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Zusammenfassung

Schadinsekten aus der Ordnung dechmetterlinge (Lepidoptery, wie die Kohlmotte
(Plutellaxylostellg und die Tomateminiermotte Tuta absoluty zahlen zu demm meisten
invasiven, destruktiven Arten weltwe Ohne angemessene BekampfungBnahmen kénnen
Massenvermehrungedieser Schadlirg extreme $hadenim Pflanzenbauanrichten. Daher
werden Insektizide wie z.B. Diamide, mit einem spezifischen Wirkungsspektrum gegen
Lepidopteren eingesetadiamide wie Flubendiamide und Chloranthraniliproknd eine erst
kirzlich auf den Markt zugelassene Klassn Insektiziden, die auf den Ryanodin Rezeptor
wirken. Sie erreichten innerhalb kurzer Zeit wirtschaftlicr@lockbusterStatusund nehmen
globalen Einfluss auf viele landwirtschaftliche und gartenbauliche Anbausysteme. Des Weiteren
werden etablierte  BektizidKlassen, wie die Chitin-Biosynthese inhibierenden
Benzoylharnstoffe, in vielen Bereichen eingesetzt. Sie finden Anwendung als
Pflanzenschutzmittel in der Forstnd Landwirtschaft sowie als Schadlingsbekampfungsmittel
in der Sanitatskontrolle. Jedh begiinstigen ineffektive Managementstrategien und zu intensiv
eingesetzte Insektizidnwendungen die Selektion resistenter Individuen in verbliffend
kirzerer Zeit.

Die molekularen Mechanismen, die der DiatRidsistenz inP. xylostellaund T. absoluta
zugrunde liegen, wurden in Hinblick auf diargetsite (Wirkort) Mutationen,G4946E und
[4790M, im Ryanodin RezeptdiRyR) untersucht.Des Weiteren wurdeler Einfluss dieser
Mutationen auf die Diami@Bindung charakterisiert und diskutiefie Genetik sowd die
funktionelle Auswirkung der kiirzlich beschriebenen RyBA46EMutationim hochresistenten

P. xylostellaStamm Sudlon wurden erforscht. Der Stamm Sudlon war homozygot in Bezug auf
die G4946EMutationund zeigte eine stabile Resistenz mit absoluteukesistenz zu allen
kommerziell erwerblichen Diamiden. Klassische Kreuzungsexperimente ergaben, dass die
Vererbung dieser Mutation rezessiv und ohne maternale Effekte ist. In Radieligand
Bindungsstudien an thorakalen, mikrosomalen Memphaparationen deP. xylostella
Stamms Sudlon konnte gezeigt werden, dass RWR G4946E Mutationfunktionelle
Auswirkungen auf die spezifische Diariindung sowie auf die konzentrationsabhangige
Modulation der [*H]RanodinBinding hat. Dariiber hinaus ist dRyR G4946EMutation von
globaler Bedeutung. Die weite Verbreitung dieser Mutationen konnte durch Genotypisierung
von P. xylostellaLarven mittels Pyrosequenzierung in zehn verschiedenen Landern mit Biamid
Wirkungsausfallen bestatigt werden. Eine CompttemologieModellierung basierend auf

der KryoEM Struktur des Kaninchen RyR1 lasst vermuten, ddgtella RyR G4946E in der
TransMembran HelixS4 nahe der S85 Verbindungsdoméane lokalisiert ist, die vermutlich in

der Modulation desSpannungssensorinvolviert ist. Die kirzlich beschriebene Mutation
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14790M befand sich in der Helix S2 direkt gegeniber @G#D46Emit einem Abstand von ca.

13 A

Hohe DiamidToleranzen wurden ebenfalls in verschiedenkEn absoluta Feldstaémmen
gefunden, die in Brasilien, Griechenland,aB@gn und Italien gesammelt wurden. Dies
unterstreicht die rapide Verbreitung des resistenten Phénotypen. Die Genotypisierung dieser
Stamme zeigte, dass beidargetsite Mutatioren G4903E (aquivalent zuPlutella RyR
G4946B und 14746M vorhanden waren, &idings in unterschiedlichen Frequenzen. Dartber
hinaus wurden zwei neue Mutationen, G4903M U4746T, in einigen resistenten. absoluta
Stammen beschrieben. Der StanimMGELA-SD4 aus lItalien wurdenit Chlorantraniliprole

unter Laborbedingungen selektieind zeigte Synergismuseffekte bei Estedasébitoren auf.

Dies deutet auf eine mogliche Involvierung dieser EnrBamilie in der DiamieResistenz hin.

In Bezug auf die Genetik erfolgte die Vererbung autosomal und unvollstandig rezessiv, was
durch einereziproke Kreuzung des StammBsGELA-SD4 mit einem sensibleReferenz
Stamm gezeigt werden konnteRadioligan@nBindungsstudien an thorakalen, sarko
/endoplasmatischen Membr&mdparationen des Stammd@sGELA-SD4 mit Individuen, die
homozygot entwedeG4903E, G4903V undter 14746M tragen, zeigten auf funktioneller
Eben, dass diese Mutationen die Affinitét des RyR gegeniber Diamiden andert.

Es ist bekannt, dass Benzoylharnstoffe in der Gltosynthese eingreifen, jedoch blieb der
genaue Wirkmechaniam (node of actiop fir mehr als 40 Jahre ungel6st. In dieser Arbeit
konnte somit ein altes Enigma aufgeklart werden, indem gezeigt werden konnte, dass die
Benzoylharnstoffe und andere Inhibitoren der CHaimthese direkt mit der ChitinySthase 1
interferieren Das Gen der Chitiny@thase 1(CHS) wurde sequenziert und eitiargetsite
Mutation, 11042M, wurde in dem hoch Benzoylharnstoff resistenten StaSudlonTfm
identifiziert Die Mutation11042M sowie die orthologe Mutatiol017F, die in der Etoxaa
resistenten Spinnmilbe (Tetranychus urticde gefunden wurde, wurden (ber eine
Genommaodifikation mittel € RISPR/Cas@ekoppelt mitHDR in Drosophila melanogastedkyv

(CHS1 Orthologe) eingebracht. Dies fihrte zu hohen ResistenzgradeD. imelanogaster
gegenltber Benzoylharnstoffen und Akariziden. Klassische genetische Kreuzungsexperimente
zeigten, dass die BenzoylharnstBifsistenz autosomal rezessiv vererbt wurde. Dartiber hinaus
wurde die Mutation1042M in anderen Population@nindien, China und Japayefunden. Dies

lasst vermuten, dass die Mutation unabhangig entstand.

In vielen Féllen werden Allele, die Resistenzen vermitteln, mit FitNes$teilen fitness cosls
assoziiert und sind oftmals abhangig von Umweltfaktoren, beispielsweise der Tempe&uatu
diesem Grund wurde die Ontogenebfe table parametesvon drei resistenteR. xylostella
Stammerund einem sensibleBammunter drei verschiedenen Temperaturreginh °C, 25

°C und 30 °Q untersuchtKohorterrStudien wurden im Labor durchgéti und die beteiligten

FitnessNachteile ermittelt. Die Temperatur von 30 °C war ungunstig fur PRliatella
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Entwicklung und hatte eine stark reduzierte Fitness in allen Stammen zur Folge. Jedoch zeigte
der sensible Stamm eine kirzere Entwicklungszeit iengléich zu den anderen getesteten
Stdmmen bei allen Temperaturen. Die resistenten Stamme zeigten signifikante Unterschiede
untereinander auf und die Populationswachstumsparameter variierten sehr stark innerhalb dieser
Stamme. Der Benzoylharnstoff resigeerStamm wies die hdchsten Fitnésschteile auf,

welche einen negativen Einfluss auf die Geshitmess des Stammes hatten. Dies deutet darauf
hin, dass ein Selektionsdruck mittels Benzoylharnstoffen auf einen Diamid resiséuttdia

Stamm signifikaré Effekte auf die GesarRlitness und somit auch auf die
Populationswachstumsparameter unter praktischen Anwendungen hat. Ergédnzend wurde ein
breites Kreuzresistenzprofil der resistenten Stamme erstellt und der Zusammenhang zwischen

FitnessNachteilen und erschiedenen ResisteRigenschaften voR. xylostelladiskutiert.
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Lepidopteran pests, such as diamondback moth (DBRI)itélla xylostelld and tomato
leafminer (Tutaabsolutg, are among the most destructive and invasive spewsieddwide
Without propermest control strategiemass outbreaks of these pests can caegere damage

to crop production. In order to control insect pests, insecticides are being used. Most recently,
diamide insecticidesacting on insect ryanodine receptorsud as flubendiamide and
chlorantraniliprole, have been launched to the market lenck gained blockbuster status
economically with global impact in many agricultural and horticultural cropping systems.
Furthermore,establishedclasses of chemistries like fmoylphenyl ureas (BPUsicting on

chitin biosynthesisare still widely used, especially as green insecticides in agricultural crop
protection, forestry and sanitary insect pest control. However, frequent insecticide application of
singlecomponentsaand wiong management strategies have led to high selection pressures on
insects thus facilitating insecticide resistance within a short period of time.

