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“A truly extraordinary variety of alternatives to the
chemical control of insects is avalaible. Some are alredy in
use and have achieved brilliant success. Others are in the
stage of laboratory testing. Still others are little more than
ideas in the minds of imaginative scientists, waiting for the

opportunity to put them to the test.”

Silent Spring. Rachel Carson, 1962.

Ideas in the minds ...

... waiting for the opportunity.



A mi madre,

y a la memoria de mi padre.
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ABSTRACT

Basic knowledge on lethal and sublethal insecticide effects on pest insects is particularly
important for optimization and continuous improvement of IPM strategies, especially when
insecticides are used as the main crop-protection strategy. The work that | carried out in my
Ph.D. thesis provides thorough dose-mortality curves for three neurotoxic insecticides with
different modes of action [chlorpyrifos (organophosphate, acetylcholinesterase inhibitor), A-
cyhalothrin (pyrethroid, sodium channel modulator), and thiacloprid (neonicotinoid, nicotinic
acetylcholinesterase receptor agonist)] on three key fruit pest species [Cydia pomonella (L.),
Grapholita molesta (Busck), and Lobesia botrana (Denis & Schiffermuller)]. Subsequently I
analyzed the detoxification mechanisms of the three species against the three insecticides by
studying the most common enzymatic detoxification groups [carboxylesterases (EST),
glutathione-S-transferases (GST), and mixed-function oxidases (MFO)]. Finally, I explored if the
sublethal doses of thiacloprid estimated in the first part of the thesis affect the sex-pheromone
communication system of these species. A singular aspect of my thesis is that | focused on the
adult stage, which is poorly represented in the toxicological scientific literature of Lepidoptera,
probably because most insecticides are mainly designed to kill egg or larval stages. However,

this choice ultimately led to some unexpected findings that | explain next.

On the first part of my thesis (Chapter 1) significant differences in mortality were found among
insecticides and species. However, the most remarkable result was the significantly larger
mortality of males than females to chlorpyrifos, the organophosphate insecticide. This result was
unexpected because females are larger than males and therefore should be more resistant than
them. This result led me to think that metabolic detoxification mechanisms could be involved in
the different susceptibility of males and females to insecticides. However, when | explored this

aspect using enzyme inhibitors (Chapter 2), the differences in enzymatic activity, although they
9



RESUMEN

partially explained differences among species and insecticides, they did not explain those
between sexes. The experiments, nevertheless, indicated that incubation time of the enzyme
inhibitor, a factor often overlooked in these type of studies, could be important, and so | carried
out a final experiment that showed that kinetic inhibition of one of the enzyme families played

an important role in explaining sex differences.

In the second half of my thesis | used the dose-mortality curves to explore if sublethal doses of
thiacloprid affect the sex-pheromone communication system of the three moth species. In
Chapter 3, | explored the signaller (female calling behavior) and the signal (pheromone gland
content) and found significant effects in the three species in one or both parameters, but with
substantial differences among species. The most remarkable finding was that doses as low as
LCo.001, Which would kill only 1 in 10° individuals, are sufficient to significantly impact the
calling behaviour in at least one of the species. The effects on pheromone production were less
substantial. In Chapter 4 | assessed if sublethal doses of thiacloprid affected males, which are the
receiver in the pheromone communication system. When male behavioural response to the sex
pheromone was recorded in a flight tunnel and the flight track was analysed with the triangle of
velocities | found that, as with females, the lowest insecticide dose (LCooo01) significantly
impaired the ability of males to fly towards the pheromone source. When treated with insecticide
fewer males took flight or reached the pheromone source, and they flew more slowly and with a
lower thrust. When | explored if male's pheromone sensing was affected by recording antennal
electrical responses (EAG) to biologically realistic pheromone doses, | found that not even the
highest insecticide doses (LCx0) altered male EAG responses. Therefore, the abnormal
behavioural response of insecticide-treated males to the sex pheromone is not due to an effect on

pheromone sensing.

The results of my thesis have important implications in pest control. They suggest that residual
insecticide doses could alter the outcome of semiochemical control methods because they alter
the pheromone communication system of moths, which are often controlled with mating
disruption. In addition, they reveal the biochemical mechanisms involved in insecticide
detoxification in a phylogenetically close group of species. Future studies should explore if
sublethal doses of insecticide affect semiochemical control under field conditions, and if they
alter reproductive parameters. In addition, the role of detoxification should be further pursued to
explain the striking sex differences in insecticide susceptibility. And finally, the neural
mechanisms potentially involved in male and female impairment by sublethal doses of

insecticide deserves further research.

