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Abstract  

 

The olive fruit fly Bactrocera oleae has a unique ability to cope with olive flesh, 

and is the most destructive pest of olives worldwide. Its control has been largely based 

on the use of chemical insecticides, however, the selection of insecticide resistance 

against several insecticides has evolved. The study of detoxification mechanisms, 

which allow the olive fruit fly to defend against insecticides, and/or phytotoxins 

possibly present in the mesocarp, has been hampered by the lack of genomic 

information in this species. In this study, the efficacy of alpha-cypermethrin via 

biochemical and molecular approaches was investigated. Selected strains, susceptible 

or resistant to pyrethroids (mainly a-cypermethrin), included: HYBRID & LAB 

(laboratory strains – susceptible), Kou (origin Kounoupidiana – resistant), Sa (origin 

Samos – susceptible), Pa (origin Panagia – moderate resistant). The biochemical 

analysis indicated a possible association between P450 activities and the resistance 

phenotype. However, further studies, involving insecticide selections and synergistic 

analysis with metabolic inhibitors, will clarify the role of P450s in the resistance of B. 

oleae to pyrethroids. The possible occurrence of target-site mutations within the 

domain II region of the B. oleae para-type sodium channel gene, which could be 

responsible for the pyrethroid resistance observed, was also investigated, but no 

target site mutations were revealed. Further work is required in order to elucidate the 

possible link between detoxification enzymes (such as cytochrome P450s) and 

pyrethroid resistance. The IIS4–IIS6 region of the B. oleae para-type sodium channel 

gene is the default area in which to look for resistance mutations if target-site 

resistance to pyrethroids arises in B. oleae field populations. 
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Περίληψη 

 

Ο δάκος της ελιάς Bactrocera oleae έχει μια μοναδική ικανότητα να επιβιώνει στη 

σάρκα της ελιάς και είναι το πιο καταστροφικό παράσιτο της ελιάς παγκοσμίως. Ο 

έλεγχος του έχει βασιστεί σε μεγάλο βαθμό στη χρήση χημικών εντομοκτόνων, 

ωστόσο έχει εξελιχθεί η ανθεκτικότητα του εντομοκτόνου. Η μελέτη των μηχανισμών 

αποτοξικοποίησης, που επιτρέπουν στον δάκο της ελιάς να προστατεύεται από τα 

εντομοκτόνα και / ή τις φυτοτοξίνες που ενδεχομένως υπάρχουν στο μεσοκάρπιο, 

έχει παρεμποδιστεί από την έλλειψη γονιδιωματικών πληροφοριών σε αυτό το είδος. 

Στη μελέτη αυτή, διερευνήθηκε η αποτελεσματικότητα του alpha-cypermethrin μέσω 

βιοχημικών και μοριακών προσεγγίσεων. Τα επιλεγμένα στελέχη, ευαίσθητα ή 

ανθεκτικά στα πυρεθροειδή (κυρίως alpha-cypermethrin), περιλάμβαναν: HYBRID και 

LAB (ευαίσθητα εργαστηριακά στελέχη), Kou (καταγωγή Κουνουπιδιανά - ανθεκτικά), 

Sa (καταγωγή Σάμος - ευαίσθητα) και Pa (καταγωγή Παναγιά – ημιανθεκτικά). Η 

βιοχημική ανάλυση έδειξε πιθανή συσχέτιση μεταξύ των δραστηριοτήτων P450 και 

του φαινοτύπου ανθεκτικότητας. Ωστόσο, περαιτέρω μελέτες, που περιλαμβάνουν 

επιλογές εντομοκτόνου και συνεργιστική ανάλυση με μεταβολικούς αναστολείς, θα 

διευκρινίσουν το ρόλο των P450s στην αντίσταση του Β. οleae σε πυρεθροειδή. Η 

πιθανή εμφάνιση μεταλλάξεων στοχευόμενης θέσης εντός της περιοχής περιοχής II 

του γονιδίου καναλιού νατρίου τύπου Β. οleae που μπορεί να είναι υπεύθυνη για την 

παρατηρούμενη αντίσταση πυρεθροειδούς, επίσης διερευνήθηκε, αλλά δεν 

αποκαλύφθηκαν μεταλλάξεις στοχευμένης θέσης. Απαιτούνται περαιτέρω εργασίες 

προκειμένου να διασαφηνιστεί η πιθανή σχέση μεταξύ των ενζύμων αποτοξίνωσης 

(όπως το κυτόχρωμα P450) και της αντοχής στα πυρεθροειδή. Η περιοχή IIS4-IIS6 του 

γονιδίου καναλιού νατρίου τύπου Β. οleae είναι η προεπιλεγμένη περιοχή στην οποία 

πρέπει να αναζητηθούν μεταλλάξεις ανθεκτικότητας εάν ανευρεθεί στόχος στα 

πυρεθροειδή στους πληθυσμούς πεδίων B. oleae. 
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CHAPTER ONE 

General Introduction 

1.1 Arthropods as enemies of the humanity  

Arthropods are invertebrate animals that represent the largest group of 

animals in the Earth, including more than 80% of all known species worldwide. 

Arthropods are of great importance for humans. The production of several goods such 

as silk and honey and the pollination of flowering plants are only a few of the great 

benefits of arthropods for humans (Mahr et al., 2008). 

However, numerous arthropod species are deadly enemies of the humanity. 

They can transmit serious diseases and attack agricultural crops, therefore, they 

severely threaten economy, food security and global health. A number of arthropod 

pests, such as mosquitoes, ticks and sandflies, is responsible for the transmission of 

infectious and deadly diseases.  Arthropod pests are responsible for huge crop losses 

world-wide, the 20-50% of potential production is damaged annually due to arthropod 

pest infection. For example, the Tetranychidae family contains over 6,000 species of 

plant feeding spider mites that attack and destroy a wide variety of field and 

greenhouse crops (Evans, 1992; Jeppson et al., 1975; Krantz et al., 2009) and the olive 

fruit fly, Bactrocera oleae, represents the major pest of olive orchards worldwide. It is 

estimated that by 2050, the human population will be increased by 34% and, in order 

for the food to be sufficient, the crop production needs to duplicate (www.fao.org). In 

this context, agricultural arthropod pests represent an enormous threat. 