The molecular basis of diamide resistance in DBM andabsolutawas investigated with
special reference targetsite mutations, G4946E and 14790M, in the ryanodine receptor (RyR)
and the importance of these mutations as well as their implications on diamide binding are
discussed. The genetics and functional implications of the recently described RyR G4946E
mutation in the highly diamide resistant DBM strain Sudlon were studied. Strain Sudlon was
homozygous for the G4946E mutation and exhibited a stable resistance with resistance ratios of
>2000fold to all commercial diamideshen compared to susceptible refece strainsClassic
genetic crossing experiments revealed no maternal effects and an autosomally almost recessive
mode of inheritance. Radioligand binding studiesing thoracic microsomal membrane
preparations of DBM strain Sudloprovided direct evidare for the dramatic functional
implications of the RyR G4946E mutation on both diamide specific binding and its
concentration dependent modulation of [3H]ryanodine binding. Furthermore, it was shown that
the G4946E RyR targaite mutation is of global ingtance as genotyping by pyrosequencing
revealed the presence of this mutation in larvae collected in regions of ten different countries
where diamide insecticides largely failed to confo®M populations. Based on a cHaM
structure of rabbit RyR1 comtational homology modelling suggests thaPlutella RyR
G4946E is located in tramaembrane helix S4 close toiSb linker domain supposed to be
involved in the modulation of the voltage sensor. The recently described mutation 14790M was
located in helix S2approx. 13 A opposite of G4946E.

High levels of diamide tolerance wesdso foundin different strains ofT. absolutafield
collected from Brazil, Greece, Spain and Italy indicating the vast spread of high diamide
resistanceGenotyping for targesite muations in the RyRof T. absolutastrains revealed the
presence of both G4903Eequivalent to G4946E in DBMand 1446M mutationsat different
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frequencies. Furthermore, two novel mutations, G4903V and 14746T, were detected in some of
the resistantT.abluta strains. Strain [IGELA-SD4 from Italy was selected with
chlorantraniliproleunder laboratoryconditionsand had shown synergism effects by esterase
inhibitors suggesting a possible role for this enzyme family in resistance. The genetics of
resistane by reciprocally crossing the GELA-SD4 strain with a susceptible strain had shown

an autosomal incompletely recessive mode of inheritance. Radioligand binding studies using
thoracic sarcdendoplasmic membrane preparations of theGHLA-SD4 strain, legely
consisting of individuals homozygous for either G4903E, G4903V and/or 14746M, provided
functional evidence that these mutations alter the affinity of the RyR to diamides.

It is known that BPUs interfere with chitin biosynthesis but the eramie ofaction has
remained elusive for over 40 years. In this study, it was shown that BPUs and other chitin
synthesis inhibitors directly interfere with insect chitin synthase 1 and the old enigma was
unraveled.Gene sequencing of chitin synthase AHE) was rformed and a targsite
mutation, 11042M, was identified in strain Sudiofm, highly resistant against BPUs.
Introducing this mutationas well as the orthologous mutation 1101@fsent in etoxazole
resistantwo-spotted spider mit€HSY, in Drosophila melanogastekkv (CHS1orthologue) by

a CRISPR/Cas9 coupled with HDR genome modification approach, provided high levels of
resistance inD. melanogasteragainst both BPUs androwth regulatoracaricides. Classic
genetic crossing experiments were conddigteDBM strain SudloATfm and it was shown that

BPU resistance was inherited in a@utosomal recessivevay. Furthermore, the mutation
11042M was identified in other DBM populations from India, China, and Japan suggesting an
independent origin of this mutan.

In many cases resistance alleles have been associated with fithess costs and are often dependent
on environmental factors such as temperatiitence, the life table parameters of three
insecticide resistant and one susceptiDBM strain were irnvestigatedunderthree different
temperatureegimes (20 °C, 25 °C and 30 °C). Cohort studies were conducted in the laboratory
and involved fithess costs were estimatéd.general,30 °C was unfavourable for DBM
development resulting in a reduced fitnéssall strains.However, he susceptible strain had
shown a shorter developmental period compared to the resistant strains at all three temperatures.
Moreover, the resistant strains differed significantly between one aranldéhe population

growth pararaters varied among the straifi$ie BPU resistant strainad shown the highest
costs affecting the overall fithess of this strainich suggests that BP&klection pressure on a
diamideresistant DBM straireads tosignificant effects on the overall fiteg andpopulation

growth parameters under applied conditiofdditionally, the broader crosssistance profile

of the resistant strains was testetl the relation ofithess costanddifferent resistance traits

present in DBMs discussed.
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Chapter 1

Introduction

The Green revolution which took place between 1930s and the late 1960s has enabled world
food production to double over the course of the past 50 years due in large part to the use of
artificial fertilizers, pesticides, and higheld crop varieties. This in turn has affected human
population levels which have more than doubled and today numbers approximatslijon.4

people (http:/mww.prb.org, 2016). The global population is projected to grow by 70 million per
annum, increasg by 30% to 9.2 billion by 2050 (Popet al.2013). Consequently, the demand

for food production is estimated to increase bya@ue to changes in dietary habits such as
greater consumption of meat and milk products and a concomitant greater neath®fgr
livestock feed (FAO 2009). The provision of additional land for agriculture could be one
strategy in order to meet this demand. However, agricultural expansion is limited as it would
lead to a reduction of forests and the natural habitats ofifejldild relatives of crops and
natural enemies of crop pests (Pogpal.2013). At the same time, problems like climate
change, reduction in quality of arable land and pollutions need to be tackled. Owing to these
challenges modern agriculture aims auatainable production that also enables an increase in
crop yield (productivity) on existing land by decreasing crop losses and minimizing adverse
environmental impacts.

One approach is pest control by using epoptecting chemicals, i.e. pesticideslirding
insecticides, fungicides and herbicides, to minimize crop losses and therefore, increase
agricultural output for most field, fruit and vegetable crops. In order to protect our plants,
various pesticides are being used to destabilize, perturb,hibitirucial biochemical and
physiological targets related to metabolism, growth, development, nerve and muscles, or
behaviour in pestiferous organisms (Cohen 1993). An average%f@Sotential crop yield is

lost to preharvest pests on a global scalel without pesticides the yield loss could raise to 70

% due to pest activities (Oerke 2005). This would have a major impact on food security as food
production would drop, the quality of crops would decline and food prices would soargPopp

al. 2013).

Insecticides, a class of chemicals that specifically act against pest insects, play an important role
in crop protection and in the reduction of disease transmission. Each year more than 1 million
deaths result from diseases transmitted by insects €5l 2015). Furthermore, insects
damage crops as well as stored agricultural products and in doing so, are accountable for
substantial economic losses, worth billions of dollars annually (Talekar and Shelton 1993,
Ortiz-Urquizaet al.2015).

The global nsecticide sales market was estimated to be worth 17.016 million $US in 2013

(Sparks and Nauen 2015) which displays the importance of insecticides usage for agricultural
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practice. On the contrary, the increased usage of chemicals such as insecticidaslyespe
conventional insecticides like organophosphates or carbamates present environmental and
health risks, which can often not be predicted or foreseen (Sechser and Reber 1998).
Furthermore, frequent insecticide application and wrong management sgdesgieto high
selection pressures on insects thus facilitating insecticide resistance (Roush 1993, Heckel 2012).
As a result field failures are inevitable and due to pest activities crop losses are reported.
Insecticide resistance in insect pests is aneiasing problem and lepidopteran pests are among

the most destructive and invasive species.

