sjut), Spinger, Heidelberg
New York, pp. 21-56.

Stumpf, N. and Nauen, R. (2001). Cross-resistamaleeritance, and biochemistry of
mitochondrial electron transport inhibitor-acaridesistance inTetranychus urticae
(Acari: Tetranychidae)l. Econ. Entomol. 94, 1577-1583.

Stumpf, N. and Nauen, R. (2002). Biochemical marlarked to abamectin resistance in
Tetranychus urticae (Acari: TetranychidaePestic. Biochem. Physiol. 72, 111-121.

Sun, Y.-P. and Johnson, E.R. (1972). Quasi-synargasnid penetration of insecticides.
J. Econ. Entomoal. 65, 349-353.

Sun, C-N., Huang, S-Y., Hu, N-T. and Chung, W-YO({2). Glutathione S-transferases and
insect resistance to insecticides. IBiochemical Stes of Insecticide Action and
Resistance. (Ed. I. Ishaaya), Springer-Verlag, Berlin, Heidethgp. 239-254.

Thompson, G. and Hutchins, S. (1999). SpinoBastic. Outlook 4, 78-81.

Tohnishi, M., Nakao, H., Furuya, T., Seo, A., KodanH., Tsubata, K., Fujioka, S.,
Kodama, H., Hirooka, T. and Nishimatsu, T. (200B)ubendiamide, a novel class
insecticide highly active against lepidopterougaigpests]. Pestic. Sci. 30, 354-360.

Torres-Vila, L.M., Rodriguez-Molina, M.C., Lacast&$encia, A., Biella-Lino, P. and
Rodriguez-del-Rincén, A. (2002). Pyrethroid resista of Helicoverpa armigera in
Spain: current status and agroecological perspe@gr. Ecosyst. Environ. 93, 55-66.

Treacy, M., Miller, T., Black, B., Gard, I., HunD. and Hollingworth, R.M. (1994).
Uncoupling activity and pesticidal properties ofrqmjes. Biochem. Soc. Trans. 22,
244-247.

Tsubata, K., Tohnishi, M., Kodama, H. and Seo, 200(). Chemistry of flubendiamide —
discovery, synthesis and X-ray structuPanzenschutz-Nachrichten Bayer 60, 105-116.
Vais, H., Williamson, M.S., Devonshire, A.L. andhgswood, P.N.R. (2001). The molecular
interactions of pyrethroid insecticides with insaod mammalian sodium channd®est

Manag. Sci. 57, 877-888.

Van Laecke, K. and Degheele, D. (1991a). Detoxiticaof diflubenzuron and teflubenzuron
in the larvae of beet armyworngjodoptera exigua) (Lepidoptera: NoctuidaepPestic.
Biochem. Physiol. 40, 181-190.

Van Laecke, K. and Degheele, D. (1991b). Synergisuiflubenzuron and teflubenzuron in
larvae of beet armyworm (Lepidoptera: Noctuiddelecon. Entomol. 84, 785-789.

Van Laecke, K., Smagghe, G. and Degheele, D. (199&tpxifying enzymes in greenhouse
and laboratory strain of beet armyworm (Lepidopt&actuidae).J. Econ. Entomol. 88,
777-781.

Villatte, F., Augé, D., Touton, P., Delorme, R. armurnier, D. (1999). Negative
cross-insensitivity in insecticide-resistant cottaphid Aphis gossypii Glover. Pestic.
Biochem. Physiol. 65, 55-61.



References 123

Wang, R., Huang, Z.Y. and Dong, K. (2003). Molecutharacterization of an arachnid
sodium channel gene from the varroa miar(oa destructor). Insect Biochem. Molec.
Biol. 33, 733-739.

Werck-Reichhart, D. and Feyereisen, R. (2000). &ytome P450: a success story.
Genome Biol. 1, 1-9.

Williamson, M.S., Denholm, I, Bell, C.A., and Dewhire, A.L. (1993). Knockdown
resistancekdr) to DDT and pyrethroid insecticides maps to a swdchannel gene locus
in the housefly ¥Musca domestica). Molec. Gen. Genet. 240, 17-22.

Williamson, M.S., Martinez-Torres, D., Hick, C.A.n& Devonshire, A.L. (1996).
Identification of mutations in the housefpara-type sodium channel gene associated
with knowdown resistancekdr) to pyrethroid insecticidesMolec. Gen. Genet. 252
51-60.

