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Zusammenfassung 

Schadinsekten aus der Ordnung der Schmetterlinge (Lepidoptera), wie die Kohlmotte 

(Plutella xylostella) und die Tomatenminiermotte (Tuta absoluta), zählen zu den am meisten 

invasiven, destruktiven Arten weltweit. Ohne angemessene Bekämpfungsmaßnahmen können 

Massenvermehrungen dieser Schädlinge extreme Schäden im Pflanzenbau anrichten. Daher 

werden Insektizide, wie z.B. Diamide, mit einem spezifischen Wirkungsspektrum gegen 

Lepidopteren eingesetzt. Diamide, wie Flubendiamide und Chloranthraniliprole, sind eine erst 

kürzlich auf den Markt zugelassene Klasse von Insektiziden, die auf den Ryanodin Rezeptor 

wirken. Sie erreichten innerhalb kurzer Zeit wirtschaftlichen Blockbuster Status und nehmen 

globalen Einfluss auf viele landwirtschaftliche und gartenbauliche Anbausysteme. Des Weiteren 

werden etablierte Insektizid-Klassen, wie die Chitin-Biosynthese inhibierenden 

Benzoylharnstoffe, in vielen Bereichen eingesetzt. Sie finden Anwendung als 

Pflanzenschutzmittel in der Forst- und Landwirtschaft sowie als Schädlingsbekämpfungsmittel 

in der Sanitätskontrolle. Jedoch begünstigen ineffektive Managementstrategien und zu intensiv 

eingesetzte Insektizid-Anwendungen die Selektion resistenter Individuen in verblüffend 

kürzerer Zeit.  

Die molekularen Mechanismen, die der Diamid-Resistenz in P. xylostella und T. absoluta 

zugrunde liegen, wurden in Hinblick auf die target-site (Wirkort) Mutationen, G4946E und 

I4790M, im Ryanodin Rezeptor (RyR) untersucht. Des Weiteren wurde der Einfluss dieser 

Mutationen auf die Diamid-Bindung charakterisiert und diskutiert. Die Genetik sowie die 

funktionelle Auswirkung der kürzlich beschriebenen RyR G4946E Mutation im hochresistenten 

P. xylostella Stamm Sudlon wurden erforscht. Der Stamm Sudlon war homozygot in Bezug auf 

die G4946E Mutation und zeigte eine stabile Resistenz mit absoluter Kreuzresistenz zu allen 

kommerziell erwerblichen Diamiden. Klassische Kreuzungsexperimente ergaben, dass die 

Vererbung dieser Mutation rezessiv und ohne maternale Effekte ist. In Radioligand-

Bindungsstudien an thorakalen, mikrosomalen Membran-Präparationen des P. xylostella 

Stamms Sudlon konnte gezeigt werden, dass die RyR G4946E Mutation funktionelle 

Auswirkungen auf die spezifische Diamid-Bindung sowie auf die konzentrationsabhängige 

Modulation der [³H]Ryanodin-Binding hat. Darüber hinaus ist die RyR G4946E Mutation von 

globaler Bedeutung. Die weite Verbreitung dieser Mutationen konnte durch Genotypisierung 

von P. xylostella Larven mittels Pyrosequenzierung in zehn verschiedenen Ländern mit Diamid-

Wirkungsausfällen bestätigt werden. Eine Computer-Homologie-Modellierung basierend auf 

der Kryo-EM Struktur des Kaninchen RyR1 lässt vermuten, dass Plutella RyR G4946E in der 

Trans-Membran Helix S4 nahe der S4-S5 Verbindungsdomäne lokalisiert ist, die vermutlich in 

der Modulation des Spannungssensors involviert ist. Die kürzlich beschriebene Mutation 
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I4790M befand sich in der Helix S2 direkt gegenüber von G4946E mit einem Abstand von ca. 

13 Å.  

Hohe Diamid-Toleranzen wurden ebenfalls in verschiedenen T. absoluta Feldstämmen 

gefunden, die in Brasilien, Griechenland, Spanien und Italien gesammelt wurden. Dies 

unterstreicht die rapide Verbreitung des resistenten Phänotypen. Die Genotypisierung dieser 

Stämme zeigte, dass beide target-site Mutationen G4903E (äquivalent zu Plutella RyR 

G4946E) und I4746M vorhanden waren, allerdings in unterschiedlichen Frequenzen. Darüber 

hinaus wurden zwei neue Mutationen, G4903V und I4746T, in einigen resistenten T. absoluta 

Stämmen beschrieben. Der Stamm IT-GELA-SD4 aus Italien wurde mit Chlorantraniliprole 

unter Laborbedingungen selektiert und zeigte Synergismuseffekte bei Esterase-Inhibitoren auf. 

Dies deutet auf eine mögliche Involvierung dieser Enzym-Familie in der Diamid-Resistenz hin. 

In Bezug auf die Genetik erfolgte die Vererbung autosomal und unvollständig rezessiv, was 

durch eine reziproke Kreuzung des Stammes IT-GELA-SD4 mit einem sensiblen Referenz-

Stamm gezeigt werden konnte. Radioliganden-Bindungsstudien an thorakalen, sarko-

/endoplasmatischen Membran-Präparationen des Stammes IT-GELA-SD4 mit Individuen, die 

homozygot entweder G4903E, G4903V und/oder I4746M tragen, zeigten auf funktioneller 

Eben, dass diese Mutationen die Affinität des RyR gegenüber Diamiden ändert. 

Es ist bekannt, dass Benzoylharnstoffe in der Chitin-Biosynthese eingreifen, jedoch blieb der 

genaue Wirkmechanismus (mode of action) für mehr als 40 Jahre ungelöst. In dieser Arbeit 

konnte somit ein altes Enigma aufgeklärt werden, indem gezeigt werden konnte, dass die 

Benzoylharnstoffe und andere Inhibitoren der Chitin-Synthese direkt mit der Chitin Synthase 1 

interferieren. Das Gen der Chitin Synthase 1 (CHS1) wurde sequenziert und eine target-site 

Mutation, I1042M, wurde in dem hoch Benzoylharnstoff resistenten Stamm Sudlon-Tfm 

identifiziert. Die Mutation I1042M sowie die orthologe Mutation I1017F, die in der Etoxazol 

resistenten Spinnmilbe (Tetranychus urticae) gefunden wurde, wurden über eine 

Genommodifikation mittels CRISPR/Cas9 gekoppelt mit HDR in Drosophila melanogaster kkv 

(CHS1 Orthologe) eingebracht. Dies führte zu hohen Resistenzgraden in D. melanogaster 

gegenüber Benzoylharnstoffen und Akariziden. Klassische genetische Kreuzungsexperimente 

zeigten, dass die Benzoylharnstoff-Resistenz autosomal rezessiv vererbt wurde. Darüber hinaus 

wurde die Mutation I1042M in anderen Populationen in Indien, China und Japan gefunden. Dies 

lässt vermuten, dass die Mutation unabhängig entstand.  