1.1 Lepidopteran pest species

The insect order Lepidoptera comprises more than 160.000 described species of butterflies and
moths (van Nieukerkeat al. 2011).Hence, they are the second most diverse insect order after
beetles. The majority of adult moths and butterflies are beneficial insects as they pollinate many
plants by feeding on nectar using their siphoning proboscis. On the contrary, caterpillars are
egupped with chewing mouthparts and feed on various parts of the plants or act as leaf miners
of succulent plant tissues which in turn can seriously damage the plant up to complete
defoliation. Therefore, many lepidopterans are major pests to forests, gtaredand food

crops, especially at a high population density. A few examples of agricultural pests with
frequent outbreaks leading to severe damage or crop losses that need to be mentioned include:
cotton bollworm, Helicoverpaarmigera (Hubner 1808) (Ndwidae) codling moth,
Cydiapomonella(L. 1758) (Tortricidae), striped rice stembor&hilo suppressalis(\Walker

1863) (Crambidae), tomato leaf minefutaabsoluta (Meyrick 1917) (Gelechiidae),
diamondback mottRlutella xylostella(L. 1758) (Plutellidag

1.1.1 Diamondback motiRlutella xylostella

Diamondback moth (DBM)R. xylostellais a cosmopolitan pest of brassica crops and the most
widely distributed moth of all Lepidoptera (Shelton 2004). There are numerous speculations
about the origin of thispecies, ranging from Europe (Hardy 1938) to China ¢Liai. 2000).

The life cycle of DBM is rather short with a developmental time from egg to adult of 14 days at
25°C. Adult females lay up to 300 yellow or grgeale eggs which have an oval, flattdne
shape. After hatching, larvae feed as leaf miners within the plant tissue and after the larvae have
grown, they feed on the external portion of leaves and buds (Figure 1.1). The pupation takes
place in a lacy cocoon attached to the leaf of the host. fldoths overwinter in debris of
collards, cauliflower, cabbage, or related crops. Adult moths have a wingspan of abaut 15

and a body length of ®m. When the moth is at rest, the distinct diamshdrping along the

back is visible (Figuré.1).
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The foliar tissue except for the leaf veins may be removed completely as a direct result of
feeding activities of caterpillars if the larvae infestation rate is high. Thus, this species causes
high crop losses, which can reach up @ 26 when left uncontrolled @eron and Hare
1986). In large agricultural production areas such as Brazil, the moth is responsible for the
greatest losses in several Brassicaceae, particularly during hot and dry seasons @taailva
2012). In Southeast Asia outbreaks of DBM cassmetimes crop losses of more thar®0
(Verkerk and Wright 1996) and in the United States it is one of the major pests of crucifers in
various regions (Harcourt 1957, Buntin 1990, Brogtral. 1999). In the past years different
insecticides including oenophosphates, pyrethroids, carbamates and diamides have been used
to control DBM successfully. Additionally, natural enemies such as parasitoids of eggs, larvae
or pupae are employed (for review see Sarétaal. 2005). However, parasitoids do not exert
adequate control, as they mostly require frequent mass releases (Talekar and Shelton 1993) and
egg parasitoids, for example, are not always-bpstific thus they can be harmful for ron
target species in a region (Goulet and Huber 1993). According tkafadad Shelton (1993)

the annual costs of managing this pest globally is estimated to be one billion $US in addition to

crop loss.

Figure 1.1.Diamondback mothR. xylostellg. Left: adult moth. Right: larva feeding on cabbage.
Pictures taken by TibkdBukovinszky, Bayer AG Division Crop Science

(www.imagebank.cropscience.bayer.com).

Due to yearound cultivation, frequent insecticide applications are required throughout the
growing season in tropical and subtropical areas where problems with DBMaemeat extent
(Ribeiro et al. 2014). By relying exclusively on chemical control measures, insecticide
resistance has been growing and the highest levels of resistance were generally associated with
areas of intensive brassica cultivation (Cheng 19&®aghniket al. 1987). DBM has a high
potential to develop resistance and it has been reported that 95 different insecticides of more
than ten mode of action classes with tendencies rising show no effect on this insect.

3



Chapter 1

Apart fromstrong insecticide seleoh pressure to which DBM has been subjecitiscgenetic
plasticity, high fecundity and short life cycle in tropical regions are contributing factors that
allow it to overcome literally any chemical measure (Oliveiral.2011, Santost al.2011).

1.1.2 Tomato leaf mineifuta absoluta

The tomato leaf miner or tomato bor&t,absolutais an invasive pest of tomato crops and of
global significance due to its destructive feeding activities on different solanaceous plants. Its
distribution was restried to South America but within a few years after invading Europe in
2006, it has rapidly become a worldwide threat for tomato production in both open field and
greenhouse crops (Desnesebal. 201Q Desneuxet al.2011).

The total development from egg &alult of T. absolutais completed in an average of-2@

days between 27C and 2C0°C, respectively with 12 generations per year depending on
weather conditions. Females deposit up to 300 small eggs which are creamy yellow in colour
and have a cylindra shape. After hatching, the larvae bore between the epidermal layers of the
leaf forming irregular leaf mines (Figure 1.2). At the stage of third instar larvae leave these
mines and infest new locations which include the apical stem and fruits whemitfeeggain.

The pupation site varies and pupae can be found in the mines, outside the mine, or in the soil.
The adults have a silvery brown colour and are fairly small with a wing spanmfmlénd a

body length of approximately dm (Figure 1.2). Overwirring takes place as eggs, pupae or
adults depending on environmental conditions.

The primary host of. absolutais tomato but various solanaceous plants, like eggplant, potato
and physalis are suitable as well. The rate of infestation is mainly dep@ndn the plant
variety and when numbers of larvae are high the plant foliage can be destroyed completely.
Feeding damage is caused in the whole plant throughout the entire crop cycle. In fruits, the
feeding activity of larvae can lead to fruit rot, ae #mtry wholes serve as open passages for
secondary pathogens. The loss in fruit production causel ddysolutaranges from 5046 to

100% if not managed properly.

However, the management of this pest can be difficult (for review see Guedes and Picanco
2012), as natural predators such as pirate bugs are not available in areas which have been
invaded recently. Consequently, the conventional approach with chemicals remains as the major
pest control tactic despite the intensive search for alternativestitibea@pplication with a
broadspectrum activity such as organophosphates, carbamates and pyrethroids are most
commonly used on a large scale with up to 30 applications per cultivation period. Thus, in
tomato production the costs have more than triplecesihe introduction of. absolutaand the
concerns for the environment and human safety regarding the frequent insecticide application
are rising. Due to its high potential to develop resistancabsolutahas been reported to be

resistant against manglasses of insecticides including pyrethroids (Hadtial. 2012),
4
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avermectins (Siqueirat al. 2001), spinosyns (Campesal. 2014) and diamides (Roditakeét
al. 2015).

Figure 1.2.Tomato leaf minerT. absolutd Left: adult moth, right: larvadRictures taken by Dr. Sascha

Eilmus, Bayer AG Division Crop Science (www.imagebank.cropscience.bayer.com).

1.2Insecticides

Ralf Naueri and DeniseSteinbach®

@ BayerAG, DivisionCrop Science, R&D, Pest Control Biology, Monheim, Germany

P Martin-Luther-University HalleWittenberg, Institute for Biology, Halle, Germany

The content ofthe sections 1.2 (except 1.2.2) and 1.4 of this chapte published in
Horowitz, A.R., Ishaayal., (eds.),Advances in Insect Control and Resistance Management
2016, Springer VerlagbOl 10.1007/9783-319318004_12

Own contribution: 55 %

The discovery, development and registration of novel chemical classes of insecticides with new
modes of action, i.e. addressing a yet unexploited/underutilized target protedn, least
interfering with a new binding site on an established insecticide target, are major challenges in
modern crop protection research. A challenge, whichi isfter consolidation of the
agrochemical industry pursued by a rather limited number of B&based companies,
particularly because of high budget needs for insecticide development and registration, often
easily exceeding $20illion (Sparks 2013). Major drivers for the discovery and development

of new chemical classes of insecticides are ameasing requirement for compounds with
improved environmental and toxicological profiles, as well as the global spread of pest
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resistance compromising field efficacy of established insecticides and thus directly influencing
yield and food supply. A recesurvey revealed that in 2013 approximately?@®f the global
insecticide market was based on 5 out of about 55 different chemical classes listed in the
insecticide mode of action classification scheme of the Insecticide Resistance Action Committee
(IRAC), including neonicotinoids acting on nicotinic acetylcholine receptors’{2narket

share), pyrethroids acting on voltagaeted sodium channels (¥, organophosphates
inhibiting acetylcholinesterase (24), diamides acting on ryanodine receptors%{8
benzoylphenyl urea (< %) and avermectins acting on ligagdted chloride channels %)

(Sparks and Nauen 2015). Out of these chemical classes, diamide insecticides represent the
most recent class of chemistry introduced to the market approximately X agmarNauen

2006, Jeanguenat 2013). Whereas pyrethroids and benzoylphenyl urea are a fairly old group and

have been on the market for more than 30 years.