 

1.1.1 Arthropod pest management  

The efficient control of arthropod pests is vital for the protection of public 

health, agriculture and economy. Arthropod pest management is achieved through a 

number of different approaches, which can be classified in five main categories: a) 

physical control, b) cultural control, c) pest-resistant plants, d) biological control and 

e) chemical control (Mahr et al., 2008). Integrated Pest Management (IPM) or 

Integrated Vector Management (IVM) is the combination of the different 
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management approaches available, aiming to confer efficient control minimizing the 

damage to humans and the environment and the cost. 

 

1.1.1.1 Chemical Control 

Chemical control is achieved by the use of natural or synthetic chemicals in 

order to either directly kill the pests or act via interfering with fundamental activities 

of the arthropod such as feeding and mating (Mahr et al., 2008). Chemical control is 

the predominant and most efficient approach recruited for the control of all arthropod 

pests. There is no doubt that the chemical control and usage of insecticides contribute 

significantly in the arthropod pest control. For example, it is estimated that without 

the use of chemical insecticides the food supplies would fall to 30-40% (Saravi et al., 

2011). 

Chemicals protect the availability of food as well as prevent the spread of pest-

borne diseases thus, they play a decisive role in the quality of human life. The vast 

majority of chemicals targets the central nervous system of the arthropod pest causing 

paralysis and finally death, while others act as growth regulators, energy metabolism 

disruptors (e.g. mitochondrial electron transport inhibitors, METIs) or act in the 

midgut membranes (Sparks and Nauen, 2015). Among the main categories of 

insecticides with neural/muscle action are the organophosphates (OPs), pyrethroids, 

neonicotinoids, avermectins and diamides (Sparks and Nauen, 2015).  METIs represent 

the main category of energy metabolism disruptors currently used (Sparks and Nauen, 

2015).  

 

Organophosphates (OPs): one of the oldest group of insecticides, were first used in 

early '40s and more than 100 different active ingredients have been used (Sterensen, 

2004). They target the central nervous system by binding to the enzyme 

acetylcholinesteraste (AChe), leading to the disruption of the hydrolysis of 

acetylcholine and the continuous nerve stimulation causing paralysis and eventually 

death (Kerkut and Gilbert, 1985). OPs are used for the control of a large number of 

pests, such as species of Diptera (e.g. mosquitoes, flies) Coleoptera, Lepidoptera, 

Hemiptera, nematodes and mites (Siegfried et al., 2001). OPs is the most successful 
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group of insecticides however; they are currently in a replacement procedure by other 

compounds as they display toxicity to vertebrates, including humans (Minton and 

Murray, 1988; Eddleston et al., 2008; Pandit et al., 2011). 

 

Pyrethroids: were first used in 1970s and represent an alternative of the Ops as they 

are effective without displaying toxicity to non-target species, such as humans 

(Wolansky and Harrill, 2008). They are synthetic derivatives of the naturally existing 

insecticidal molecules pyrethrins, derived from the extract of the flower 

Chrysanthemum cinerarifolium (Casida, 1980). Pyrethroids bind to the voltage-gated 

sodium channel (VGSC) of the neuronal cells and affect ion flow (Kerkut and Gilbert, 

1985; Narahashi, 1992). They are divided in 2 classes, type I pyrethroids, which cause 

hyperactivity resulting in lack of pest coordination and type II pyrethroids, which cause 

depolarization resulting in pest paralysis (Gammon et al., 1981). Pyrethroids are used 

against a wide variety of pest species, i.e. Lepidoptera, Coleoptera, aphids and mites 

as well as against several mosquito species (Khambay and Jewess, 2010). 

 

Neonicotinoids: were started to be used in the beginning of 90s (Kollmeyer et al., 

1999). Since 2008, they represent the most extensively used insecticides world-wide 

(Sparks and Nauen, 2015).They also target the pest nervous system. In particular, they 

bind and block the nicotinic acetylcholine receptors (nAChRs) causing paralysis and 

death (Goulson, 2013). Neonicotinoids are systemic insecticides, distributed in plant 

tissues and they are used extensively for the control of piercing-sucking insect pests, 

such as aphids and whiteflies (Tomizawa and Casida, 2003), as well as against several 

other pests. 

 

Avermectins: were first used in 1980 and they are a group of eight compounds 

produced by the microorganism Streptomyces avermitilis during the fermentation 

process (Fisher and Mozrik, 1989). They activate the glutamate-gated chloride 

channels (GluCls). They bind to the GluCls causing a slow and irreversible open of the 

channel, which leads to hyper depolarization eventually causing paralysis and death 

(Wolstenholme and Rogers, 2005; Lynagh and Lynch, 2012). Avermectins are used for 

the control of a wide range of pest species of Coleoptera, Homoptera, Diptera, 
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Orthoptera, Isoptera, Hymenoptera and Lepidoptera as well as mite species (Putter et 

al., 1981). 

 

Diamides: is a relatively new class of insecticides, introduced in 2008, which is 

particularly active against lepidopteran species (Howe and Jander, 2008; Tohnishi et 

al., 2005). Diamides bind and activate the ryanodine receptors (RyR) affecting the 

calcium ions flow (Ebbinghaus-Kintscher et al., 2006) and causing feeding cessation, 

paralysis and finally death (Tohnishi et al., 2006). 

 

Mitochondrial electron transport inhibitors (METIs): were first introduced in 90’s and 

they act as inhibitors of the mitochondrial electron transport chain causing the rapid 

knockdown of the pest (Marcic, 2012). They are used for the control of mite species 

as they display high acaricidal activity (Marcic, 2012). Cyflumetofen is a novel METI 

acaricide that acts as inhibitor of complex II in the mitochondrial electron transport 

chain (Takahashi et al., 2012; Hayashi et al., 2013). 

 

1.1.2 Resistance to insecticides 

The development of arthropod pest resistance to chemical insecticides is an 

evolutionary procedure driven by natural selection. Populations are polymorphic and 

genetic variation between individuals exists. Random mutations are caused which 

under normal conditions, are very rare as they have a fitness cost. Therefore, mutant 

individuals represent a small number in the population. However when a selection 

pressure is applied, as in the case of the insecticide application, a mutation may 

become advantageous for survival and reproduction. The insecticide kills off the 

susceptible genotypes while resistant mutants gain a selective advantage thus, after a 

few generations, resistant alleles spread into the population and the resistant 

phenotypes increase in number leading to the development of insecticide resistance. 