Wing, K.D., Schnee, M.E., Sacher, M., and Conndr, (1998). A novel oxadiazine
insecticide is bioactivated in lepidopteran larvéAech. Insect Biochem. Physiol. 37,
91-103.

Wing, K.D., Sacher, M., Kagaya, Y., Tsurubuchi, Mulderig, L., Connair, M. and Schnee,
M.E. (2000). Bioactivation and mode of action o¢ thxadiazine indoxacarb in insects.
Crop Protect. 19, 537-545.

World Health Organization (1957). ¥2Report by the Expert Committee on Insecticides.
WHO Tech. Rep. Ser™Rep., 125pp.

Wu, G., Jiang, S. and Miyata, T. (2004). Seasohahges of methamidophos susceptibility
and biochemical properties Plutella xylostella (Lepidoptera: Yponomeutidae) and its
parasitoid Cotesia plutellae (Hymenoptera: Braconidae)l. Econ. Entomol. 97,
1689-1698.

Yang, Y., Wu, Y., Chen, S., Devine, G.J., DenhdlmJewess, P. and Moores, G.D. (2004).
The involvement of microsomal oxidases in pyretthroesistance inHelicoverpa
armigera from Asia.Insect Biochem. Molec. Biol. 34, 763-773.

Yoo, J.-K., Lee, S.-W., Ahn, Y.-J.,, Nagata, T. ar®hono, T. (2002). Altered
acetylcholinesterase as a resistance mechanistmeitbrown planthopper (Homoptera:
Delphacidae)Nilaparvata lugens Stal. Appl. Entomol. Zool. 37, 37-41.

Young, S.J., Gunning, R.V. and Moores, G.D. (200%)e effect of piperonyl butoxide on
pyrethroid-resistance-associated esterases Hlicoverpa armigera (Hubner)
(Lepidoptera: NoctuidePest Manag. Sci. 61, 397-401.

Yu, S.J. (1991). Insecticide resistance in the falmyworm, Spodoptera frugiperda
(J.E. Smith)Pestic. Biochem. Physiol. 39, 84-91.

Yu, S.J. (1992). Detection and biochemical charazton of insecticide resistance in fall
armyworm (Lepidoptera: Noctuidag).Econ. Entomol. 85, 675-682.

Yu, S.J. and Huang, S.W. (2000). Purification andaracterization of glutathione
S-transferases from the German cockrodthitella germanica (L.). Pestic. Biochem.
Physiol. 67, 36-45.

Yu, S.J. (2002). Biochemical characteristics of mmsomal and cytosolic glutathione
S-transferases in larvae of the fall armywoi®odoptera frugiperda (Smith). Pestic.
Biochem. Physiol. 72, 100-110.

Yu, S.J., Nguyen, S.N. and Abo-Elghar, G.E. (200Bjochemical characteristics of
insecticide resistance in the fall armywor8vpdoptera frugiperda (J.E. Smith).Pestic.
Biochem. Physiol. 77, 1-11.



References 124

Zhao, G., Rose, R.L., Hodgson, E. and Roe, R.M9§L9Biochemical mechanisms and
diagnostic microassays for pyrethroid, carbamatej arganophosphate insecticide
resistance/cross-resistance in the tobacco budwdetgthis virescens. Pestic. Biochem.
Physiol. 56, 183-195.

Zhu, K.Y. and Clark, M. (1995). Comparisons of kineproperties of acetylcholinesterase
purified from azinphosmethyl-susceptible and resisstrains of Colorado potato beetle.
Pestic. Biochem. Physiol. 51, 57-67.

Zlotkin, E. (2001). Insecticides affecting voltagated ion channel. IrBiochemical Stes of
Insecticide Action and Resistance. (Ed. I. Ishaaya), Springer-Verlag, Berlin, Heidethe
pp. 43-76.