1.2.1 Diamide hsecticidesnd their Mode of Action

1.2.11 Diamide hsecticides

Three diamide inswicides, i.e. the benzenedicarboxamide (or phthalic diamide), flubendiamide
(Tohnishi et al. 2005, Hirookaet al. 2007, Hamaguchi and Hirooka 2012) and anthranilic
diamides chlorantraniliprole and cyantraniliprole (Labtral. 2005, 2007, 2009), have sarf

been commercialised with a global turnover of >$1.2 billion representing app#oxof&he
insecticide market in 2013 (Sparks and Nauen 2015). However, at least three more diamide
insecticides, i.e. cyclaniliprole, tetrachlorantraniliprole and teipanik, are currently under
development and expected to be launched to the market within the next few years (Figure 1.3),
whilst other, more recently described chemical derivatives such as diamide sulfoximines have
not yet revealed development candidatg@sgmmet al. 2012). The discovery and development

of diamide insecticides has been recently reviewed by Jeanguenat (2013). Whereas
flubendiamide and chlorantraniliprole are particularly active at low application rates against a
broad range of lepidopteramd lepidopteran/coleopteran pests, respectively, cyantraniliprole
due to its systemic propertiésalso targets a number of sucking pests including aphids and
whiteflies (Fosteet al.2012, Liet al.2012, Gravalogt al.2015). However, chlorantrarpliole

also exhibits roesystemic properties and can therefore be used by systemic application but
mainly against foliafeeding lepidopteran pests (Cameremnal. 2015). Diamide insecticides
show low acute mammalian toxicity and a favourable environmg@mtdile and are safe to
beneficial insects and mites in many agricultural and horticultural settings investigated. When
introduced to the market, diamides did not show any aesistance to existing chemical

classes, as one would expect for a new chalneiass of insecticides addressing a new binding
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site (mode of action) on a rather neglected molecular target, the insect ryanodine receptor
(RyR).
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Figure 1.3. Diamide insecticides acting as conformation sensitive activators on insect ryanodine
receptors. Flubendiamide (Nihon Nohyaku/Bayer), chlorantraniliprole and cyantraniliprole (DuPont)
were launched in 2006, 2007 and 2012, respectively. Tetrachlorantraniliprole (Sinochem), cyclaniliprole
(Ishihara) and Tetraniliprole (Bayer) (IS@®oposed commomames) are currently under development
(Nauen and Steinbach 2016).

1.21.2 Ryanodine Receptor and Diamide Mode of Action
Diamide insecticides were shown to act as conformea@msitive activators of the insect
ryanodine receptor (RyR), a large (homajgateric calciurrchannel located in the sarcand
endoplasmic reticulum in neuromuscular tissues (Ebbingkaischeret al. 2006, Cordovaet
al. 2006, 2007, Lumment al. 2007, Sattellest al. 2008). RyRs are endogenously activated by
calcium influx, methted by voltagegated calcium channels upon depolarization of the cell
membrane (Limmen 2013). By addressing a new binding site of the RyR, diamides cause a
calciumdependent calcium release resulting in the depletion of internal calcium stores which
leads to uncontrolled muscle contraction, paralysis and eventually death as shown in
lepidopteran larvae (Tohniski al. 2005, Cordovaet al. 2006). Due to their new biochemical
mode of action (MoA), diamide insecticides were classified by IRAC as ryanodieptoe
modulators and assigned to a new main MoA group 28 (Nauen 2006). Whereas mammals
possess three RyR isoforms localised in different tissues (Rossi and Sorrentino 2002), insects
encode a single RyR gene with an open reading frame of >15,000 nuddaiitdated into a

7
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protomer with a molecular weight of more than 5,000 kDa, as first describéardeophila
melanogaste(Takeshimaet al. 1994). These protomers assemble to homotetrameric membrane
proteins of >2 MDa forming the largest known ion chasiné&lamilton 2005). RyRs were
shown to be composed of six helical transmembrane spanning domains atetngn@al end
containing the calcium ienonducting pore and a largetBrminal cytosolic domain (Lummen
2013). A mammalian RyR1 structure determingdsingleparticle electron cryomicroscopy

was recently published and provided interesting insights regarding its structural features as it
resolves in total 7@ of 2.2 MDa molecular mass homotetrameric channel protein ¢¥ah

2015). The RyR as an irdecide targessite has been utilised for decades and is named after the
alkaloid insecticide ryanodine isolated from the South American plant spgesaspeciosa

known for its insecticidal properties for almost 200 years (Pepper and Carruth 194%sétog

al. 1948). A major problem of using ryanodine as an insecticide is its toxicity to both insects
and mammals due to a lack of selective binding to RyRs (Lehmberg and Casida 1994);
however, the synthesis of more selective and potent derivativesyldaield for various
reasons (Waterhoust al. 1987). The insecticidal properties of ryanodine were, however, rather
limited under field conditions. Earlier work on both naturslaniaalkaloids and their semi
synthetic derivatives in order to increaseittefficacyi including extensive structure activity
relationship studies failed to exploit this target to produce economically relevant insecticides
(Jefferieset al. 1997, and references cited therein). Despite its limitations as an insecticide,
ryanaline became a unique tool in the characterisation of RyRs owing to its binding specificity
and high affinity for insect and mammalian receptd(sd 5i 15 nM). However, diamide
insecticides address a different binding site on insect RyRs and act as pakitteric
activators as demonstrated by the increaséHifyanodine binding as a function of diamide
concentration with an EC50 value in the nhanomolar range to both insect thoracic microsomal
membrane preparations as well as functionally expressed iRyRsect cell lines (Ebbinghaus
Kintscheret al. 2006, Limmeret al. 2007, Qi andCasida 2013, Steinbaeh al.2015, Troczka

et al. 2015).Whereas diamides do virtually not bind to mammalian RyR isoforms (Ebbinghaus
Kintscher et al. 2006, Lahmet al. 2007), they show some species differences in terms of

selectivity among insects of different orders (Qi and Casida 2016, di2014).
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Figure 1.4 Neighbourjoining phylogenetic analysis of the ryanodine recepRyR of different insect
orders and oninsect species.A) Lepidoptera, B) Hymenoptera, ¢) Coleoptera, ) Diptera, E)
Hemiptera. Root:Homo sapiens The corresponding GenBank accession numbers are as follows:
Coleoptera l(eptinotarsadecemlineata AHW99830; Meligethes aeneusunpublished(Nauen et al);
Tribolium castaneum AlU40166.1); Diptera Aedes aegyptiQ17EB5; Anopheles darlingi W5JDV8;
Anopheles gambia®7PMKS5; Anopheles sinensi®\0A084WAS3;Bactrocera dorsalisAOA034W289;
Bactrocera cucurbitae AOAOAIWHX3; Ceratitis capitata WB8AL79; Drosophila ananassae
XP_001958793.1;Drosophila erecta XP_001970412.1;Drosophila grimshawi XP_001995333.1;
Drosophila melanogasteAFH07966.1.

When utilising a photoreactive derivative of flubendiamide against a seriBsmobyxmori

RyR dektion mutants recombinantly expressed in HEK293 cells, Ka#. (2009) concluded

that the diamide binding site is likely to be located in theei@inal transmembrane spanning
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domain, which was confirmed by studies on diamiestant diamondback motsirains
carrying a targesite mutation in the transmembrane domain (Troezkal. 2012, Guoet al.
2014a, b, Steinbachkt al. 2015). Further evidence for a critical role of this transmembrane
region for diamide binding was provided by a study replacidg amino acid segment in the
DrosophilaRyR Gterminal domain by that of a nematode RyR which resulted in insensitivity
to diamides (Taet al.2013). Since the introduction of diamide insecticides, several more insect
RyR genes were cloned, sequenced @mdpared by phylogenetic means (Fig. 1.4), including
those from lepidopteran pests such as diamondback moth (Wang and Wu 2012), which
subsequently allows to investigate the implications of amino acid substitutions for diamide
insecticide targesite resitance first described in diamondback moth (Trocekaal. 2012,
Steinbactlet al.2015).