The development of insecticide resistance is considered as one of the most 

important limitations for an effective arthropod pest control in our days. Resistance 

mechanisms can decrease the amount of insecticide that finally reaches the target 

and/or reduce the affinity of the target with the insecticide. Based on information 
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from IRAC (Insecticide Resistance Action Committee, www.irac-online.org), resistance 

is divided in 4 major types: a) behavioral, b) penetration, c) target-site and d) 

metabolic resistance.  

 

a) Behavioral resistance: occurs when the arthropod pest recognizes and does not get 

in touch/ avoids the chemical compound (e.g. by moving into another area). This 

type of behavior is genetically controlled and has been involved in resistance in a 

number of insecticides such as organophosphates and pyrethroids.  

 

b) Penetration resistance: occurs when upon contact with the insecticide, the 

penetration rate is reduced. This type of resistance is conferred by changes in the 

arthropod cuticle and usually coexists and assists other types of resistance, in terms 

of providing more time to the other resistance mechanisms to act. 

 

c) Target-site resistance: is caused by mutation that lead to the production of a target 

protein form with reduced affinity for the insecticide, thus preventing its binding. 

This type has been found to confer resistance in several insecticides including 

pyrethroids and avermectins. 

 

d) Metabolic resistance: In this type of resistance, detoxification enzymes like 

cytochrome P450 mono-oxygenases (P450s), carboxylesterases (CCEs) and 

glutathione S-transferases (GSTs) detoxify the insecticide into non-toxic 

compounds. Metabolic resistance occurs due to over-production or more 

catalytically efficient forms of metabolic enzymes. Apart from their involvement in 

resistance to insecticides, detoxification enzymes also participate in the adaptation 

of arthropod pests to their host, as they are capable of metabolizing phytotoxins. 

 

1.1.3 Detoxification genes, enzymes and mechanisms 

 

In general, the detoxification of a xenobiotic (i.e. insecticide or plant toxin) is 

divided in three phases (Meyer, 1996; Rushmore and Kong, 2002). In phase I enzymes, 
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i.e. P450s and CCEs, modify the xenobiotic (e.g. via hydroxylation) and the modified 

xenobiotic is recognized and conjugated to polar compounds by phase II enzymes 

(Jakoby and Ziegler, 1993), which are transferases such as GSTs (Moscow and Dixon, 

1993; Tew and Ronai, 1999) and UGTs (Mayer, 1996; King et al., 2000; Tukey and 

Strassburg, 2000). The polar compounds increase xenobiotic solubility as well as act 

as a tag for phase III, where the xenobiotic is recognized from membrane transporters 

(e.g. ABC transporters) and excreted from the cell (Glavinas et al., 2004; Dermauw and 

Van Leeuwen, 2014). 

 

1.1.3.1 Cytochrome P450s monooxygenases (P450s) 

  

Cytochrome P450 monooxygenases (P450s), encoded from CYP genes, are 

present in all living organisms and represent one of the largest super-families 

(Feyereisen, 2005). They are 45-55 kDa heme-thiolate enzymes bound in the 

membranes and they are divided in four major clades, named CYP2, CYP3, CYP4 and 

mitochondrial. Although they can catalyze more than 60 reactions (Feyereisen, 2005), 

P450s are best known for catalyzing the insertion of one atom of oxygen in an organic 

compound, while the other atom of oxygen is reduced to water (Hamdane et al., 

2008): 

RH + O2 + NADPH + H+ → ROH + H2O + NADP+ 

In this reaction, the so called monooxygenase reaction, NADPH serves as the electron 

donor, which is transferred to the P450 by NADPH-cytochrome P450 reductase (CPR) 

and/ or cytochrome b5 (Guzov et al., 1996; Zhang and Scott, 1996; Megias et al., 1984) 

(Figure 1.1). 

 

 

 

 

 

Figure 1.1 The cytochrome P450 system (after Despres et al., 2007) 
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P450s are involved in the metabolism of a wide range of endogenous and 

exogenous molecules. Τhey have been extensively studied due to their ability to 

metabolize insecticides (Feyereisen, 2005) and phytotoxins (Schuler, 1996), thus 

playing a dominant role in 20 insecticide resistance and arthropod adaptation to 

plants. P450s represent the only detoxification super-family that can metabolize and 

confer high levels of resistance to all classes of insecticides, such as OPs, pyrethroids, 

organochlorides and carbamates (Feyereisen, 2005). Several P450s have been 

identified to date to metabolize insecticides, in particular enzymes belonging to the 

CYP6 and CYP9 clades. Selected examples are CYP9J24, CYP9J26, CYP9J28 and CYP9J32 

from A. aegypti which metabolize deltamethrin and permethrin (pyrethroids) 

(Karunker et al., 2009; Stevenson et al., 2012). CYP6A2 from Drosophila melanogaster 

metabolizes DDT, aldrin (cyclodiene), dieldrin and DDT (organochlorides) as well as 

diazinon (organophosphate) (Dunkov et al., 1997; Amichot et al., 2004). T. urticae 

CYP392E7 and CYP392E10 were found to metabolize spirodiclofen (ketoenol) 

(Demaeght et al., 2013), CYP392A16 was found to metabolize abamectin (avermectin) 

(Riga et al., 2014) and the recently characterized CYP392A11 which is capable of 

metabolizing cyenopyrafen (mitochondrial complex II electron transport inhibitor) 

and fenpyroximate (mitochondrial complex I electron transport inhibitor) (Riga et al., 

2015). 

 

1.1.3.2 Glutathione S- transferases (GSTs) 

 

Glutathione S-transferases (GSTs) is a large super-family of enzymes present in 

all aerobic organisms (Sherratt and Hayes, 2001). They are divided in two main 

categories based on their subcellular localization, microsomal and cytosolic. Insect 

GSTs are divided in 7 classes, named delta (δ), epsilon (ε), omega (ο), sigma (σ), theta 

(θ), zeta (ζ) and microsomal GSTs. In the spider mite T. urticae also an additional class 

has been identified, named mu (Grbic et al., 2011). GSTs catalyze numerous reactions, 

such as glutathione (GSH) conjugation reaction, dehydrochlorination and reduction of 

hydroperoxides and isomerization of unsaturated molecules (Sherratt and Hayes, 

2011). Moreover GSTs may also display non-catalytic function via passive, sacrificial 



18 
 

binding (Sherratt and Hayes, 2011). The major reaction catalyzed by the GSTs in the 

conjugation of electrophilic compounds with the thiol group of reduced glutathione 

Atkins et al., 1993) (Figure 1.2). This conjugation increases the solubility of the 

substrate facilitating its subsequent excretion from the cell (Habig et al., 1974). 