In vielen Fällen werden Allele, die Resistenzen vermitteln, mit Fitness-Nachteilen (fitness costs) 

assoziiert und sind oftmals abhängig von Umweltfaktoren, beispielsweise der Temperatur. Aus 

diesem Grund wurde die Ontogenese (life table parameters) von drei resistenten P. xylostella 

Stämmen und einem sensiblen Stamm unter drei verschiedenen Temperaturregimen (20 °C, 25 

°C und 30 °C) untersucht. Kohorten-Studien wurden im Labor durchgeführt und die beteiligten 

Fitness-Nachteile ermittelt. Die Temperatur von 30 °C war ungünstig für die Plutella 
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Entwicklung und hatte eine stark reduzierte Fitness in allen Stämmen zur Folge. Jedoch zeigte 

der sensible Stamm eine kürzere Entwicklungszeit im Vergleich zu den anderen getesteten 

Stämmen bei allen Temperaturen. Die resistenten Stämme zeigten signifikante Unterschiede 

untereinander auf und die Populationswachstumsparameter variierten sehr stark innerhalb dieser 

Stämme. Der Benzoylharnstoff resistente Stamm wies die höchsten Fitness-Nachteile auf, 

welche einen negativen Einfluss auf die Gesamt-Fitness des Stammes hatten. Dies deutet darauf 

hin, dass ein Selektionsdruck mittels Benzoylharnstoffen auf einen Diamid resistenten Plutella 

Stamm signifikante Effekte auf die Gesamt-Fitness und somit auch auf die 

Populationswachstumsparameter unter praktischen Anwendungen hat. Ergänzend wurde ein 

breites Kreuzresistenzprofil der resistenten Stämme erstellt und der Zusammenhang zwischen 

Fitness-Nachteilen und verschiedenen Resistenz-Eigenschaften von P. xylostella diskutiert.     
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Abstract 

Lepidopteran pests, such as diamondback moth (DBM) (Plutella xylostella) and tomato 

leafminer (Tuta absoluta), are among the most destructive and invasive species worldwide. 

Without proper pest control strategies, mass outbreaks of these pests can cause severe damage 

to crop production. In order to control insect pests, insecticides are being used. Most recently, 

diamide insecticides acting on insect ryanodine receptors, such as flubendiamide and 

chlorantraniliprole, have been launched to the market and have gained blockbuster status 

economically with global impact in many agricultural and horticultural cropping systems. 

Furthermore, established classes of chemistries like benzoylphenyl ureas (BPUs) acting on 

chitin biosynthesis are still widely used, especially as green insecticides in agricultural crop 

protection, forestry and sanitary insect pest control. However, frequent insecticide application of 

single-components and wrong 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 and T. absoluta was investigated with 

special reference to target-site mutations, G4946E and I4790M, 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 

>2000-fold to all commercial diamides when compared to susceptible reference strains. Classic 

genetic crossing experiments revealed no maternal effects and an autosomally almost recessive 

mode of inheritance. Radioligand binding studies using thoracic microsomal membrane 

preparations of DBM strain Sudlon provided direct evidence 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 target-site mutation is of global importance 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 control DBM populations. Based on a cryo-EM 

structure of rabbit RyR1 computational homology modelling suggests that Plutella RyR 

G4946E is located in trans-membrane helix S4 close to S4ïS5 linker domain supposed to be 

involved in the modulation of the voltage sensor. The recently described mutation I4790M was 

located in helix S2 approx. 13 Å opposite of G4946E. 

High levels of diamide tolerance were also found in different strains of T. absoluta field 

collected from Brazil, Greece, Spain and Italy indicating the vast spread of high diamide 

resistance. Genotyping for target-site mutations in the RyR of T. absoluta strains revealed the 

presence of both G4903E ï equivalent to G4946E in DBM - and I4746M mutations at different 
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frequencies. Furthermore, two novel mutations, G4903V and I4746T, were detected in some of 

the resistant T. absoluta strains. Strain IT-GELA-SD4 from Italy was selected with 

chlorantraniliprole under laboratory conditions and had shown synergism effects by esterase 

inhibitors suggesting a possible role for this enzyme family in resistance. The genetics of 

resistance by reciprocally crossing the IT-GELA-SD4 strain with a susceptible strain had shown 

an autosomal incompletely recessive mode of inheritance. Radioligand binding studies using 

thoracic sarco-/endoplasmic membrane preparations of the IT-GELA-SD4 strain, largely 

consisting of individuals homozygous for either G4903E, G4903V and/or I4746M, 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 exact mode of action 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 1 (CHS1) was performed and a target-site 

mutation, I1042M, was identified in strain Sudlon-Tfm, highly resistant against BPUs. 

Introducing this mutation, as well as the orthologous mutation I1017F present in etoxazole 

resistant two-spotted spider mite CHS1, in Drosophila melanogaster kkv (CHS1 orthologue) by 

a CRISPR/Cas9 coupled with HDR genome modification approach, provided high levels of 

resistance in D. melanogaster against both BPUs and growth regulator acaricides. Classic 

genetic crossing experiments were conducted in DBM strain Sudlon-Tfm and it was shown that 

BPU resistance was inherited in an autosomal recessive way. Furthermore, the mutation 

I1042M was identified in other DBM populations from India, China, and Japan suggesting an 

independent origin of this mutation.      

In many cases resistance alleles have been associated with fitness costs and are often dependent 

on environmental factors such as temperature. Hence, the life table parameters of three 

insecticide resistant and one susceptible DBM strain were investigated under three different 

temperature regimes (20 °C, 25 °C and 30 °C). Cohort studies were conducted in the laboratory 

and involved fitness costs were estimated. In general, 30 °C was unfavourable for DBM 

development resulting in a reduced fitness in all strains. However, the 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 another and the population 

growth parameters varied among the strains. The BPU resistant strain had shown the highest 

costs affecting the overall fitness of this strain which suggests that BPU selection pressure on a 

diamide-resistant DBM strain leads to significant effects on the overall fitness and population 

growth parameters under applied conditions. Additionally, the broader cross-resistance profile 

of the resistant strains was tested and the relation of fitness costs and different resistance traits 

present in DBM is 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 high-yield crop varieties. This in turn has affected human 

population levels which have more than doubled and today numbers approximately 7.4 billion 

people (http://www.prb.org, 2016). The global population is projected to grow by 70 million per 

annum, increasing by 30 % to 9.2 billion by 2050 (Popp et al. 2013). Consequently, the demand 

for food production is estimated to increase by 70 % due to changes in dietary habits such as 

greater consumption of meat and milk products and a concomitant greater need of grains for 

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 of wildlife, wild relatives of crops and 

natural enemies of crop pests (Popp et al. 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 at a sustainable 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 crop-protecting chemicals, i.e. pesticides including 

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, or inhibit crucial biochemical and 

physiological targets related to metabolism, growth, development, nerve and muscles, or 

behaviour in pestiferous organisms (Cohen 1993). An average of 35 % of potential crop yield is 

lost to pre-harvest pests on a global scale and 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 soar (Popp et 

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 (Sun et al. 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-Urquiza et al. 2015).  