Figure 1.4 (continued)Drosophila simulansXP_002080659.1Drosophila willistonj XP_002061506.1;
Drosophila yakubaXP_002089690.1Musca domesticaXP_01129654.1); HemipteraBemisia tabagi
I3VR33; Laodelphax striatellusAOAO59XRL5; Myzus persicaeAOAOA7RS32; Nilaparvata lugens
KF306296; Sogatella furcifera KF734669); HymenopteraApismellifera, AFJ66977.1;Apis dorsata
XP_006622367.1; Bombus impatiens XP_012250208.1; Bombus terrestris XP_012175583.1;
Camponotudloridanus XP_011257849.1Megachile rotundataXP_003701507.1Nasonia vitripennis
XP_008202582.1Solenopsis invictaXP_011158883.1); epidoptera Bombyx moti XP_004924916.1;
Carposina sasakii X2GG79; Chilo suppressalis I13VR34; Cnaphalocrocis medinalis 11XB02;
Grapholitamolesta AOA089FY XO0; Helicoverpa armigeraV5RE97;Heliothis virescensDD408555.1;
Ostrinia furnacalis M4T4G3; Pierisrapag R9R5D5; Plutella xylostella AEI91094.1; Spodoptera
exigua AOA059XRP6; Tutaabsoluta unpublished data);Vertebrata (RyR 1RRaftus norvegicys
F1LMY4; Homosapiers, P218170ryctolagus cuniculysP11716); otherdPediculus humanus corporis
EOVEKS; Tetranychusirticae, FSEHSW9). The phylogenetitree was generated using tree builder
(Geneious 8.0) with 100 bootstrap replications. The scale bar represents 2.0 amino acid substitutions per

site.
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1.2.2 Benzoylphenylreaand their Mode of Ation

1.2.2.1Benzoylphenylnea (BPU)

Insect growth regaltors (IGRs), such as chitin synthesis inhibitors (CSls), are compounds that
selectively target arthropod pests as physiologically related processes ossitagyeire not
present in vertebrates. Chitin synthesis inhibitors interfere with chitin biosygihansects and
therefore, are considered safe for most-(athropod)target organisms (Doucet and Retnakaran
2012). The Benzoylphenyl ureas (BPUs, IRAC group 15), a subclass of acylureas, are
commonly known to inhibit chitin biosynthesis. After mohaut four decades, roughly 10000
benzoylurea derivatives have been synthesized, and 15 BPU CSlIs have been commercialized
(Figure 1.5). The discovery and development of the BPUs has recently been reviewedeby Sun
al. (2015).

The discovery of the BPU datdsmack to the 1970°s where Dutch scientists attempted to
synthesize a novel herbicide by combining two moleéuldishlobenil and diuron at Philips
Duphar B.V. Co. (Van Balen et al. 1972). Surprisingly, the new compound exhibited no
herbicidal activity butrsecticidal properties, such as larvicidal activities against caterpillars and
mosquitos. Following research, the first commercial product was diflubenzuron (1) (Dimilin®),
which was launched to the market in 1975 by Philgphar B.V.. The most successBPU
compound after diflubenzuron is triflumuron (6) which was discovered by Bayer AG and
introduced to the market in 1979 (Sahal. 2015). Furthermore, it was the first commercial
product of the second generation BPUs. Comparing it to the first gemepabducts it showed
higher ovicidal as well as broagbectrum larvicidal activity, especially against lepidopteran
pests. The third generation BPUs, such as flufenoxuron (12), exhibited stronger topical
insecticidal activity and broader spectrum lam¥adi activity against Lepidoptera, Homoptera,
Diptera, and Hemiptera pests (Andersgbral. 1986, Perugi@t al. 1986). In summary, the target
selectivity is variable across the BPUs and each compound shows different activity against pest
species.

In 2013,the BPUs had a market share of U.S. $441 million which accounted%dn3he total

global market for insecticides (Sparks and Nauen 2015). Despite their small market share, BPUs
are still widely used, especially as green insecticides in agricultalpcotection, forestry and
sanitary insect pest control against flies and mosquitos (Tomlin 2003). Owing to their low
toxicity to mammals (nomeurotoxic MoA) and predatory insects (low contact activity), BPUs
play an important role in integrated pest @mgement (IPM) and insecticide resistance

management (IRM) programs.
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Figure 1.5.Chemical structures of commercial benzoylphenyl urea (BPU) chitin synthesis inhibitors. (1)
diflubenzuron (1975, Philypuphar B.V., now Platform Specialty Products Cd¢2) dichlorbenzuron
(1975, PhilipDuphar B.V., now Platform Specialty Products Co.), (3) chlorbenzuron (1976, JiangSu
Institute of Ecomoes Co. Ltd., China), (4) teflubenzuron (1984, Celamerck GmbH & Co. KG, now BASF
AG), (5) penfluron (1977, Thompsetayward Chemical Co., now Harcros Chemicals, Inc.), (6)
triflumuron (1979, Bayer AG), (7) hexaflumuron (1987, Dow AgroSciences), (8) novaluron (1990,
MakhteshimAgan), (9) lufenuron (1990, Cib@eigy, now Novartis), (10) bistrifluron (2000, Dongbu
Hannong Chmical), (11) noviflumuron (2001, Dow AgroSciences), (12) flufenoxuron (1987, Shell
Research Ltd., now BASF AG), (13) flucycloxuron (1988, PHipphar B.V., now Platform Specialty
Products Co.), (14) chlorfluazuron (1988, Ishihara Sangyo Kaisha Ltd)),fl(&uron (1990, Ciba
Geigy AG, now Novartis).

1.2.2.2 BPWMode ofAction

Chitin, a polymer ofN-acetytb-D-glucosamine, is an essential biopolymer in naand it is
mainly produced by arthropods, fungi and nematodes. The exoskeleton which is fgrthed b
cuticle of insects consists of chitin and sclerotized proteins. This more or less rigid structure
limits insect body growth and implicates a periodical replacement of the old cuticle with a new
one during molting (ecdysis). As the growth and develamof insects depend on the ability to
remodelchitinous structures, chitin synthesis is an attractive target for combating insect pests.
However, chitin formation and deposition is a complex process (for review see Merzendorfer
and Zimoch 2003) and onlthe polymerization events associated with the cell membrane
compartment are so far available for chemical interference (Cohen 1993).

It is known that BPUs interfere with chitin deposition during cuticle formation which leads to an

molting defects and inhition of egg hatching. Furthermore, BPUs cause malformations of the
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cuticle, significant reduction of chitin amounts (van Eck 1979, Merzendetfal. 2012) and
prevent the normal formation of the peritrophic membrane (Clerla. 1977). However, the

exact mechanism of action has remained elusive for almost 40 years (for an in depth review on
the research concerning the MoA of BPUs see Oberlander and Silhacek 1998 and Matsumura
2010).

Several studies on whole organisms and organ cultures provided eavitheih BPUs inhibit the
polymerization step during chitin formation (Hajjar and Casida 1978, Mésual. 1985)
without directly interfering with chitin synthase, the enzyme catalysing the last step during
chitin synthesis (Cohen and Casida 1980, Mayeal. 1980, Cohen 1985). On the contrary,
other CSils such as the substrate mimic fungicides pol@xnd nikkomyzinZ were shown to
directly inhibit the chitin synthada vitro. Mitsui et al. (1985) proposed that the mode of action

of diflubenzuron indldes inhibition of UDMN-acetytD-glucosamine transport across
membranes. Additionally, Nakagawéal. (1993) demonstrated that the incorporatiodtoN-
acetytD-glucosamine was completely suppressed by diflubenzuron in isolated integuments of
newly moled American cockroactPgriplaneta americana In contrast to this, Ab&lgharet

al. (2004) suggested that the ABC transporter, sulfonylurea receptor (SUR), is the direct target
of the BPUs and thus inhibiting chitin biosynthesis indirectly by alterirsicheetrafficking. In

the latter study diflubenzuron and glibenclamide (sulfonylurea), a known-tBdihg
inhibitor, were applied to isolated integuments of the German cockr&éate)la germanica

and the inhibitory activity on chitin synthesis of glickamide was comparable to
diflubenzuron. Furthermore, competitive binding assays revealed that diflubenzuron was able to
competitively displace radiolabelledH]-glibenclamide. However, the hypothesis of SUR as
BPU targetsite remained controversial agttlirect evidence was missing (Akasakal. 2006,
Gangishettiet al. 2009). It was presumed that the effect of BPU and sulfonylurea on chitin
synthesis may be similarly indirect (Merzendorfer 2006). Meyeal. (2013) have later shown

that theSUR is dspensable for chitin synthesis Drosophila melanogasteby creating a
mutant that completely lacked of SURhese mutants were not lethal and developed a normal
chitinous precuticle of wildtype texture and thickness.