 

 

Figure 1.2 The conjugation of reduced GSH to electrophilic moieties, catalyzed by GSTs 

 

Cytosolic GSTs are 25 kDa proteins and act as homodimers or heterodimers. 

The 3D structure of each GST monomer consists of two domains which are linked by 

a short linker (Chronopoulou and Labrou, 2009; Sheehan et al., 2001) (Figure 1.3). An 

N-terminal domain (amino acids 1-80) consisting of both α- helices and β-sheets 

arranged in a βαβαββα secondary structure as well as a larger C-terminal domain 

consisting of a variable number of α-helices (Chronopoulou and Labrou, 2009; 

Sheehan et al., 2001). The N terminal domain forms the G-site, which is the binding 

site of glutathione (GSH) while the C-terminal domain mainly forms the H-site, which 

is the binding site of electrophilic substrates, such as insecticides and phytotoxins 

(Chronopoulou and Labrou, 2009; Sheehan et al., 2001). The H-site is much more 

variable from the G-site giving in the different GSTs variable substrate specificities 

(Chronopoulou and Labrou, 2009; Sheehan et al., 2001). Despite the fact that each 

monomer acts independently, the homo or hetero-dimerization is needed for activity 

(Danielson and Mannervik, 1985). 
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Figure 1.3 The 3D structure of a cytosolic GST (GmGSTU4-4). A. Ribbon representation 
of the monomer. The S-(p-nitrobenzyl)-glutathione, bound in the active site is shown 
as stick. The G-site and H-site are mentioned. B. Ribbon representation of the dimer. 
The S-(p-nitrobenzyl)- glutathione, bound in the active site is shown as stick (after 
Chronopoulou and Labrou, 2009) 
 
 

GSTs are implicated in phase II metabolism of both endogenous compounds as 

well as xenobiotics. To date, elevated GST activity has been associated with resistance 

to all main categories of insecticides, such as pyrethroids, OPs, organochlorides and 

abamectin in many arthropod pests (Vontas et al., 2001; Konanz and Nauen, 2004), 

however; the precise functional characterization at the protein level and the 

identification of specific GSTs capable to metabolize insecticides in vitro has not kept 

similar pace. The best known example of insecticide metabolism is the metabolism/ 

dehydrochlorination of DDT by GSTe2 from Anopheles gambiae (Ranson et al., 1997; 

2001). The Manduca sexta GST-6A was also found to conjugate GSH to the OPs methyl 

parathion and lindane (Wei et al., 2001), while GST3 and GST4 from Plutella xylostella 

metabolize parathion, methyl parathion and paraoxon (OPs) (Li et al., 2007; Chiang 

and Sun, 1993; Ku et al., 1994). GST activity was found to participate in pyrethroid 

resistance via sequestration of pyrethroids (Kostaropoulos et al., 2001) and 

detoxification of lipid peroxidation products (Vontas et al., 2002), but not to direct 

detoxification of pyrethroids themselves. Finally, there is a strong association of 

elevated GST activity with abamectin resistance (Konanz and Nauen, 2004; Stumpf and 

Nauen, 2002), however the putative role of the GSTs in conferring resistance to 

abamectin has not been investigated as yet. 
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1.1.3.3 Carboxylesterases (CCEs) 

Carboxylesterases (CCEs) is a ubiquitous and super-family. In the super-family 

belong non- catalytic proteins such as neurotactins, enzymes with a wide range of 

substrates and enzymes with very specified substrates such as acetylcholinesterase 

(Montella et al., 2012). CCEs hydrolyze ester bonds from substrates containing a 

carboxylic ester with the subsequent formation of an alcohol and a carboxylate 

product, in a two-step reaction (Montella et al., 2012) (Figure 1.4). 

 

Figure 1.4 Hydrolysis reaction catalyzed by CCEs (after Montella et al., 2012) 

 

Arthropod CCEs are involved in the detoxification of xenobiotics and are 

considered as phase I enzymes. In insecticide resistance, are mainly implicated in 

resistance to OPs, carbamates and pyrethroids, where act either via hydrolysis or/ and 

sequestration (Hemingway and Ranson, 2009). For example, esterases were shown to 

slowly hydrolyze the insecticide permethrin (pyrethroid) in Nilaparvata lugens (Vontas 

et al., 2001). The Lucilia cuprina E3 esterase was shown to confer resistance to 

malathion (OP) (Campbell et al., 1998). The role of CCEs in the adaptation of insects 

to plant toxins has not been extensively studied yet (Despres et al., 2007). Their 

involvement in metabolism of phenolic glycosides (Lindroth, 1989; 1991) as well as 

tannins (Rey et al., 1999) have been reported. 
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1.2 The olive fruit fly, Bactrocera oleae 

The olive fruit fly, Bactrocera oleae (Diptera: Tephritidae) (Figure 1.5) is the 

most important pest of olive orchards worldwide. At the larval stage, B. oleae is strictly 

monophagous on olives of the genus Olea, such as Olea europaea, Olea verrucossa 

and Olea chrysophylla (Zohary, 1994). The olive fruit fly infestation has been recorded 

in regions around the Mediterranean basin from ancient times (Tzanakakis, 2003; 

Tzanakakis, 2006). In our days, infestation has also been recorded in Central and South 

Africa, Near and Middle East, Central America and California (Daane and Johnson, 

2010). The female fly lays its eggs in ripening olive fruit and the developing larvae 

tunnels through the olive, feeding on the fleshy mesocarp, a plant tissue with high 

content of phenolic compounds and phytotoxins (Margaritopoulos et al., 2008). Each 

female can lay around 250 eggs and usually do not deposit more than one egg per 

drupe with the exception of cases of overpopulation (Fletcher, 1987). The female 

punctures the fruit with the ovipositor and deposits the egg inside the olive mesocarp 

and the growing larva feeds upon mesocarp until pupation (Fletcher, 1987). The 

infestation severely affects the quality (up to 80%) and value of the olive oil and cause 

the rejection of entire harvests of table olives which become unsuitable for 

consumption (Daane and Johnson, 2010).  

Figure 1.5 The olive fruit fly, Bactrocera oleae. A. A female olive fruit fly laying its egg 
in the olive fruit. B. An olive fruit fly larva feeding upon mesocarp forming tunnels 
(after www.actaplantarum.org) 
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1.2.1 Control of B. oleae 

In Greece, 30–35% economic losses due to B. oleae have been recorded, and 

the annual cost for its control exceeds 2 M euros. The control of B. oleae has been 

based on use of traps, sterile insect techniques (SIT) and primarily insecticides. An 

improved genetic method, Release of Insects containing a Dominant Lethal (RIDL), was 

recently developed (Ant et al., 2012) however, regulation issues restrict its wide 

application at present.  