The global insecticide 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 insecticides, especially 

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 strategies lead to 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 an increasing 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 Nieukerken et 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 

equipped 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, stored grain and 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, Helicoverpa armigera (Hübner 1808) (Noctuidae) codling moth, 

Cydia pomonella (L. 1758) (Tortricidae), striped rice stemborer, Chilo suppressalis (Walker 

1863) (Crambidae), tomato leaf miner, Tuta absoluta (Meyrick 1917) (Gelechiidae), 

diamondback moth, Plutella xylostella (L. 1758) (Plutellidae). 

 

1.1.1 Diamondback moth, Plutella xylostella 

Diamondback moth (DBM), P. xylostella, is 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 this species, ranging from Europe (Hardy 1938) to China (Liu et al. 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 green-pale eggs which have an oval, flattened 

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 plant. Moths overwinter in debris of 

collards, cauliflower, cabbage, or related crops. Adult moths have a wingspan of about 15 mm 

and a body length of 6 mm. When the moth is at rest, the distinct diamond-sharping along the 

back is visible (Figure 1.1). 
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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 to 100 % when left uncontrolled (Calderon 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 (da Silva et al. 

2012). In Southeast Asia outbreaks of DBM cause sometimes crop losses of more than 90 % 

(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, Brown et al. 1999). In the past years different 

insecticides including organophosphates, 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 Sarfraz et al. 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 host-specific thus they can be harmful for non-

target species in a region (Goulet and Huber 1993). According to Talekar and 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 moth (P. xylostella). Left: adult moth. Right: larva feeding on cabbage. 

Pictures taken by Tibor Bukovinszky, Bayer AG Division Crop Science 

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

 

 

Due to year-round cultivation, frequent insecticide applications are required throughout the 

growing season in tropical and subtropical areas where problems with DBM reach a great 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 1986, Tabashnik et 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. 
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Apart from strong insecticide selection pressure to which DBM has been subjected, its genetic 

plasticity, high fecundity and short life cycle in tropical regions are contributing factors that 

allow it to overcome literally any chemical measure (Oliveira et al. 2011, Santos et al. 2011).  

 

1.1.2 Tomato leaf miner, Tuta absoluta 

The tomato leaf miner or tomato borer, T. absoluta, is an invasive pest of tomato crops and of 

global significance due to its destructive feeding activities on different solanaceous plants. Its 

distribution was restricted 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 (Desneux et al. 2010, Desneux et al. 2011).  

The total development from egg to adult of T. absoluta is completed in an average of 24-40 

days between 27 °C and 20 °C, respectively with 10-12 generations per year depending on 

weather conditions. Females deposit up to 300 small eggs which are creamy yellow in colour 

and have a cylindrical 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 where they mine again. 

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 span of 10 mm and a 

body length of approximately 6 mm (Figure 1.2). Overwintering takes place as eggs, pupae or 

adults depending on environmental conditions.  

The primary host of T. absoluta is tomato but various solanaceous plants, like eggplant, potato 

and physalis, are suitable as well. The rate of infestation is mainly dependent on 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, as the entry wholes serve as open passages for 

secondary pathogens. The loss in fruit production caused by T. absoluta ranges from 50 % to 

100 % if not managed properly.  

However, the management of this pest can be difficult (for review see Guedes and Picanço 

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 alternatives. Insecticide application with a 

broad-spectrum 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 tripled since the introduction of T. absoluta and the 

concerns for the environment and human safety regarding the frequent insecticide application 

are rising. Due to its high potential to develop resistance, T. absoluta has been reported to be 

resistant against many classes of insecticides including pyrethroids (Haddi et al. 2012), 
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avermectins (Siqueira et al. 2001), spinosyns (Campos et al. 2014) and diamides (Roditakis et 

al. 2015).  

 

 

 

Figure 1.2. Tomato leaf miner (T. absoluta). Left: adult moth, right: larvae. Pictures taken by Dr. Sascha 

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

 

1.2 Insecticides  

 

Ralf Nauena and Denise Steinbacha,b  

 

a Bayer AG, Division Crop Science, R&D, Pest Control Biology, Monheim, Germany 

b Martin-Luther-University Halle-Wittenberg, Institute for Biology, Halle, Germany 

 

The content of the sections 1.2 (except 1.2.2) and 1.4 of this chapter were published in 

Horowitz, A.R., Ishaaya I., (eds.), Advances in Insect Control and Resistance Management in 

2016, Springer Verlag, DOI 10.1007/978-3-319-31800-4_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 protein, or at least 

interfering with a new binding site on an established insecticide target, are major challenges in 

modern crop protection research. A challenge, which is ï after consolidation of the 

agrochemical industry ï pursued by a rather limited number of R&D based companies, 

particularly because of high budget needs for insecticide development and registration, often 

easily exceeding $200 million (Sparks 2013). Major drivers for the discovery and development 

of new chemical classes of insecticides are an increasing 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 recent survey revealed that in 2013 approximately 70 % of 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 (27 % market 

share), pyrethroids acting on voltage-gated sodium channels (16 %), organophosphates 

inhibiting acetylcholinesterase (11 %), diamides acting on ryanodine receptors (8 %), 

benzoylphenyl urea (< 2 %) and avermectins acting on ligand-gated chloride channels (7 %) 

(Sparks and Nauen 2015). Out of these chemical classes, diamide insecticides represent the 

most recent class of chemistry introduced to the market approximately 10 years ago (Nauen 

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 Insecticides and their Mode of Action 

1.2.1.1 Diamide Insecticides 

Three diamide insecticides, i.e. the benzenedicarboxamide (or phthalic diamide), flubendiamide 

(Tohnishi et al. 2005, Hirooka et al. 2007, Hamaguchi and Hirooka 2012) and anthranilic 

diamides chlorantraniliprole and cyantraniliprole (Lahm et al. 2005, 2007, 2009), have so far 

been commercialised with a global turnover of >$1.2 billion representing approx. 8 % of the 

insecticide market in 2013 (Sparks and Nauen 2015). However, at least three more diamide 

insecticides, i.e. cyclaniliprole, tetrachlorantraniliprole and tetraniliprole, 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 candidates (Gnamm et 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 lepidopteran and lepidopteran/coleopteran pests, respectively, cyantraniliprole ï 

due to its systemic properties ï also targets a number of sucking pests including aphids and 

whiteflies (Foster et al. 2012, Li et al. 2012, Gravalos et al. 2015). However, chlorantraniliprole 

also exhibits root-systemic properties and can therefore be used by systemic application but 

mainly against foliar-feeding lepidopteran pests (Cameron et al. 2015). Diamide insecticides 

show low acute mammalian toxicity and a favourable environmental profile 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 cross-resistance to existing chemical 

classes, as one would expect for a new chemical class 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).  