After more than 40 years of reseh, Douris, Steinbackt al. (2016) have resolved the
molecular MoA of the BPUs by a multistep approach using classic genetics and genome
editing. They uncovered a mutation (11042M) in chitin synthase 1 (CHS1) of ar@&®tant
P.xylostella strain andthe frequency of this mutation was highly correlated with eross
resistance to several BPUs including diflubenzuron and triflumuron. Interestingly, this mutation
was located at the same position as the mutation 11017F which was identified in the orthologous
gene of the spider mitdetranychus urticaeconferring resistance to the acaricide etoxazole
(vanLeeuwenet al. 2012). In this study, it was demonstrated that the chitin synthase is the

target of etoxazole. Earlier studies on the MoA of etoxazole slaoen that etoxazole induced
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moulting defects in fall armyworn§podoptera frugiperdéarvae identical to those caused by
BPUs (Nauen and Smagghe 2006). In order to prove the link between the mutations 11041M
and 11017F inCHS1 and BPU resistance, the twmutations were introduced im.
melanogasterkkv (CHS1 orthologue) by a CRISPR/Cas9 coupled with HDR genome
modification approach (Douris, Steinbashal. 2016). The homozygous lines carrying either of
these mutations have shown a highly resistant phpaatgainst etoxazole and all tested BPUSs,

as well as buprofezid an important hemipteran chitin biosynthesis inhibitor. This provides
compelling evidence that BPUs, etoxazole, and buprofezin share in fact the same molecular

MoA and act directly on chitisynthase (Douris, Steinbaehal.2016).

1.3 Insecticide Resistance

Resi stance has been defined as fAthe inheritec
doses of a toxicant that would kill the majority of individuals in a normal populatitrecfame
speciesodo (WHO, 1957) .

The problem of insecticide resistance is geographically widespread and occurs in at least 515
insect species (http://www.pesticideresistance.org/, Feb. 2017) according to current knowledge.
Therefore, factors that govern thegin and spread of resistanassociated mutations are both

of academic and of applied importance (ffrei@dnstantet al.2004).

The speed by which resistance arises and spreads is highly dependent on the type of crop
protection product as well as target specificity, its timing of application during the generation

time of the pest and its application rate (Russel 2001). In addition to this agronomic risk factor,
the inherent risk concerning the reproduction capacity, life cycle and migration péshés

crucial. The issue of crosssistance makes pest control even harder as this phenomenon
enables the insect to overcome the toxicity of another insecticide that shares the same MoA
even when the insect has never been exposed to the insecticide.

In general, the nature of resistance can be monogenic, where single alleles confer high
tolerances against insecticides (ffrefi@bnstantet al. 1998) or polygenic/multigenic where

more than one resistance mechanism is enforced (Groeters and TabashniKrTRG80Q}the
evolution of high resistance levels is triggered by frequent uses of insecticides by providing a
strong selective force in a pest population (Hardstone and Scott 2010). The genetic changes that
are employed are diverse and comprise: crossing events (JouRemt al. 2012), gene
amplification (Bass and Field 2011), DNA methylation (Fietdal. 1996), single nucleotide
polymorphisms (SNPs) (Troczket al. 2012), regulatory tandem repeats (Bassal. 2013),
transposable elements (Wilson 1993NAR editing (Dong 2007, ESalahet al. 2008) and
alternative and/or misplicing (Sonodat al. 2006, Xiaoet al.2014). Alterations in DNA/RNA

lead to complex changes in insect physiology and they can be further categorized into four

resistance mechanisrtigat will be exemplified in the next sections.
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1.3.1 Mechanisms of Insecticidee$istance

In general, there are four main mechanisms which can increase the insensitivity of insects to the
insecticide and they are classified as: 1) penetration resgst@) behaviour resistance, 3)
metabolic resistance and 4) targée resistance.

Penetration resistance is characterized by a much slower absorption of the toxin through the
body wall of resistant individuals in comparison to the susceptible couriteggarby changes

in cuticle structure such as enhanced thickness of the cuticle (Ahmad and McCaffery 1999).
However, this mechanism is considered not efficient enough on its own and therefore, only a
contributing factor to insecticide resistance. Thisimilar to behavioural resistance, resulting

for example in contact avoidance of insecticide baits as shown in cockroaches- (Wada
Katsumateet al.2013)

Targetsite resistance or metabolic resistance alone or the presence of both mechanisms in
combination confer high levels of resistance to entire chemical classes of insecticides.

Therefore, they are explained in detail in the next two sections down below.

1.3.2 Metabolic Resistance

The metabolism of insecticides is a biochemical process whereby adestare broken down

into nontoxic forms (Pernyet al. 2011). The breakdown of insecticides can be a rather complex
process involving multiple enzymes. It is, however, a process that occurs in all insects and
therefore, it is crucial to distinguish insiecde metabolism from resistance.

In general, the metabolism of xenobiotics can be divided into three phases (Rhaghdse |
involves two main enzymgroups: cytochrome P450 monooxygenases (CYPs) and esterases
(ESTs). These enzymes are able to iffocchemical compounds thereby introducing
hydrophilic functional groups into lipophilic substrates by reactions, such as oxidation,
reduction and hydrolysis. The membras@mind hemoprotein superfamily of P450s function as
monooxygenases, whereas cytoselsterases work as hydrolases. The metabolites of Phase |
metabolism are either directly excreted or further modified by Phase |1l metabolism.
GlutathioneStransferases (GSTs) are key enzymes in Phase Il metabolism and convert
lipophilic and/or P450 hydroxsted xenobiotics to hydrophilic products by glutathione
conjugation. Therefore, GSTs enable the rapid removal of Phase | metabolites from cells and
facilitate the excretion. Finally, the conjugated xenobiotics are actively eliminated from cells by
ATP binding cassette (ABC) and other major membrane transporters (Phase lll).

Metabolic resistance is predominantly characterised by genomic changes that lead to
amplification, overexpression, and coding sequence variation in the three major groups of genes
encaling for metabolic enzymes (CYPs, GSTs, ESTs) dLial. 2007, Vontasetal. 2001
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thereby allowing the insect to overcome the toxicity of the insectitdéations are one of the

key factors involved in the increased levels of insecticide sequestration as they can induce the
production of more detoxification enzyme, either by gene amplification or gene duplication
events, or enhanced gene transcription (bt al. 2002, Fieldet al. 1999, Hemingway 2000,
Schmidtet al. 2010). Moreover, point mutations in the coding sequence of genes can result in
the alteration of kinetics or substrate specificity of detoxification enzymes (Claudktrabs

1999, Newcombet al. 1997). Metabolic resistance is one of the most common types of
resistance in insects due to the high diversity of molecular mechanisms that result in the

enhancements of insecticide breakdown (Scott 1999).

1.3.3 Targetsite Resistance

Targetsite resistance (also known as targde modification or mutation) is caused by a
modified target protein structure or abundance of the protein which leads to an insensitivity
towards the insecticide. In many cases a substitution of a single amino acargetaprotein

was linked to insecticide resistance in pest insects for a broad range of insecticides, including
BPUs (Douris, Steinbacht al. 2016), organophosphates (Russtlal. 2004), neonicotinoids

(Liu et al.2005) and diamides (Troczle al. 2012) High resistance ratios are often the results

of targetsite insensitivity (Tanget al. 1997, Schuleret al. 1998, Steinbactet al. 2015).
However, the level of resistance is dependent upon the structural properties of the insecticide
which defines its itrinsic activity as some analogous are more likely to bind to the target
protein and hence, are more toxic than others (negativerasistance). The identity of target

site mutations can be explained by the necessity for resistant targets to magitaiilditype
functions, and therefore a limited number of amino acid replacements can be tolerated in
important receptors and enzymes (ffrei@nstant 1999). In general, targite alterations

often exhibit crossesistance for insecticides that shdme $ame mode of action.

In the case of a monogenic response where a single gene is responsible for the resistance to the
respective insecticide the target gene is highly important as the monogenic resistance is in most
cases completely stable. In contrasblygenic resistance which involves multiple genes is
rather variable and often influenced by the environment such as frequency of insecticide

application.