Chemical insecticides represent the major control method. For more than 40 

insecticides (OPs) and particularly dimethoate and fenthion, but the intense use of 

these insecticides, as baits or cover sprays, has resulted in the selection of resistance 

which negatively impacts on our ability to control B. oleae (Vontas et al., 2011). The 

elucidation of insecticide resistance mechanisms at the molecular level, in light of the 

development of tools for sustainable control, has been achieved in some cases in B. 

oleae and closely related Tephritidae species (Vontas et al., 2011). Modified 

acetylcholinesterase (MACE) resistance mechanism has been studied extensively in B. 

oleae (Vontas et al., 2011), and specific mutations which reduce sensitivity to 

organophosphate insecticides have been identified and characterized (Vontas et al., 

2002, Kakani et al., 2008). Target site resistance against spinosad was recently 

elucidated in the oriental fruit fly Bactrocera dorsalis, where truncated transcripts of 

nicotinic acetylcholine subunit gene Bda6 were strongly implicated in the phenotype 

(Hsu et al., 2012).  

As an alternative chemical control tool, pyrethroid insecticides (such as α- 

cypermethrin, deltamethrin, cyfluthrin) are also used in many countries (Collier et al., 

2003; Haniotakis, 2003). However, resistance to pyrethroids has already been 

reported (Margaritopoulos et al., 2008). In 2008, the resistance levels of 20 B. oleae 

populations from different regions in Greece to the pyrethroid insecticide α-

cypermethrin were monitored, showing that moderate resistance had already been 

selected in some regions (Margaritopoulos et al., 2008).  The resistance mechanisms 

were studied and no target-site mutations were identified, but the phenotype was 

associated with elevated P450 activity (Margaritopoulos et al., 2008).  Recently, a new 

method for the estimation of insecticide effectiveness was developed and many field 
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populations collected from Crete (Greece), a region with extended cultivation of 

olives, were tested for resistance to α-cypermethrin (Roditakis et al., 2015). Both the 

lethal concentration needed to kill off half of the sample (LC50) and the percentage 

mortality in the recommended label rate (RLR), were calculated and was revealed that 

the field B. oleae populations from Crete have evolved resistance to α-cypermethrin 

ranging from 66- 530- folds compared to the susceptible strain (Roditakis et al., 2015). 

The availability of advanced transcriptional and sequencing technologies 

provides opportunities for molecular analysis of insecticide resistance mechanisms. 

Pavlidi et al. (2013) recently conducted a whole transcriptome analysis of B. oleae 

using de novo assembly of reads (> 8000 transcripts; 4500,>1 Kb) generated by 454 

sequencing technology (Pavlidi et al., 2013). More than 130 putative detoxification 

genes were identified and phylogenetically classified, including 60 contigs encoding 

putative P450 genes, a number similar to those found in the genomes of Drosophila 

melanogaster and Bactrocera dorsalis, but substantially lower than those of other 

dipteran species like Aedes aegypti and Culex quinquefasciatus (160 and 170 P450 

genes respectively); however, the possibility that additional P450 genes are present 

may await sequencing of the B. oleae genome. An Agilent microarray has been 

constructed and used for the analysis of the gene expression of olive fly larvae during 

their development in green and black olives (in the presence or absence of symbiotic 

bacteria), in order to identify genes that are associated with the unique ability of B. 

oleae among Tephritid flies to develop in olives (Pavlidi et al., 2017). 

The understanding of molecular mechanisms by which B. oleae develops 

resistance to α-cypermethrin is crucial for the sustainability of efficient control. The 

study of metabolic resistance, i.e. mechanisms that increased rates of insecticide 

detoxification and thus compromises the effective dosage of the insecticide that 

reaches the target, are of significant importance. Detoxifying enzymes (such as 

cytochrome P450s), carboxyl/choline esterases (CCEs), and glutathione S transferases 

(GSTs) have been associated with B. oleae insecticide resistance phenotypes (Vontas 

et al., 2011). However the analysis of molecular mechanisms and the identification of 

specific P450 (and/or other) genes implicated in B. oleae pyrethroid resistance has 

been hampered by the lack of genomic information and molecular tool for this insect 

species. 
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1.3 Overall aim of the study 

The aim of the current study was to examine the differences between 

susceptible and resistant B. oleae field strains using biochemical and molecular 

approaches. Selected strains, susceptible or resistant to pyrethroids (mainly a-

cypermethrin), included: HYBRID & LAB (laboratory strains – susceptible), Kou (origin 

Kounoupidiana – resistant), Sa (origin Samos – susceptible), Pa (origin Panagia – 

moderate resistant). 
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CHAPTER TWO  

Materials and Methods 

2.1 Insects  

Three populations of B. oleae from various regions of Crete (Kou strain from 

Kounoupidiana-Chania and Panagia strain from Heraklion) and Samos islands were 

used for this study, based on their resistance to pyrethroids. Two laboratory 

populations that had not been exposed to insecticides i.e LAB and HYBRID were used 

as the susceptible reference strain. The LAB and HYBRID strains were maintained at 

25±1°C and 16h light per day using common rearing protocols, as described by Tsitsipis 

(1977) and Tsitsipis and Kontos (1983).  For each region, olives infested by B. oleae 

were collected from orchards. The fruits were put in plastic trays containing a layer of 

heat-sterilised (100°C for 1 h) sawdust and kept at 25±1°C and 16h light per day. The 

sawdust was used as a larval pupation substrate. The trays were inspected daily and 

the collected pupae were transferred to cages (30 × 30 × 30 cm). Two opposite sides 

of the Plexiglas cages were covered with tulle to allow aeration. At the day of adult 

emergence, solid diet was provided (sugar + enzymatic yeast hydrolysate, 3 + 1 by 

weight), and water in a plastic vial, the opening of which was covered with a dental 

cotton wad. Adult olive fruit flies (1-2 days old) were collected from the respective 

cages, snap frozen in liquid nitrogen and stored in -80°C until required 

(Margaritopoulos et al., 2008). 