 

 

 

 

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) (ISO-proposed common names) are currently under development 

(Nauen and Steinbach 2016). 

 

1.2.1.2 Ryanodine Receptor and Diamide Mode of Action 

Diamide insecticides were shown to act as conformation-sensitive activators of the insect 

ryanodine receptor (RyR), a large (homo)tetrameric calcium-channel located in the sarco- and 

endoplasmic reticulum in neuromuscular tissues (Ebbinghaus-Kintscher et al. 2006, Cordova et 

al. 2006, 2007, Lümmen et al. 2007, Sattelle et al. 2008). RyRs are endogenously activated by 

calcium influx, mediated by voltagegated calcium channels upon depolarization of the cell 

membrane (Lümmen 2013). By addressing a new binding site of the RyR, diamides cause a 

calcium-dependent 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 (Tohnishi et al. 2005, Cordova et al. 2006). Due to their new biochemical 

mode of action (MoA), diamide insecticides were classified by IRAC as ryanodine receptor 

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 nucleotides translated into a 
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protomer with a molecular weight of more than 5,000 kDa, as first described for Drosophila 

melanogaster (Takeshima et al. 1994). These protomers assemble to homotetrameric membrane 

proteins of >2 MDa forming the largest known ion channels (Hamilton 2005). RyRs were 

shown to be composed of six helical transmembrane spanning domains at the C-terminal end 

containing the calcium ion-conducting pore and a large N-terminal cytosolic domain (Lümmen 

2013). A mammalian RyR1 structure determined by single-particle electron cryomicroscopy 

was recently published and provided interesting insights regarding its structural features as it 

resolves in total 70 % of 2.2 MDa molecular mass homotetrameric channel protein (Yan et al. 

2015). The RyR as an insecticide target-site has been utilised for decades and is named after the 

alkaloid insecticide ryanodine isolated from the South American plant species Ryania speciosa, 

known for its insecticidal properties for almost 200 years (Pepper and Carruth 1945, Rogers et 

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 derivatives largely failed for various 

reasons (Waterhouse et al. 1987). The insecticidal properties of ryanodine were, however, rather 

limited under field conditions. Earlier work on both natural Ryania alkaloids and their semi-

synthetic derivatives in order to increase their efficacy ï including extensive structure activity 

relationship studies ï failed to exploit this target to produce economically relevant insecticides 

(Jefferies et al. 1997, and references cited therein). Despite its limitations as an insecticide, 

ryanodine became a unique tool in the characterisation of RyRs owing to its binding specificity 

and high affinity for insect and mammalian receptors (K D 5ï15 nM). However, diamide 

insecticides address a different binding site on insect RyRs and act as positive allosteric 

activators as demonstrated by the increase of [3H]ryanodine binding as a function of diamide 

concentration with an EC50 value in the nanomolar range to both insect thoracic microsomal 

membrane preparations as well as functionally expressed RyRs in insect cell lines (Ebbinghaus-

Kintscher et al. 2006, Lümmen et al. 2007, Qi and Casida 2013, Steinbach et al. 2015, Troczka 

et al. 2015). Whereas diamides do virtually not bind to mammalian RyR isoforms (Ebbinghaus-

Kintscher et al. 2006, Lahm et al. 2007), they show some species differences in terms of 

selectivity among insects of different orders (Qi and Casida 2013, Qi et al. 2014).    
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Figure 1.4 Neighbour-joining phylogenetic analysis of the ryanodine receptor (RyR) of different insect 

orders and noninsect species. (A) Lepidoptera, (B) Hymenoptera, (C) Coleoptera, (D) Diptera, (E) 

Hemiptera. Root: Homo sapiens. The corresponding GenBank accession numbers are as follows: 

Coleoptera (Leptinotarsa decemlineata, AHW99830; Meligethes aeneus, unpublished (Nauen et al.); 

Tribolium castaneum, AIU40166.1); Diptera (Aedes aegypti, Q17EB5; Anopheles darlingi, W5JDV8; 

Anopheles gambiae, Q7PMK5; Anopheles sinensis, A0A084WAS3; Bactrocera dorsalis, A0A034W289; 

Bactrocera cucurbitae, A0A0A1WHX3; Ceratitis capitata, W8AL79; Drosophila ananassae, 

XP_001958793.1; Drosophila erecta, XP_001970412.1; Drosophila grimshawi, XP_001995333.1; 

Drosophila melanogaster, AFH07966.1.  

When utilising a photoreactive derivative of flubendiamide against a series of Bombyx mori 

RyR deletion mutants recombinantly expressed in HEK293 cells, Kato et al. (2009) concluded 

that the diamide binding site is likely to be located in the C-terminal transmembrane spanning 
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domain, which was confirmed by studies on diamide-resistant diamondback moth strains 

carrying a target-site mutation in the transmembrane domain (Troczka et al. 2012, Guo et al. 

2014a, b, Steinbach et al. 2015). Further evidence for a critical role of this transmembrane 

region for diamide binding was provided by a study replacing a 46 amino acid segment in the 

Drosophila RyR C-terminal domain by that of a nematode RyR which resulted in insensitivity 

to diamides (Tao et al. 2013). Since the introduction of diamide insecticides, several more insect 

RyR genes were cloned, sequenced and compared 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 target-site resistance first described in diamondback moth (Troczka et al. 2012, 

Steinbach et al. 2015). 