1.4.Diamide Resistancen Lepidopteran Pests

Owing to their low application rates and high irg=dal efficacy, diamide insecticidesere

readily used right after their launch in 2006/2007 on a rather extensive scale for the control of
several lepidopteran pests, especially in Southeast Asia and China. Meanwhile diamide

insecticides are globally ad both solo and in mixtures by millions of farmers for foliar, drench
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and seed treatment applications in a broad range of agricultural and horticultural cropping
systems, thus facilitating the evolution of insect resistance due to increasing selessomepre
particularly on lepidopteran pest§eixeira and Andaloro 2013). As a result of their frequent
use and due to the lack of alternatives of similar efficacy, first cases of diamide field failure
were reported only 2 years after launch in the Phil@piand Thailand in cabbage against
diamondback mothP. xylostella (Troczka et al. 2012), a notorious lepidopteran pest in
cruciferous vegetables. Subsequently high levels of diamondback moth resistance to diamides
compromising the effectiveness of fieldcommended rates were confirmed in China (Wang
and Wu 2012, Wangt al. 2013, Gonget al. 2014), Brazil (Ribeireet al.2014), Taiwan, India,

USA, Japan, Koreaand Vietnam (Steinbaclet al. 2015). Lepidopteran pests other than
diamondback moth which devgled high confirmed levels of diamide resistance include
tomato leaf minerJuta absoluta(Roditakiset al. 2015), and smaller tea tortrijdoxophyes
honmai(Uchiyama and Ozawa 2014). Whereas low to moderate resistance ratios in laboratory
assays were reped for rice stem boreChilo suppressali§Gaoet al. 2013, Heet al. 2014);

beet armyworm Spodoptera exigudlLai et al. 2011, Cheet al. 2013); oriental leafworm,
Spodoptera liturgSu et al. 2012, Sanget al. 2015); rice leaffolderCnaphalocrocisnedinalis

(Zhang et al. 2014); soybean looperChrysodeixis includengOwen et al. 2013); and the
obliqguebanded leafrolleiChoristoneura rosaceangBial et al. 2011, Sial and Brunner 2012).
Some lepidopteran pest species are known for their (geographiatindic) variation in
response to insecticides, and talking about resistance is misleading in those cases as one has to
keep in mind that such variation is to some extent natural and not directly linked to resistance
development based on selection presgu cross resistance issues. Such a variation in response
was recently also confirmed in several baseline susceptibility studies with diamide insecticides,
including highrisk pests, such aselicoverpa armigergdBird 2015),C. suppressaligSuet al.
2014), S. litura(Suet al.2012) andr. absolutg Camposet al.2015).
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Table 1.1 Selected studies of either field or laboratsejected (Lab) resistance to diamide insecticides

in Lepidopteran pests

Species Common name Source Diamidé RR° Meclf Refereme
Adoxophyes honmai Smaller tea tortrix Field CPR 77 - Uchiyama and
FLB 105 Ozawa2014
Chilo suppressalis Striped rice stem borer  Field CPR 10 - Gaoet al.2013
Field CPR 15 M Heet al.2014
Field CPR 22 - Suet al.2014
Choristoneuraroseceana Obliquebanded leafroller Field CPR 4 - Sialet al.2010
Lab CPR 8 M Sial &Brunner
2012
Chrysodeixisincludes Soybean looper Field CPR 6 - Owenet al.2013
FLB 9
Cnaphalocrocis Rice leaffolder Field CPR 9 - Zhanget d. 2014
medinalis
Plutella xylostella Diamondback moth Field CPR >1000 T Troczkaet al.
FLB >1000 2012
Field CPR >1000 - Wang and Wu
2012
Field CPR >1000 M/T?  Linetal.2013
Lab CPR 670 M/T?  Wanget al.2013
Field CPR >1000 T Gonget al.2014
Field CPR >1000 - Ribeiroet al.
2014
Field CPR >1000 T Guoet al.2014b
Lab CPR 48 M Liu et al.2015
CYA 3
FLB 7
Field CPR >1000 T Steinbactet al.
CYA >1000 2015
FLB >1000
Spodoptera exigua Beet armyworm Field CPR 164 M? Lai et al.2011
Field CPR 44 - Cheet al.2013
Spodoptera litura Oriental leafworm Field CPR 24 - Suet al.2012
Lab CPR 80 M Muthusamyet al.
2014
Field CPR 15 M Sanget al.2015
CYA 16
Tuta absoluta Tomato leafminer Field CPR >1000 - Roditakiset al.
FLB >1000 2015

aDiamide insecticides: CPR, chlorantraniliprole; CYA, cyantraniliprole; FLB, flubendiamide

b RR = resistance ratio; highest reported ratio ofsd.@ LDso of resistant strain/Lé or LDsg of
susceptible strain.

¢ Mech = nechanism of resistance suggested in the study cited (if known): M = metabolic; T =sterget
mutation;- = unknown.
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Diamide resistance ratios exceeding 08ld were yet only reported in diamondback moth and
tomato leaf miner (Table 12.1), suggestihgttsome insect pests carry a higher potential to
develop resistance to diamides than others. Whereas high levels of diamide resistance in
diamondback moth is globally on the move as demonstrated by its documented presence in
more than ten countries (Stbachet al. 2015), highly resistant tomato leaf miner populations
were yet only isolated from vegetable greenhouses in southern ltaly (Roditaki2015). The
molecular mechanisms conferring diamide resistanck. iabsolutaare largely unknown and
currently under investigation by research groups in Germany, the UK, Greece, Spain and Brazil.
Diamondback moth is known as a notorious candidate for rapid resistance development to
almost all chemical classes of insecticide introduced for its control, ylarticin (sub)tropical

areas with intensive use of crop protection products (Talekar and Shelton 1993, Teixeira and
Andaloro 2013). For this reason it was not surprising that diamide (cross) resistance was first
described in diamondback moth. The undadymechanisms so far investigated are largely due

to targetsite mutations in the transmembrane domain of the RyR and not mediated by metabolic

mechanisms such as overexpressed detoxification enzymes.

1.4.1 Metabolic Resistance

Phase | metabolism of diad@ insecticides in animals depends particularly on microsomal
monooxygenases, i.e. cytochrome P450s. It has been reported that flubendiamide metabolism in
rats is mainly driven by multistep oxidation of methyl groups (Justwd. 2007), and a major
metatlic pathway of chlorantraniliprole and cyantraniliprole in the goat and rat, respectively,
was shown to be the hydroxylation of themethyl and methylphenyl carbons resulting in
hydroxyl metabolites (Gaddamidt al. 2011, Yoshida and McGregor 2014). Mially nothing

has been published yet regarding the metabolic fate of diamide insecticides in target organisms
such as lepidopteran larvae. Metabolic resistance can be characterised by the genomic changes
that lead to amplification, overexpression and rgdsequence variation in the three major
groups of gene superfamilies encoding for metabolic enzymes such as cytochrome P450s,
carboxylesterases and glutathiongérahsferases (Let al. 2007), thus allowing the insect to
overcome the toxicity of the insigide. Studies on synergism by-applying inhibitors of

major detoxification mechanisms usually provide a first line of evidence for the presence of
metabolic resistance in resistant strains.

However, as major routes of detoxification in animals weresHo include oxidation, it seems
appropriate to assume that cytochrome Pdien metabolisation of diamides in pest insects
may potentially mediate metabolic resistance if such enzymes are overexpressed due to
prolonged selection pressure. However, effeugh diamides are used to control lepidopteran
pests for almost 10 years, conclusive evidence of metabolic mechanisms of resistance

compromising diamide efficacy at recommended field rates was not yet described. Field
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collected strains of those specigisowing resistance ratios greater than Hadd such as
diamondback moth, were shown to express tssietresistance mediated by amino acid
substitutions in the transmembrane domain of the RyR (Troetzkh 2012, Guoeet al. 2014b,
Steinbachet al. 2015), or, such as tomato leaf miner, no concrete informations on the
mechanisms of resistance were reported (Roditekel. 2015). Campo®t al. (2015) tested

both flubendiamide and anthranilic diamides against a number ofchdietted strains of.
absoluta and whilst the level of cytochrome P450 activity was significantly correlated with the
variation in chlorantraniliprole and cyantraniliprole susceptibility, no such correlation was
evident for the observed variation in flubendiamide efficacy. Thotig observed overall
variation in lethal concentration values among all tested tomato leaf miner strains against
anthranilic diamides was low, it is interesting to note that those with the lowest LC50 values
were also those with the lowest cytochrome (P48tivity, a fact which suggests that oxidative
metabolism determines at least to some extent the observed efficacy variation (@amlpos
2015). The possible involvement of oxidative metabolism in diamide resistance was also
suggested in a laboratesglected Indian strain o8. litura exhibiting 8Gfold resistance to
chlorantraniliprole, but synergist studies using piperonyl butoxide (PBO) were not conclusive
both in vitro and in vivo (Muthusanst al.2014). However, studies on Chinesdliturastrains

failed to correlate lowevel anthranilic diamide resistance with elevated levels of cytochrome
P450 activity (Swet al. 2012, Sanget al. 2015). Another noctuid species investigated for its
capacity to develop chlorantraniliprole resistance after aéladyoratory selection cycles was
exigua(Lai et al. 2011). Although elevated levels of cytochrome P450 and esterase activity
were measured, their inhibition by synergists did not significantly increase diamide
susceptibility in the selected laborat@tyain. This is in contrast to diamondback moth where
Liu et al. (2015a) demonstrated high PBfiediated synergism of chlorantraniliprole activity in

a moderately resistant strain selected for 52 generations under laboratory conditions, suggesting
the invdvement of increased oxidative metabolism, because the carboxylesterase inhibitor
S, S, Stributyl-phosphorotrithioate (DEF) failed to significantly synergise chlorantraniliprole,
thus confirming earlier studies on a fiaddllected diamondback moth stralW#énget al.2013).