Appendices 125

9 APPENDICES

APPENDIXA

Page 57, Table 16
Worldwide monitoring with flubendiamide: detailedformation about location, sampler and

treatment history

. Location / Treatment
Species Country | No. Field area Sampler History Comment
S. Spain A Almeria / Dolores Nomolt (17/05/04), -
exigua La Mojonera Alcézar Mimic (04/06/04)
B Almeria / Dolores Match, Delfin, -
El Ejido Alcazar Alfa-cypermethrin
C Almeria / Dolores Pyrethroids -
Adra Alcazar
D | Almeria/ Dolores Bt?, Soap IPM crop
Dalias (863) Alcazar
E | Almeria/ Dolores Bt* IPM crop
Dalias (848) Alcazar
F Nijar (Almeria) / Dolores Lannate -
Barranquete Alcazar
G Nijar (Almeria) / Dolores Lannate, Decis , -
Ctra. San José Alcazar Bt*
H Torrepacheco Angel Bt*+ Decis, -
(Murcia) / Ruiz Spinosad,
Torrepacheco Chlorpyrifos +
Decis
Thailand A Bangbuathong district | Sittichai Success 120 SC Multi-resistance
Nontaburi Palleekul (180g a.i./ha), (OP, Pyrethoids, IGB
Province Rampage 100 SC
(1129 a.i./ha)
Mexico A Silao / Oscar Chlorpyrifos -
Guanajuato Liedo (foliar)
(5 hectares) Granillo
Turkey A Adana region Mehmet No chemical Lambda-cyhalothrin and
Karatas / Karatas Simsek applied before Cypermethrin known less|
Bebeli Village efficacy and malathion
known resistance
Spain A Puebla del Rio Sabino Endosulfan + -
H. (Sevilla) / Viejo Methomyl
: Finca ‘La Compafiia’
armigera B El Palmar de Troya José Maria | Endosulfan + -
(Sevilla) / Bidegain Methomyl
Finca ‘Las Pefiuelas’
Turkey A Yuregir / Mehmet No chemical Beta-Cyfluthrin,
Dedeler Village Simsek applied before Lambda-cyhalothrin and
Cypermethrin known less|
efficacy
Australia A CSIRO Louise Susceptible strain
Rossiter
B CSIRO Louise Fenvalerate CSIRO =
Rossiter Commonwealth Scientific
C CSIRO Louise Bifenthrin and Industrial Research
Rossiter Organisation
D CSIRO Louise Methomyl
Rossiter

2Bacillus thuringiensis, ® Organophosphate$insect growth regulators
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APPENDIXB

Page 34, Table 7

Radiochemical data sheets dfd]-radiolabelled compounds NNI-0001 (flubendiamijde)
deltamethrin and triflumuron

Substance [phthalic acid ring-UL€] NNI-0001
I O H,C CH,
N S0 Total activity : 370 KBqg (10 uCi)
o Specific activity : 4.3 MBq

(116.1 puCi)/mg

HN
D\ Form : solid, dried in vacuo
H.C CF/CFS * .

s : . position of label

Radiochemical purity :97.7 %

Method . HPLC, radioactivity-detector
Column . Lichrospher 60 RP-Selec®B5 pm,
125 x 4 mm
Flow rate : 1.5 ml/min
Eluent : A =0.2 % phosphoric acid, B = acetonitrile
Gradient : 5min 0 % B, at 35 min 100 % B,

at 40 min 100 % B
Radiochemical purity :97.8%

Method : TLC, scan

Plate . silica gel Merck 60 F 254

Eluent . dichloromethane + ethyl acetate = 1 +1 (v +|v)
Chemical purity : >98 %

Method . HPLC, UV-detector, 210 nm

conditions as above
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Substance

[benzyl'C] Deltamethrin

o i

Br (o]
Z o) Form
Br
*

Radiochemical purity
Method
Column

Flow rate
Eluent
Gradient

Radiochemical purity
Method

Plate

Eluent

Chemical purity
Method

Plate
Eluent

Chemical purity
Method

Diastereomeric purity
Method
Column

Flow rate
Oven temperature
Eluent

Total activity
Specific activity

370 KBq (10 pCi)
4.24 MBq

(114.5 puCi)/mg
solution in 380ul
ethyl acetate
position of label

:97.6 %

HPLC, radioactivity-detector
Lichrospher 60 RP-Selec®B5 pm,
125 x4 mm

: 1.5 ml/min
: A =0.2 % phosphoric acid, B = acetonitrile
: 5min 0 % B, at 35 min 100 % B,

at 40 min 100% B

1 >98 %
. TLC, scan
. silica gel Merck 60 F 254
. toluene

1 >98 %

HPLC, UV-detector, 210 nm
conditions as above

. silica gel Merck 60 F 254
. chloroform + methanol = 100 + 1 (v + V)