 

 

 

 

 

 

 

Figure 1.4 (continued) Drosophila simulans, XP_002080659.1; Drosophila willistoni, XP_002061506.1; 

Drosophila yakuba, XP_002089690.1; Musca domestica, XP_011296554.1); Hemiptera (Bemisia tabaci, 

I3VR33; Laodelphax striatellus, A0A059XRL5; Myzus persicae, A0A0A7RS32; Nilaparvata lugens, 

KF306296; Sogatella furcifera, KF734669); Hymenoptera (Apis mellifera, AFJ66977.1; Apis dorsata, 

XP_006622367.1; Bombus impatiens, XP_012250208.1; Bombus terrestris, XP_012175583.1; 

Camponotus floridanus, XP_011257849.1; Megachile rotundata, XP_003701507.1; Nasonia vitripennis, 

XP_008202582.1; Solenopsis invicta, XP_011158883.1); Lepidoptera (Bombyx mori, XP_004924916.1; 

Carposina sasakii, X2GG79; Chilo suppressalis, I3VR34; Cnaphalocrocis medinalis, I1XB02; 

Grapholita molesta, A0A089FYX0; Helicoverpa armigera, V5RE97; Heliothis virescens, DD408555.1; 

Ostrinia furnacalis, M4T4G3; Pieris rapae, R9R5D5; Plutella xylostella, AEI91094.1; Spodoptera 

exigua, A0A059XRP6; Tuta absoluta, unpublished data);Vertebrata (RyR 1) (Rattus norvegicus, 

F1LMY4; Homo sapiens, P21817; Oryctolagus cuniculus, P11716); others (Pediculus humanus corporis, 

E0VEK3; Tetranychus urticae, F5HSW9). The phylogenetic tree 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 Benzoylphenyl urea and their Mode of Action 

1.2.2.1 Benzoylphenyl urea (BPU) 

Insect growth regulators (IGRs), such as chitin synthesis inhibitors (CSIs), are compounds that 

selectively target arthropod pests as physiologically related processes or target-sites are not 

present in vertebrates. Chitin synthesis inhibitors interfere with chitin biosynthesis in insects and 

therefore, are considered safe for most non-(arthropod)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 more than four decades, roughly 10000 

benzoylurea derivatives have been synthesized, and 15 BPU CSIs have been commercialized 

(Figure 1.5). The discovery and development of the BPUs has recently been reviewed by Sun et 

al. (2015). 

The discovery of the BPU dates back to the 1970´s where Dutch scientists attempted to 

synthesize a novel herbicide by combining two moleculesðdichlobenil and diuron at Philips-

Duphar B.V. Co. (Van Daalen et al. 1972). Surprisingly, the new compound exhibited no 

herbicidal activity but insecticidal 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 Philips-Duphar B.V.. The most successful BPU 

compound after diflubenzuron is triflumuron (6) which was discovered by Bayer AG and 

introduced to the market in 1979 (Sun et al. 2015). Furthermore, it was the first commercial 

product of the second generation BPUs. Comparing it to the first generation products it showed 

higher ovicidal as well as broad-spectrum larvicidal activity, especially against lepidopteran 

pests. The third generation BPUs, such as flufenoxuron (12), exhibited stronger topical 

insecticidal activity and broader spectrum larvicidal activity against Lepidoptera, Homoptera, 

Diptera, and Hemiptera pests (Anderson et al. 1986, Perugia et 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 for 3 % in the total 

global market for insecticides (Sparks and Nauen 2015). Despite their small market share, BPUs 

are still widely used, especially as green insecticides in agricultural crop protection, forestry and 

sanitary insect pest control against flies and mosquitos (Tomlin 2003). Owing to their low 

toxicity to mammals (non-neurotoxic MoA) and predatory insects (low contact activity), BPUs 

play an important role in integrated pest management (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, Philip-Duphar B.V., now Platform Specialty Products Co.), (2) dichlorbenzuron 

(1975, Philip-Duphar 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, Thompson-Hayward Chemical Co., now Harcros Chemicals, Inc.), (6) 

triflumuron (1979, Bayer AG), (7) hexaflumuron (1987, Dow AgroSciences), (8) novaluron (1990, 

Makhteshim-Agan), (9) lufenuron (1990, Ciba-Geigy, now Novartis), (10) bistrifluron (2000, Dongbu 

Hannong Chemical), (11) noviflumuron (2001, Dow AgroSciences), (12) flufenoxuron (1987, Shell 

Research Ltd., now BASF AG), (13) flucycloxuron (1988, Philip-Duphar B.V., now Platform Specialty 

Products Co.), (14) chlorfluazuron (1988, Ishihara Sangyo Kaisha Ltd.), (15) fluazuron (1990, Ciba-

Geigy AG, now Novartis). 

 

1.2.2.2 BPU Mode of Action 

Chitin, a polymer of N-acetyl-ɓ-D-glucosamine, is an essential biopolymer in nature and it is 

mainly produced by arthropods, fungi and nematodes. The exoskeleton which is formed by the 

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 development of insects depend on the ability to 

remodel chitinous 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 only the 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 inhibition of egg hatching. Furthermore, BPUs cause malformations of the 
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cuticle, significant reduction of chitin amounts (van Eck 1979, Merzendorfer et al. 2012) and 

prevent the normal formation of the peritrophic membrane (Clarke et al. 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 evidence that BPUs inhibit the 

polymerization step during chitin formation (Hajjar and Casida 1978, Mitsui et al. 1985) 

without directly interfering with chitin synthase, the enzyme catalysing the last step during 

chitin synthesis (Cohen and Casida 1980, Mayer et al. 1980, Cohen 1985). On the contrary, 

other CSIs such as the substrate mimic fungicides polyoxin-D and nikkomyzin-Z were shown to 

directly inhibit the chitin synthase in vitro. Mitsui et al. (1985) proposed that the mode of action 

of diflubenzuron includes inhibition of UDP-N-acetyl-D-glucosamine transport across 

membranes. Additionally, Nakagawa et al. (1993) demonstrated that the incorporation of 3H-N-

acetyl-D-glucosamine was completely suppressed by diflubenzuron in isolated integuments of 

newly molted American cockroach (Periplaneta americana). In contrast to this, Abo-Elghar et 

al. (2004) suggested that the ABC transporter, sulfonylurea receptor (SUR), is the direct target 

of the BPUs and thus inhibiting chitin biosynthesis indirectly by altering vesicle trafficking. In 

the latter study diflubenzuron and glibenclamide (sulfonylurea), a known SUR-binding 

inhibitor, were applied to isolated integuments of the German cockroach, Blatella germanica 

and the inhibitory activity on chitin synthesis of glibenclamide was comparable to 

diflubenzuron. Furthermore, competitive binding assays revealed that diflubenzuron was able to 

competitively displace radiolabelled [3H]-glibenclamide. However, the hypothesis of SUR as 

BPU target-site remained controversial as the direct evidence was missing (Akasaka et al. 2006, 

Gangishetti et al. 2009). It was presumed that the effect of BPU and sulfonylurea on chitin 

synthesis may be similarly indirect (Merzendorfer 2006). Meyer et al. (2013) have later shown 

that the SUR is dispensable for chitin synthesis in Drosophila melanogaster by creating a 

mutant that completely lacked of SUR. These mutants were not lethal and developed a normal 

chitinous pro-cuticle of wild-type texture and thickness.    