 

2.2 Biochemical assays  

2.2.1 Preparation of microsomal proteins 

Microsomal proteins were obtained from adult abdomens, to avoid eye 

pigments and high quantities of mitochondria rich in cytochromes present in the 

thoracic muscles (Vontas et al., 2001). Depending on availability, different number of 

adult abdomens were used per strain (Table 1). Briefly, adult abdomens were 
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homogenised in 1 mL of 0.1 M sodium phosphate buffer pH 7.2, containing 1 mM 

EDTA, 1 mM dithiothreitol (DTT), 200mM sucrose, 1 μg/mL aprotinin, 1 μg/mL 

leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF). They were subsequently 

centrifuged at 5,000g for 5 min at 4°C and the supernatant was centrifuged at 10,000g 

for 20 min at 4°C. Lastly, the supernatant was collected in kendro tubes and was 

centrifuged at 64,000 rpm for 1h at 4°C to obtain the microsomal pellet, which was 

resuspended in the same buffer before being used to determine monooxygenase 

activity. 

Table 2.1 Number of selected B. oleae abdomens used for microsomes preparation 

Origin- Strain Abbrev. Quantity   ♀ Quantity  ♂ 

Hybrid HYB 50 50 
Lab  LAB * * 
Kounoupidiana  Kou 50                    50 
Samos  Sa 50                        40 
Panagia Pa 80 80 

* LAB strain availability was limited and was not used for this assay 

 

2.2.1.1 Protein determination in the microsomal extracts 

The protein content of each sample after the microsomal procedure was 

measured with the Bio-Rad protein assay kit (Bio-Rad, UK), with bovine serum albumin 

(BSA) as the standard protein (Bradford, 1976). Briefly, Bradford assay is a protein 

determination assay which involves the binding of Coomassie Brilliant Blue G-250 to 

protein. The binding of the dye to protein causes a shift in the absorption maximum 

of the dye from 465 to 595 nm, and it is the increase in absorption at 595 nm which is 

monitored. This assay is very reproducible and rapid with the dye binding process 

virtually complete in approximately 2 min with good colour stability for 1 hr. There is 

little or no interference from cations such as sodium or potassium nor from 

carbohydrates such as sucrose. A small amount of colour is developed in the presence 

of strongly alkaline buffering agents, but the assay may be run accurately by the use 

of proper buffer controls (Bradford, 1976). 
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2.2.1.2 P450 activity using the 7-ethoxycoumarin substrate 

P450 activity was studied by measurement of the amounts of cytochromes 

P450 and oxidase activity with a fluorogenic substrate. An estimate of total 

cytochrome P450 content was obtained by the heme–peroxidase assay, as modified 

for use in microtiter plates, and units are given in cytochrome P450 equivalents. 

Oxidase activity was determined in microsomal preparations, using 7-ethoxycoumarin 

as a substrate. The liberation of fluorescent 7-hydroxy coumarin was detected at 390 

nm (excitation) and 465 nm (emission) on a F2 fluorescence absorbance reader 

(Labtech, UK).  For this assay, the following reagents were used: 0.1M Sodium 

Phosphate Buffer pH 7, 7-Ethoxycoumarin (20mM) diluted in EtOH, b5 (50μM), NADPH 

(10mM) diluted in H2O, GS-SG (30mM) diluted in H2O, Glutathione reductase (used 

to stop the fluorescence) and 70mM Tris-HCL pH 8.5 – Acetonitrile (1:1).  The reactions 

prepared in the presence and absence of NADPH (H2O was used instead of NADPH) 

and the results were calculated in pmole7-ethoxy-coumarin/min/mg protein. 

 

2.2.2 Esterases assay 

For the Esterases activity assay, 2, 5 and 10ug (1mg/mL) of the soluble protein 

extract was incubated for 30 min at 25°C, in 200 ml of a- or b-naphthyl acetate solution 

(30 mM a- or b-naphthyl acetate, 0.1 M sodium phosphate buffer, pH 7.2). At the end 

of the reaction, 50 uL of 20 mM fast blue garnet was added to the incubation mixture 

and the optical density was recorded at 570 nm. Esterase activity was determined in 

a UVmax microtiter plate reader and the units are given in nmol a- or b-

naphthol/min/mg protein. The number of samples used for this assay is presented in 

Table 2.2.  

Table 2.2 Number of B. oleae samples used for the esterases activity assay 

Origin - Strain Abbrev. Quantity   ♀ Quantity  ♂ 

Hybrid HYB 1 1 
Lab  LAB 1 1 
Kounoupidiana  Kou 1 1 
Samos  Sa 1                       1 
Panagia Pa 1 1 
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2.2.5 GST CDNB assay  

For the GST CDNB assay, 5 μL of the soluble protein extract was mixed with 200 ml of 

1 chloro-2,4-dinitrobenzene (CDNB) substrate solution (75 mM GSH, 30 mM CDNB, 

0.1 M sodium phosphate buffer, pH 6.5) and the activity was measured at kinetically 

at 340nm for 5’ with a 23’’ interval. GST activity was determined in a UVmax microtiter 

plate reader and units are given in mmol CDNB /min/mg protein. The number of 

samples used for this assay is shown in Table 2.3.  

 

Table 2.3 Number of B. oleae samples used for GST CDNB assay 

Origin – Strain Abbrev. Quantity   ♀ Quantity  ♂ 

Hybrid HYB 3 2 

Lab  LAB * * 

Kounoupidiana  Kou 5 - 

Samos  Sa 5                      - 

Panagia Pa 5 - 

* LAB strain availability was limited and was not used for this assay 

 

2.3 Molecular assays 

2.3.1 RNA extraction, cDNA synthesis and gDNA extraction 

Total RNA was extracted from individual B. oleae adults using Trizol (Sigma-

Aldrich, St Louis, MO), as previously described (Vontas et al., 2000). Extracted RNAs 

were treated with Turbo DNase (Ambion) to remove any genomic DNA contamination, 

and were consequently used to make first strand cDNA using oligo-dT primers with 

Superscript III reverse transcriptase (Invitrogen). (Invitrogen, Carlsbad, CA). Genomic 

DNA was extracted from individual B. oleae adults (10 Kou and 10 Panagia 

populations) using the DNAzol protocol according to the manufacturer’s instructions 

(Invitrogen).  
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2.3.2 Investigation of target site resistance 

To investigate the presence or not of the amino acid mutations M918T, L925I, 

T929I, L932F, I1011M, L1014F, V1016G that have been previously associated with kdr 

resistant phenotype, sequencing of the selected gene region was performed. 