In another study, laboratory selection of cyantraniliprole resistance in diamondback moth
resulted in an increased crassistance to flubendiamide and chlorantraniliprole and could be
synergised to some extent by PBO and diethyl malé@EM) (Liu et al. 2015b). A recent
RNA-seq approach to investigate the transcriptome of three diamondback moth strains
exhibiting low, moderate and high levels of chlorantraniliprole resistance revealed a correlation
between the level of resistance ahd tipregulation of a number of detoxification genes, such

as cytochrome P450s, but also downregulation of RyR contigee(kin2013), a phenomenon

also described for other diamidesistant diamondback moth strains (Gosigal. 2014).

However, this isin contrast to other studies showing upregulation of RyR transcripts to be
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involved in diamide resistance (Yast al. 2014, Liu et al. 2015a). Strong synergism of
chlorantraniliprole by PBO as well as DEF was recently described in ecb#&tted strairof a

major rice pestC. suppressalissuggesting a role for both monooxygenases and esterases in the
detoxification of chlorantraniliprole (Het al. 2014). Interestingly increased esterase activity
was also found in a chlorantranilipredelected straiof Choristoneura rosaceangSial et al.

2011), and subsequent synergist studies principally supported the role of hydrolytic enzymes in
chlorantraniliprole detoxification (Sial and Brunner 2012). In conclusion it seems fair to claim
that most if not all stdies on lepidopteran pests so far published failed to clearly demonstrate
strong implications of metabolic mechanisms of diamide resistance causing field failure at
recommended rates, but this may (will) change in the future. However, the growing tetalency
utilize technologies such as RNs&q for transcriptome assembly and expression analysis will
for sure facilitate the identification of specific biochemical mechanisms and candidate genes to
be principally capable to confer metabolic resistance to dirimsecticides in pest species

under continuous selection pressure.

1.4.2 Targesite Resistance

Early studies on the mechanisms of diamide resistance conducted in two diamondback moth
strains collected in the Philippines and Thailand revealed an amwioshsubstitution G4946E in

the Gterminal region of theéPlutella RyR (Troczkaet al. 2012). The amino acid substitution

was shown to have evolved independently in diamondback moth populations in the Philippines
and Thailand by different nesynonymous sirg-nucleotide polymorphisms, i.e. GGG to GAA

and GGG to GAG, respectively, both replacing a glycine by a glutamic acid residue.
Subsequently other groups confirmed the presence of the G4946E mutation also in
diamondback moth populations collected in CHiBanget al.2014, Gucet al2014a, b, Yaret

al. 2014) and other countries including India, Japan and the USA (Steiabat2015). Some
studies also demonstrated that RyR transcript levels are either increased or decreased in addition
to the G4946E ntation in diamide resistant strains (Yahal. 2014, Gonget al. 2014, Liuet

al. 2015a). The fact that the G4946E mutation was found in populations from different
geographies indicates once more that it evolved independently rather through migratien of o
population.

The G4946E substitution is located in the RyR transmembrane domain approx. comprising 700
amino acids and suggested as crucial for the binding of diamides in earlier studies conducted
with a photoreactive derivative of flubendiamide in RyRletion mutants ofB. mori
recombinantly expressed in human embryonic kidney cells (katal. 2009). The RyR
transmembrane domain is highly conserved among different insect taxa (Figure 1.6), and
homology modelling revealed that glycine 4946 is locaieithe interface between helix S4 and

the S4S5 linker (Steinbaclet al. 2015), supposed to have a critical role in RyR gating by
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impacting the movement of peessociated helices (Ramachandearal. 2013). Phylogenetic
analysis of the RyR of different sect orders reveal that lepidopteran species, which have
>90% homology in their amino acid sequence, share aroufid i8mology to Coleoptera and
Hymenoptera (Figure 1.4). Other insect RyR isoforms, such as Diptera and Hemiptera, show a
751 77 % identity with Lepidoptera. As shown in Fig. 1.6, the Cterminal transmembrane part of
the RyR is a highly conserved region especially in the transmembrane helices, whereas the
cytoplasmic part of the protein has diverged during evolution (Limmen 2013). The G4946E
mutation was first described in 2012 and associated with a diaméitant phenotype of
diamondback moth, but convincing functional evidence for its implications in diamide binding
was only provided recently (Steinbaehal. 2015). It was shown in radiobad binding studies

using thoracic microsomal membrane preparations of diamondback moth that the G4946E
mutation has functional implications on both diam#gecific binding as well as on its
concentratiordependent allosteric modulation of [3H]ryanodinending (Steinbachet al.

2015). In contrast to thoracic microsomal membrane preparations of a diamide susceptible
strain, a diamideesistantPlutella strain did not show specific saturable binding of a tritiated
desmethylated flubendiamide analogue, [BHAD1. The tritiated diamide radioligand showed
nanomolar binding affinities to membrane preparations of susceptible diamondbacketh (
value 2.7 nM), but no conclusive equilibrium kinetics with membranes isolated from a resistant
strain. Thus, Steinbacktal. (2015) provided for the first time functional evidence that the
G4946E mutation confers RyR targgte resistance to diamide insecticides. The importance of
the G4946E mutation for diamide resistance was confirmed in another study using clonal Sf9
cell lines stably expressing either tRkitella wild type or G4946E RyR (Troczket al. 2015).

It was shown that the binding of both phthalic and anthranilic diamides was dramatically
impaired by the G4946E mutation Riutella RyR recombinantly expresséual clonal Sf9 cell

lines. Apart from the functional mutation G4946E, three more mutations, E1338D, Q4594L and
14790M, were recently identified in the RyR of a highly resisRntylostellastrain from China

and supposed to be involved in diamide reststaiGuoet al. 2014b). The critical role of the
transmembrane domain at the interface between helix S4 and l$& 8dker for diamide
binding seems obvious regarding the functional implications of G4946E in diamide binding.
Interestingly the mutation &itl4790M described by Guet al. (2014b) in the upper helix S2
exhibits a greater diversity among insect taxa, but is located directly opposite of the G4946E
mutation as shown in homology models of the diamondback moth RyR based on rabbit RyR1
(Steinbachetal. 2 01 5) . The di st anc e attimepbsitiens of the rhutatiom e s p e ¢
sites is approx. 13 A (Figure 1.7). However, functional evidence showing the impairment of
diamide insecticide binding by the presence of 14790M, either alone or in coiobinéth
G4946E, is still missing. On the other hand, it is tempting to speculate that differences in

chlorantraniliprole and flubendiamide binding affinity (and selectivity) recently described in
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Muscadomesticaand Apis melliferamembrane preparationsofh M4790) in comparison to
Lepidoptera (14790) (Qi and Casida 2013, éDial. 2014) are based on such less conserved
residues rather than G4946. According to the recently published «tzedcryeEM structure

of rabbit RyR1 (Yaret al. 2015), the thirdnutation described by Guet al. (2014b), Q4594L,

is not located within the transmembrane domains, but in a region with several predicted EF
hand domains (Takeshinet al. 1989). The implication of this mutation for diamide binding in
lepidopteran RyRs ab needs further investigation in the future, similar to E1338D which is
located towards the drminus ofP. xylostellaRyR. Therefore, it is not in proximity to the
other transmembradaked mutations (Gucet al. 2014b) and the putative binding site of
diamide insecticides (Katet al. 2009, Steinbackt al. 2015). In summary there is compelling
evidence that the substitution of amino acid residue G4946 in RyRs plays a key role in diamide
insecticide resistance, albeit its role in other species thanodidtrack moth yet needs to be
explored. On the other hand 14790 is likely to be another important RyR mutation site possibly

linked to diamide species specificity (and resistance).
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Figure 16 Amino acid sequence alignment of the extendeter@inal traasmembrane domain of
ryanodine receptor RyR orthologues from mammals and arthropod species covering a broad
phylogenetic range. Conserved amino acid residues across species are shblde#t iBecondary
structural elements and domains are indicated elibg alignment by coloured bars and based on a
recently published rabbit RyR1 structure (PDB code: 3J8H) determined by -garide
cryomicroscopy (Yanet al. 2015). RyR mutation sites linked to diamide insecticide resistance in
diamondback mothR. xyostella) are located at positions Q4549L, 14790M and G4946E (numbering
based on diamondback moth RyR).
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