After more than 40 years of research, Douris, Steinbach et al. (2016) have resolved the 

molecular MoA of the BPUs by a multistep approach using classic genetics and genome-

editing. They uncovered a mutation (I1042M) in chitin synthase 1 (CHS1) of a BPU-resistant 

P. xylostella strain and the frequency of this mutation was highly correlated with cross-

resistance to several BPUs including diflubenzuron and triflumuron. Interestingly, this mutation 

was located at the same position as the mutation I1017F which was identified in the orthologous 

gene of the spider mite, Tetranychus urticae, conferring resistance to the acaricide etoxazole 

(van Leeuwen et al. 2012). In this study, it was demonstrated that the chitin synthase is the 

target of etoxazole. Earlier studies on the MoA of etoxazole have shown that etoxazole induced 
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moulting defects in fall armyworm, Spodoptera frugiperda larvae identical to those caused by 

BPUs (Nauen and Smagghe 2006). In order to prove the link between the mutations I1041M 

and I1017F in CHS1 and BPU resistance, the two mutations were introduced in D. 

melanogaster kkv (CHS1 orthologue) by a CRISPR/Cas9 coupled with HDR genome 

modification approach (Douris, Steinbach et al. 2016). The homozygous lines carrying either of 

these mutations have shown a highly resistant phenotype against etoxazole and all tested BPUs, 

as well as buprofezin ð 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 chitin synthase (Douris, Steinbach et al. 2016).  

 

1.3 Insecticide Resistance  

Resistance has been defined as ñthe inherited ability of a strain of some organism to survive 

doses of a toxicant that would kill the majority of individuals in a normal population of the same 

speciesò (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 the origin and spread of resistance-associated mutations are both 

of academic and of applied importance (ffrench-Constant et al. 2004).  

The speed by which resistance arises and spreads is highly dependent on the type of crop 

protection product as well as its 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 of the pest is 

crucial. The issue of cross-resistance 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 (ffrench-Constant et al. 1998) or polygenic/multigenic where 

more than one resistance mechanism is enforced (Groeters and Tabashnik 2000). Thus, 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 over events (Joußen et al. 2012), gene 

amplification (Bass and Field 2011), DNA methylation (Field et al. 1996), single nucleotide 

polymorphisms (SNPs) (Troczka et al. 2012), regulatory tandem repeats (Bass et al. 2013), 

transposable elements (Wilson 1993), RNA editing (Dong 2007, Es-Salah et al. 2008) and 

alternative and/or mis-splicing (Sonoda et al. 2006, Xiao et al. 2014). Alterations in DNA/RNA 

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

resistance mechanisms that will be exemplified in the next sections.   
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1.3.1 Mechanisms of Insecticide Resistance  

In general, there are four main mechanisms which can increase the insensitivity of insects to the 

insecticide and they are classified as: 1) penetration resistance, 2) behaviour resistance, 3) 

metabolic resistance and 4) target-site 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 counterpart, e.g. by 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. This is similar to behavioural resistance, resulting 

for example in contact avoidance of insecticide baits as shown in cockroaches (Wada-

Katsumata et al. 2013)  

Target-site 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 insecticides are broken down 

into non-toxic forms (Perry et 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 insecticide metabolism from resistance.  

In general, the metabolism of xenobiotics can be divided into three phases (Phase I-III). Phase I 

involves two main enzyme-groups: cytochrome P450 monooxygenases (CYPs) and esterases 

(ESTs). These enzymes are able to modify chemical compounds thereby introducing 

hydrophilic functional groups into lipophilic substrates by reactions, such as oxidation, 

reduction and hydrolysis. The membrane-bound hemoprotein superfamily of P450s function as 

monooxygenases, whereas cytosolic esterases work as hydrolases. The metabolites of Phase I 

metabolism are either directly excreted or further modified by Phase II metabolism. 

GlutathioneS-transferases (GSTs) are key enzymes in Phase II metabolism and convert 

lipophilic and/or P450 hydroxylated xenobiotics to hydrophilic products by glutathione 

conjugation. Therefore, GSTs enable the rapid removal of Phase I 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 III).  

Metabolic resistance is predominantly characterised by genomic changes that lead to 

amplification, overexpression, and coding sequence variation in the three major groups of genes 

encoding for metabolic enzymes (CYPs, GSTs, ESTs) (Li et al. 2007, Vontas et al. 2001) 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2583.2004.00529.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2583.2004.00529.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2583.2004.00529.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2583.2004.00529.x/full
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thereby allowing the insect to overcome the toxicity of the insecticide. Mutations 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 (Daborn et al. 2002, Field et al. 1999, Hemingway 2000, 

Schmidt et al. 2010). Moreover, point mutations in the coding sequence of genes can result in 

the alteration of kinetics or substrate specificity of detoxification enzymes (Claudianos et al. 

1999, Newcomb et 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 Target-site Resistance 

Target-site resistance (also known as target-site 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 acid in a target protein 

was linked to insecticide resistance in pest insects for a broad range of insecticides, including 

BPUs (Douris, Steinbach et al. 2016), organophosphates (Russel et al. 2004), neonicotinoids 

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

of target-site insensitivity (Tang et al. 1997, Schuler et al. 1998, Steinbach et al. 2015). 

However, the level of resistance is dependent upon the structural properties of the insecticide 

which defines its intrinsic activity as some analogous are more likely to bind to the target 

protein and hence, are more toxic than others (negative cross-resistance). The identity of target-

site mutations can be explained by the necessity for resistant targets to maintain their wild-type 

functions, and therefore a limited number of amino acid replacements can be tolerated in 

important receptors and enzymes (ffrench-Constant 1999). In general, target-site alterations 

often exhibit cross-resistance for insecticides that share the same 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 contrast, polygenic resistance which involves multiple genes is 

rather variable and often influenced by the environment such as frequency of insecticide 

application. 

 

1.4. Diamide Resistance in Lepidopteran Pests 

Owing to their low application rates and high insecticidal efficacy, diamide insecticides were 

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 used 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 selection pressure, 

particularly on lepidopteran pests (Teixeira 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 Philippines and Thailand in cabbage against 

diamondback moth, P. 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 field recommended rates were confirmed in China (Wang 

and Wu 2012, Wang et al. 2013, Gong et al. 2014), Brazil (Ribeiro et al. 2014), Taiwan, India, 

USA, Japan, Korea and Vietnam (Steinbach et al. 2015). Lepidopteran pests other than 

diamondback moth which developed high confirmed levels of diamide resistance include 

tomato leaf miner, Tuta absoluta (Roditakis et al. 2015), and smaller tea tortrix, Adoxophyes 

honmai (Uchiyama and Ozawa 2014). Whereas low to moderate resistance ratios in laboratory 

assays were reported for rice stem borer, Chilo suppressalis (Gao et al. 2013, He et al. 2014); 

beet armyworm, Spodoptera exigua (Lai et al. 2011, Che et al. 2013); oriental leafworm, 

Spodoptera litura (Su et al. 2012, Sang et al. 2015); rice leaffolder, Cnaphalocrocis medinalis 

(Zhang et al. 2014); soybean looper, Chrysodeixis includens (Owen et al. 2013); and the 

obliquebanded leafroller, Choristoneura rosaceana (Sial et al. 2011, Sial and Brunner 2012). 