1 >98 %

HPLC, UV-detector, 210 nm
conditions as above

:>98%

HPLC, radioactivity-detector
Lichrospher Si 6%, 5um,
250 x 4 mm

: 1.5 ml/min
:+40°C
30 min n-heptane + ethyl acetate

=97 +3(v+V)
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Substance

[phenoxy-UL'C] Triflumuron

Totd activity 370 KBq (10 puCi)

Q_{O 0 Specific 4.2 MBq (113.4 uCi)/mg
“\‘J< activity
o H :@OCFE Form : solid, dried in vacuo

* :  position of label
Radiochemical purity 97.7 %

Method

HPLC, radioactivity-detector

Column Lichrospher 60 RP-Selecf'B5 pm,
125 x4 mm
Flow rate 1.5 ml/min
Eluent A = 0.2 % phosphoric acid, B = acetoretril
Gradient 5 min 0 % B, at 35 min 100 % B,
at 40 min 100% B
Radiochemical purity >98 %
Method TLC, scan

Plate
Eluent

Chemical purity
Method

silica gel Merck 60 F 254
chloroform + methanol = 100 + 1 (v + v)

> 98 %
HPLC, UV-detector, 210 nm
conditions as above

APPENDIXC

Page 72, Figure 37 (mass homogenate)

Page 75, Figure 39 (affinity purifaction)
Data and equation of Figure 37 and 39; kinetic ipa@tars of AChE

Enzyme source: mass homogenate and affinity patiéin

Mass homogenate Affinity purification

Strain SPOD-EX SSPOD-EX E-98 SPOD-EXS SPOD-EX E-98
Vmaxt SE 1299 + 144 2821 £ 67.6 1031 + 100 11015 £ 639
Knt SE 211 +87.9 140 £ 13.5 177 £47.2 75.5+19.7
Degrees of 4 4 4 4
freedom

r? 0.9288 0.9963 0.9180 0.9696

Vmax [MOD/min/mg protein]; K, [UM]
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APPENDIXD
Page 73, Table 18

Inhibition of AChE by pre-incubation with differemthibitors
Enzyme source: mass homogenate
Equation: Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10"((LogEfzX)*HillSlope))

Best-fit values Goodness of Fit
Compound / Lo Degrees
b Strain Bottom  Top 9 of r?
Chemical ECso
freedom
Carbofuran SPOD-EX S 0.989 102.7 1.73 2 0.9997
SPOD-EX E-98  1.039 104.0 -0.324 3 0.9995
Methomyl SPOD-EX S 0.989 97.4 0.955 2 0.9996
SPOD-EXE-98 -8.238 101.7 1.915 1 1.0
Thiodicarb SPOD-EX S -10.8 99.9 1.158 2 0.9988
SPOD-EX E-98 -11.1 100.9 1.822 2 1.0
Methamidophos SPOD-EX S -1.259 110.9 2.194 2 0.9992
SPOD-EX E-98 -20.9 103.7 3.186 2 0.9996
Paraoxon-ethyl SPOD-EX S -2.831  100.6 0.8366 2 0.9987
SPOD-EX E-98 -2.728 100.5 0.9666 2 0.9990
Eserine SPOD-EX S -0.769  102.3 1.369 1 0.9997
SPOD-EX E-98  0.857 103.3 -0.611 2 0.9996
BW284c51 SPOD-EX S -0.634 110.1 -1.549 3 0.9997
SPOD-EXE-98 -0.304 1134 -1.722 3 0.9999
APPENDIXE
Page 76, Table 20
Inhibition of purified AChE by pre-incubation withifferent inhibitors
Equation: Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10”((LogEds-X)*HillSlope))
Best-fit values Goodness of Fit
Compound / Lo Degrees
Pt Strain Bottom Top 9 of r?
Chemical ECso f
reedom
Carbofuran SPOD-EX S 0.090 106.0 1.634 0.9995 2
SPOD-EX E-98 1.314 1004 -0.417 1.0 2
Methomyl SPOD-EX S 0.889 104.5 0.845 0.9990 2
SPOD-EX E-98 2.127 103.8 1.735 0.9984 2
Thiodicarb SPOD-EX S -5.21 100.2 0.975 0.9997 2
SPOD-EX E-98 1.421 106.8 1.594 0.9970 2
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