Individual adults from Kounoupidiana (n=10) and Panagia (n=10) populations, were 

tested. PCR amplifications from 50 ng gDNA were performed using KAPAtaq 

polymerase (KAPAbiosystems, USA) and 10 μM of each primer. PCR conditions were 

95°C for 5min, followed by 35 cycles of: 95°C for 30 sec, 52°C for 30 sec, 72°C for 25 

sec and finally 72°C for 5 min. The PCR products were identified in 1.5% agarose gel, 

purified using QiaQuick columns (Qiagen) and directly sequenced (Cemia, Larissa, 

Greece) using the appropriate primers (Table 2.4). The primer pair BoKDF1/BoKD1VR 

(Table 2.4) was used to amplify a 142 bp product using gDNA and cDNA (codons 905 

to 952) as templates, and the primer pair BoKDV1F/BoKDV1R (Table 2.4) was used to 

amplify a 311 bp product from gDNA and a 201 bp product from cDNA (codons 960 to 

1025). Sequence data were analyzed using BioEdit software. 

 

Table 2.4 Primers used for the amplification of the domain IIS4–IIS6 of the B. oleae 

para-type sodium channel gene 

Primers  Sequence (5’-3’) 

BoKDF1 TGGC(GT)AAGTCATGGCCTACA 

BoKD1VR   TAGTTCCCGAATAGTTGC 

BoKDV1F ATGGTGATTTGCCTCGCTGG 

BoKDV1R TGGACAAAAGCAAAGCTAAG 

 

2.3.3 Quantitative PCR Analysis 

Transcriptomic data, with a focus on genes encoding putative detoxification 

enzymes, were validated using quantitative reverse transcription PCR (RT-qPCR). PCR 

reactions of 20 μl were performed on a MiniOpticon two-colour Real-Time PCR 

detection system (BioRad), using 0.20 μM of primers and KapaSYBR FAST qPCR master 

mix (Kapa- Biosystems). A 5-fold dilution series of pooled cDNA was used to assess the 
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efficiency of the qPCR reaction for each gene-specific primer pair. A no-template 

control (NTC) was also included to detect contamination. Melting curve analysis was 

performed to test the specificity of amplicons. Experiments were performed in 3 

biological replicates for each contig/gene. The expression level of each target gene 

was normalized to that of the contigs encoding for the 40S ribosomal protein 

(GAKB01005984.1) and beta-actin (GAKB01001968.1), and relative expression levels 

were calculated according to Pfaffl (2001). Primers used for each contig analysed 

during quantitative PCR analysis are presented in Table 2.5.  

 

Table 2.5 Primers used for real time quantitative PCR 

Sequence name  Genbank ID F or R Sequence (5’-3’) 

Contig00436 GAKB01000438.1 F GAAAGCGAATACCGAACGGC 

   R CCATCCTTTCCGTCCTTGGT 

Contig02103 GAKB01002105.1 F CTGCCAAAGCGTCTTTCTCC 

  R TTGCGCGAAACAATCAAGCA 

Bo-CYP06 KC917336.1 F ATCTAACGCGCTTAGCCGTCG 

  R GGTGCAAAGCGTTCAGGGTCG 

Contig01966 (beta-Actin) GAKB01001968.1 F CGGTATCCACGAAACCACAT 

  R ATTGTTGATGGAGCCAAAGC 

Contig05987  
(40S Ribosomal Protein S7) 

GAKB01005984.1 F TTCGGTAGCAAGAAGGCTGT 

  R GGTAGGTTTGGGCAGGATTT 
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CHAPTER THREE 

Results  

3.1 Biochemical assays 

3.1.1 Protein concentration in the microsomal pellets 

After the microsomal extractions, the protein concentrations calculated are 

shown in Table 3.1. Higher numbers of total abdomens from Panagia populations used 

for the microsomal extraction, resulted in higher protein concentration levels. 

 

Table 3.1 Protein concentration (mg/mL) calculated in selected B. oleae samples after 

the microsomal extraction 

Origin - Strain Abbrev. Quantity    

♀ 

Quantity  
♂ 

Total  

abdomens 

Protein 
Conc. 

(mg/mL) 

Hybrid HYB 50 50 100 5,23 
Lab  LAB * * * * 
Kounoupidiana  Kou 50                    50 100 5,18 
Samos  Sa 50                        40 90 4,96 
Panagia Pa 80 80 160 10,5 

* LAB strain availability was limited and was not used for this assay 

 

3.1.2 P450 activity measured using the 7-ethoxy-coumarin substrate 

P450 activity measured using the 7-ethoxycoumarin substrate was calculated 

in the microsomal extractions per strain and the results are given in pmole 7-ethoxy-

coumarin/min/mg protein (Figure 3.1). P450 activity was higher in Kounoupidiana 

(resistant strain) and Hybrid (susceptible strain) populations, compared to Samos 

(susceptible) and Panagia (moderate resistant) (Figure 3.1).   
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Figure 3.1. P450 activity using the 7-ethoxy-coumarin substrate in B. oleae HYB, Kou, 

Sa and Pa strains 

 

 

3.1.3 Esterases activity assay 

Protein concentration in B. oleae samples used for the esterases activity assay was 

performed using the Bradford protocol, as described in Chapter Two (section 2.2.1.1) 

and the results are shown in Table 3.2.  For this assay, female and male B. oleae adults 

were analysed separately. The protein concentration calculated in female adults was 

higher than the protein concentration in the male ones (Table 3.2).  

 

Table 3.2 Protein concentration of male and female B. oleae flies used for the 

esterases activity assay 

 

Origin - Strain Abbrev. Protein Conc. (mg/mL)   ♀ Protein Conc. (mg/mL)     ♂ 

Hybrid HYB 2,97 2,27 

Lab  LAB 2,22 1,97 

Kounoupidiana  Kou 3,67 2,58 

Samos  Sa 2,61 2,00 

Panagia Pa 2,57 1,85 

 

Esterases activity assay in a and b Napthol calculations are shown below in 

Figures 3.2 & 3.3. Esterase activity was significantly higher in all male populations 

compared to the female ones (Figures 3.2 and 3.3). Opposite results were shown for 

HYBRID and LAB populations where female adults showed higher esterase activity 
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measured with a Napthol compared to male ones (Figures 3.2 and 3.3). Similar results 

were shown for b Napthol, except for LAB population (Figure 3.3). 

 

 

Figure 3.2. Esterase activity assay (nmole a Napthol/min/mgr) calculated in B. oleae  

Kou, Sa, Pa, HYB and LAB strains. 