Some lepidopteran pest species are known for their (geographic and intrinsic) 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 pressure or cross resistance issues. Such a variation in response 

was recently also confirmed in several baseline susceptibility studies with diamide insecticides, 

including high-risk pests, such as Helicoverpa armigera (Bird 2015), C. suppressalis (Su et al. 

2014), S. litura (Su et al. 2012) and T. absoluta (Campos et al. 2015). 
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Table 1.1. Selected studies of either field or laboratory-selected (Lab) resistance to diamide insecticides 

in Lepidopteran pests. 

Species Common name Source Diamidea RRb Mechc Reference 

Adoxophyes honmai Smaller tea tortrix Field CPR 

FLB 

77 

105 

- 

 

Uchiyama and 

Ozawa 2014 

       

Chilo suppressalis Striped rice stem borer Field 

Field 

Field 

CPR 

CPR 

CPR 

10 

15 

22 

- 

M 

- 

Gao et al. 2013 

He et al. 2014 

Su et al. 2014 

       

Choristoneura roseceana Oblique-banded leafroller Field 

Lab 

CPR 

CPR 

4 

8 

- 

M 

Sial et al. 2010 

Sial &Brunner 

2012 

       

Chrysodeixis includes Soybean looper Field CPR 

FLB 

6 

9 

- 

 

Owen et al. 2013 

       

Cnaphalocrocis 

medinalis 

Rice leaffolder Field CPR 9 - Zhang et al. 2014 

       

Plutella xylostella Diamondback moth Field CPR 

FLB 

>1000 

>1000 

T 

 

Troczka et al. 

2012 

  Field CPR >1000 - Wang and Wu 

2012 

  Field CPR >1000 M/T? Lin et al. 2013 

  Lab CPR 670 M/T? Wang et al. 2013 

  Field CPR >1000 T Gong et al. 2014 

  Field CPR >1000 - Ribeiro et al. 

2014 

  Field CPR >1000 T Guo et al. 2014b 

  Lab CPR 

CYA 

FLB 

48 

3 

7 

M Liu et al. 2015 

  Field CPR 

CYA 

FLB 

>1000 

>1000 

>1000 

T Steinbach et al. 

2015 

       

Spodoptera exigua Beet armyworm Field CPR 164 M? Lai et al. 2011 

  Field CPR 44 - Che et al. 2013 

       

Spodoptera litura Oriental leafworm Field CPR 24 - Su et al. 2012 

  Lab CPR 80 M Muthusamy et al. 

2014 

  Field CPR 15 M Sang et al. 2015 

   CYA 16   

       

Tuta absoluta Tomato leafminer Field CPR 

FLB 

>1000 

>1000 

- Roditakis et al. 

2015 
a Diamide insecticides: CPR, chlorantraniliprole; CYA, cyantraniliprole; FLB, flubendiamide 
b RR = resistance ratio; highest reported ratio of LC50 or LD50 of resistant strain/LC50 or LD50 of 

susceptible strain. 
c Mech = mechanism of resistance suggested in the study cited (if known): M = metabolic; T = target-site 

mutation; - = unknown. 
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Diamide resistance ratios exceeding 1000-fold were yet only reported in diamondback moth and 

tomato leaf miner (Table 12.1), suggesting that some 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 (Steinbach et al. 2015), highly resistant tomato leaf miner populations 

were yet only isolated from vegetable greenhouses in southern Italy (Roditakis et al. 2015). The 

molecular mechanisms conferring diamide resistance in T. absoluta are 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, particularly in (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 underlying mechanisms so far investigated are largely due 

to target-site 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 I metabolism of diamide 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 (Justus et al. 2007), and a major 

metabolic pathway of chlorantraniliprole and cyantraniliprole in the goat and rat, respectively, 

was shown to be the hydroxylation of the N-methyl and methylphenyl carbons resulting in 

hydroxyl metabolites (Gaddamidi et al. 2011, Yoshida and McGregor 2014). Virtually 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 coding sequence variation in the three major 

groups of gene superfamilies encoding for metabolic enzymes such as cytochrome P450s, 

carboxylesterases and glutathione S-transferases (Li et al. 2007), thus allowing the insect to 

overcome the toxicity of the insecticide. Studies on synergism by co-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 were shown to include oxidation, it seems 

appropriate to assume that cytochrome P450-driven metabolisation of diamides in pest insects 

may potentially mediate metabolic resistance if such enzymes are overexpressed due to 

prolonged selection pressure. However, even though 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 species showing resistance ratios greater than 1000-fold, such as 

diamondback moth, were shown to express target-site resistance mediated by amino acid 

substitutions in the transmembrane domain of the RyR (Troczka et al. 2012, Guo et al. 2014b, 

Steinbach et al. 2015), or, such as tomato leaf miner, no concrete informations on the 

mechanisms of resistance were reported (Roditakis et al. 2015). Campos et al. (2015) tested 

both flubendiamide and anthranilic diamides against a number of field-collected strains of T. 

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. Though the 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 P450 activity, a fact which suggests that oxidative 

metabolism determines at least to some extent the observed efficacy variation (Campos et al. 

2015). The possible involvement of oxidative metabolism in diamide resistance was also 

suggested in a laboratory-selected Indian strain of S. litura exhibiting 80-fold resistance to 

chlorantraniliprole, but synergist studies using piperonyl butoxide (PBO) were not conclusive 

both in vitro and in vivo (Muthusamy et al. 2014). However, studies on Chinese S. litura strains 

failed to correlate low-level anthranilic diamide resistance with elevated levels of cytochrome 

P450 activity (Su et al. 2012, Sang et al. 2015). Another noctuid species investigated for its 

capacity to develop chlorantraniliprole resistance after several laboratory selection cycles was S. 

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 laboratory strain. This is in contrast to diamondback moth where 

Liu et al. (2015a) demonstrated high PBO-mediated synergism of chlorantraniliprole activity in 

a moderately resistant strain selected for 52 generations under laboratory conditions, suggesting 

the involvement of increased oxidative metabolism, because the carboxylesterase inhibitor 

S,S,S-tributyl-phosphorotrithioate (DEF) failed to significantly synergise chlorantraniliprole, 

thus confirming earlier studies on a field-collected diamondback moth strain (Wang et al. 2013). 

In another study, laboratory selection of cyantraniliprole resistance in diamondback moth 

resulted in an increased cross-resistance to flubendiamide and chlorantraniliprole and could be 

synergised to some extent by PBO and diethyl maleate (DEM) (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 and the up-regulation of a number of detoxification genes, such 

as cytochrome P450s, but also downregulation of RyR contigs (Lin et al. 2013), a phenomenon 

also described for other diamide-resistant diamondback moth strains (Gong et al. 2014). 

However, this is in contrast to other studies showing upregulation of RyR transcripts to be 
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involved in diamide resistance (Yan et al. 2014, Liu et al. 2015a). Strong synergism of 

chlorantraniliprole by PBO as well as DEF was recently described in a field-collected strain of a 

major rice pest, C. suppressalis, suggesting a role for both monooxygenases and esterases in the 

detoxification of chlorantraniliprole (He et al. 2014). Interestingly increased esterase activity 

was also found in a chlorantraniliprole-selected strain of Choristoneura rosaceana (Sial 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 studies 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 tendency to 

utilize technologies such as RNA-seq 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 diamide insecticides in pest species 

under continuous selection pressure. 

 

1.4.2 Target-site Resistance 

Early studies on the mechanisms of diamide resistance conducted in two diamondback moth 

strains collected in the Philippines and Thailand revealed an amino acid substitution G4946E in 

the C-terminal region of the Plutella RyR (Troczka et al. 2012). The amino acid substitution 

was shown to have evolved independently in diamondback moth populations in the Philippines 

and Thailand by different non-synonymous single-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 China (Gong et al. 2014, Guo et al.2014a, b, Yan et 

al. 2014) and other countries including India, Japan and the USA (Steinbach et al. 2015). Some 

studies also demonstrated that RyR transcript levels are either increased or decreased in addition 

to the G4946E mutation in diamide resistant strains (Yan et al. 2014, Gong et al. 2014, Liu et 

al. 2015a). The fact that the G4946E mutation was found in populations from different 

geographies indicates once more that it evolved independently rather through migration of one 

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 RyR deletion mutants of B. mori, 

recombinantly expressed in human embryonic kidney cells (Kato et al. 2009). The RyR 

transmembrane domain is highly conserved among different insect taxa (Figure 1.6), and 

homology modelling revealed that glycine 4946 is located at the interface between helix S4 and 

the S4ïS5 linker (Steinbach et al. 2015), supposed to have a critical role in RyR gating by 
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impacting the movement of pore-associated helices (Ramachandran et al. 2013). Phylogenetic 

analysis of the RyR of different insect orders reveal that lepidopteran species, which have 

>90 % homology in their amino acid sequence, share around 78 % homology to Coleoptera and 

Hymenoptera (Figure 1.4). Other insect RyR isoforms, such as Diptera and Hemiptera, show a 

75ï77 % 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 (Lümmen 2013). The G4946E 

mutation was first described in 2012 and associated with a diamide-resistant phenotype of 

diamondback moth, but convincing functional evidence for its implications in diamide binding 

was only provided recently (Steinbach et al. 2015). It was shown in radioligand binding studies 

using thoracic microsomal membrane preparations of diamondback moth that the G4946E 

mutation has functional implications on both diamide-specific binding as well as on its 

concentration-dependent allosteric modulation of [3H]ryanodine binding (Steinbach et al. 

2015). In contrast to thoracic microsomal membrane preparations of a diamide susceptible 

strain, a diamide-resistant Plutella strain did not show specific saturable binding of a tritiated 

des-methylated flubendiamide analogue, [3H]PAD1. The tritiated diamide radioligand showed 

nanomolar binding affinities to membrane preparations of susceptible diamondback moth (KD-

value 2.7 nM), but no conclusive equilibrium kinetics with membranes isolated from a resistant 

strain. Thus, Steinbach et al. (2015) provided for the first time functional evidence that the 

G4946E mutation confers RyR target-site 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 the Plutella wild type or G4946E RyR (Troczka et al. 2015). 

It was shown that the binding of both phthalic and anthranilic diamides was dramatically 

impaired by the G4946E mutation in Plutella RyR recombinantly expressed in clonal Sf9 cell 

lines. Apart from the functional mutation G4946E, three more mutations, E1338D, Q4594L and 

I4790M, were recently identified in the RyR of a highly resistant P. xylostella strain from China 

and supposed to be involved in diamide resistance (Guo et al. 2014b). The critical role of the 

transmembrane domain at the interface between helix S4 and the S4ïS5 linker for diamide 

binding seems obvious regarding the functional implications of G4946E in diamide binding. 

Interestingly the mutation site I4790M described by Guo et 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 

(Steinbach et al. 2015). The distance between the respective Cô atom positions of the mutation 

sites is approx. 13 Å (Figure 1.7). However, functional evidence showing the impairment of 

diamide insecticide binding by the presence of I4790M, either alone or in combination with 

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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Musca domestica and Apis mellifera membrane preparations (both M4790) in comparison to 

Lepidoptera (I4790) (Qi and Casida 2013, Qi et al. 2014) are based on such less conserved 

residues rather than G4946. According to the recently published closed-state cryo-EM structure 

of rabbit RyR1 (Yan et al. 2015), the third mutation described by Guo et al. (2014b), Q4594L, 

is not located within the transmembrane domains, but in a region with several predicted EF 

hand domains (Takeshima et al. 1989). The implication of this mutation for diamide binding in 

lepidopteran RyRs also needs further investigation in the future, similar to E1338D which is 

located towards the N-terminus of P. xylostella RyR. Therefore, it is not in proximity to the 

other transmembrane-linked mutations (Guo et al. 2014b) and the putative binding site of 

diamide insecticides (Kato et al. 2009, Steinbach et 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 than diamondback moth yet needs to be 

explored. On the other hand I4790 is likely to be another important RyR mutation site possibly 

linked to diamide species specificity (and resistance). 
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Figure 1.6 Amino acid sequence alignment of the extended C-terminal transmembrane domain of 

ryanodine receptor (RyR) orthologues from mammals and arthropod species covering a broad 

phylogenetic range. Conserved amino acid residues across species are shaded in black. Secondary 

structural elements and domains are indicated above the alignment by coloured bars and based on a 

recently published rabbit RyR1 structure (PDB code: 3J8H) determined by single-particle 

cryomicroscopy (Yan et al. 2015). RyR mutation sites linked to diamide insecticide resistance in 

diamondback moth (P. xylostella) are located at positions Q4549L, I4790M and G4946E (numbering 

based on diamondback moth RyR).  

  


































































































































































































































































