 

 

 

Figure 3.3. Esterase activity assay (nmole b Napthol/min/mgr) calculated in B. oleae 

Kou, Sa, Pa, HYB and LAB strains. 

 

3.1.4 GST CDNB Assay  

Protein concentration in B. oleae samples used for the GST CDNB assay was 

performed using the Bradford protocol, as described in Chapter Two (section 2.2.1.1) 

and the results are shown in Table 3.3. Protein concentration levels were higher in 

Kounoupidiana and Samos strains, compared to Hybrid and Panagia populations 

(Table 3.3). Due to low availability, LAB population was not included in this assay.  
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Table 3.3 Protein concentration (mg/mL) in selected B. oleae strains 

Origin - Strain Abbrev. Protein Conc. (mg/mL)    

Hybrid HYB 2,66 

Lab  LAB N/A 

Kounoupidiana  Kou 3,15 

Samos  Sa 3,19 

Panagia Pa 2,34 

 

GST CDNB activity results are shown below in Figure 3.4. In this assay, GST 

activity levels were lower in Hybrid (susceptible) and Panagia (moderate resistant) 

population (Figure 3.4). No significant variation was observed between 

Kounoupidiana (resistant) and Samos (susceptible) populations (Figure 3.4). 

 

 

Figure 3.4. GST CDNB activity assay (μmole CDNB/min/mg) calculated in B. oleae Kou, 

Sa, Pa and HYB strains.  

 

3.2 Molecular assays 

3.2.1 Screening for resistance mutations within the domain II (IIS4-IIS6) 

of para-sodium channel 

Twenty individuals (both females and males) from Kounoupidiana (n=10) and 

Panagia (n=10) populations were genotyped to investigate the possible existence of 

resistance-associated mutations within the domain II (IIS4-IIS6) of the para-sodium 

channel gene. Sequence analysis showed that none of the individuals tested 

possessed any of the point mutations previously associated with target-site resistance 
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(Davies et al., 2017) indicating no link between resistance of B. oleae to α-cypermethin 

and mutations in para sodium channel gene domain II. However, the existence of 

mutations in other regions of para sodium channel gene cannot not be excluded. 

 

3.2.2 Quantitative PCR analysis  

In order to validate the folds of up-regulation, quantitative PCR analysis was 

performed in B. oleae Kounoupidiana, Panagia and Samos strains vs. LAB population 

and the expression levels of contig00436, contig002103 and BoCyp06 were 

investigated. Based on the results from qPCR analysis, contig00436 seem to be 

upregulated compared to LAB strain (Figure 3.5). 

 

 

Figure 3.5 Quantitative PCR analysis using all populations (Kou, Pa, Sa versus LAB) 
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CHAPTER FOUR 

General Discussion 

The pyrethroid alpha-cypermethrin can be used effectively against B. oleae 

populations from Greece. However, the continuous monitoring of insecticide 

resistance is of key importance in order to support the introduction of this new 

molecule for B. oleae control. To investigate the underlying resistance mechanism, 

both detoxification enzyme activities and the IIS4–IIS6 region of the B. oleae para-type 

sodium channel gene were analysed. 

The biochemical analysis indicated a possible association between P450 

activities and the resistance phenotype. The implication of P450 monooxygenases in 

pyrethroid resistance of other Tephritidae, such as B. dorsalis (Hsu et al., 2004) is in 

line with the present observations. However, further studies, involving insecticide 

selections and synergistic analysis with metabolic inhibitors, will clarify the role of 

P450s in the resistance of B. oleae to pyrethroids. GST activities did not differ among 

the populations tested, indicating that these enzyme systems may not represent 

major routes of alpha-cypermethrin detoxification in B. oleae. However, the possibility 

that such an association exists but could not be detected cannot be discounted, while 

additional work on this area will further elucidate this issue. Esterase activities were 

significantly different between female and male populations per strain, but the results 

need to be examined in connection with bioassay data and be further associated with 

alpha-cypermethrin resistance.  

The possible occurrence of target-site mutations within the domain II region 

of the B. oleae para-type sodium channel gene, which could be responsible for the 

pyrethroid resistance observed, was also investigated. Point mutations within the 

IIS4–IIS6 region that reduce the sensitivity to pyrethroids have been identified in 

several insect species (Soderlund and Knipple, 2003; Roditakis et al., 2006; Davies et 

al., 2007). Analysis of domain II sequences in individuals from the most resistant 

populations (Kounoupidiana and Panagia), did not reveal resistance-associated 

aminoacid substitutions. These data indicate no association between resistant 

mutations on domain II (IIS4–IIS6) and the pyrethroid resistance observed in this 
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study. The presence of resistance mutations outside domain II cannot be excluded 

though. 

The data show that alpha-cypermethrin can be used effectively, but also 

highlight the importance of continuous monitoring and the caution required in the 

introduction of this new active ingredient in order to expand its lifetime and efficacy. 

Further work is required in order to elucidate the possible link between detoxification 

enzymes (such as cytochrome P450s) and pyrethroid resistance. The IIS4–IIS6 region 

of the B. oleae para-type sodium channel gene is the default area in which to look for 

resistance mutations if target-site resistance to pyrethroids arises in B. oleae field 

populations.  

Molecular characterization of pyrethroid resistance in the olive fruit fly has 

been previously published by Pavlidi et al. (2018). According to this work, the up-

regulation of several transcripts encoding detoxification enzymes was qPCR validated, 

focusing on transcripts coding for P450s. More specifically, the expression of 

contig00436 encoding CYP6 P450s, was significantly higher in all resistant populations, 

compared to susceptible ones. These results suggest that an increase in the amount 

of the CYP6 P450s might be an important mechanism of pyrethroid resistance in B. 

oleae. Our results are in agreement with Pavlidi et al. (2018), however further work is 

required to elucidate the mechanisms responsible for resistance and continuous 

resistance monitoring is of major importance for the development of effective 

resistance management strategies. The identification of candidate P450 genes, 

consistently over expressed in resistant populations does suggest it should be possible 

to develop specific inhibitors of these metabolic pathways that could be used as 

insecticide synergists. Given the key role that pyrethroids play in controlling this major 

olive fruit pest in Greece and other parts of the Mediterranean Basin, and the lack of 

alternative insecticide classes, it is imperative that efforts are undertaken to monitor 

for resistance and reduce the impact that this resistance may impose on control 

interventions. 
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