10
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RESUMEN

El conocimiento bésico de los efectos letales y subletales que los insecticidas pueden generar en
los insectos plaga resulta particularmente importante para la optimizacion y mejora de las
estrategias de Control Integrado de Plagas (C.1.P), especialmente cuando el uso de insecticidas es
la principal herramienta de control. El exhaustivo trabajo realizado a lo largo de la presente tesis
da como resultado unas curvas de mortalidad dosis-respuesta para tres insecticidas neurotdxicos
con diferentes modos de accion [clorpirifés (un organofosforado inhibidor de la
acetilcolinesterasa (AChE)), A-cihalothrin (un piretroide modulador de los canales de sodio), y
tiacloprid (un neonicotinoide agonista de los receptores nicotinicos de la AChE)] sobre tres
especies de polillas que son importantes plagas frutales [Cydia pomonella (L.), Grapholita
molesta (Busck), y Lobesia botrana (Denis & Schiffermaller)]. Acto seguido, se analizaron los
mecanismos de detoxificacion de las tres especies para los tres insecticidas mediante el estudio
de las principales familias enzimaticas involucradas en la detoxificacion [carboxilesterasas
(EST), glutation-S-transferasas (GST), y multifuncion oxidasas (MFO)]. Finalmente, se explord
si dosis subletales del insecticida tiacloprid, estimadas en la primera parte de la tesis, tenian un
efecto sobre el sistema de comunicacion mediante feromonas sexuales en las tres especies. Un
aspecto caracteristico de esta tesis es que se centra en el insecto adulto, el cual estd muy poco
representado en la literatura cientifica del area de la toxicologia en Lepiddpteros, probablemente
debido a que la gran mayoria de los insecticidas tienen a los huevos o a diferentes estadios de la
larva como elemento diana. Sin embargo, el uso de adultos en este estudio nos reportara una

serie de hallazgos inesperados que se explicaran a continuacion.

En la primera parte de la tesis (Capitulo 1) se encontraron diferencias significativas en la
mortalidad entre insecticidas y especies. No obstante, el resultado mas destacable fue la

diferencia entre sexos, sobretodo la menor susceptibilidad de los machos comparada con la de las

11
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hembras para el insecticida organofosforado clorpirifés. Este resultado es inesperado debido a
que las hembras son de mayor tamafio y suelen ser mas tolerantes a insecticidas. Lo cual induce
a pensar que los mecanismos de detoxificacion metabdlica pueden ser los responsables en las
diferencias de susceptibilidad a insecticidas ente machos y hembras. Sin embargo, cuando se
explord este aspecto usando inhibidores enziméticos (Capitulo 2), las diferencias en actividad
enzimética no podian explicar las diferencias de susceptibilidad entre sexos, pese a que
parcialmente si pudieron explicar las diferencias entre insecticidas y especies. A pesar de todo,
los experimentos demostraron que el tiempo transcurrido entre la aplicacion del inhibidor y el
andlisis enzimético resultd ser de gran importancia, pese a ser un aspecto que normalmente es
pasado por alto en este tipo de estudios. Con este ensayo se demostrd, para uno de los grupos
enzimaticos, gque la cinética de inhibicion puede jugar un papel importante en la explicacion de

las diferencias entre sexos.

En la segunda parte de la tesis se emplearon las curvas de mortalidad dosis-respuesta para
analizar si ciertas dosis subletales de tiacloprid tenian efecto sobre el sistema de comunicacion
mediante feromonas sexuales en las tres especies de polillas. En el Capitulo 3, se presta atencién
al emisor (comportamiento de Ilamada realizado por la hembra) y a la sefial (contenido de
feromona en la glandula), donde se encontraron efectos significativos para las tres especies en
uno o ambos parametros, pero con importantes diferencias entre especies. Resulta destacable que
minimas dosis como LCooo1, que solo son capaces de matar 1 de cada 10° individuos, son
capaces de afectar el comportamiento de Ilamada, en al menos una de las especies. Los
resultados encontrados para la produccién de feromona fueron menos llamativos. En el Capitulo
4 se evalud el efecto de las dosis subletales de tiacloprid sobre el receptor (el macho), asi como
su respuesta. Cuando la respuesta comportamental del macho frente a estimulos de feromona fue
grabada en tunel de vuelo y el trayecto de vuelo fue analizado usando el triangulo de
velocidades, se encontrd, como en el caso de las hembras, que la dosis inferior de insecticida
(LCo.001) afectaba de forma significativa la habilidad de los machos para volar hacia la fuente de
feromona. Después de ser tratados con insecticida, menos machos eran capaces de iniciar vuelo o
de alcanzar la fuente de feromona, y los que eran capaces volaban mas despacio y con menor
empuje. Por otro lado, el andlisis de la percepcion de estimulos de feromona sexual a nivel de
antena en machos mediante el uso de electroantenogramas (EAG), reveld que las dosis de
insecticida probadas no eran capaces de alterar las respuestas eléctricas. Por lo tanto, el
comportamiento anomalo observado en los machos tratados con insecticida no es debido a un

efecto sobre la percepcion de la feromona.

12
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Los resultados de esta tesis tienen importantes implicaciones en el control de plagas. Lo que
sugiere que dosis residuales de insecticidas pueden alterar el resultado del control usando
semioquimicos al afectar sobre el sistema de comunicacion mediante feromonas sexuales de
polillas, cuyo control estd basado en técnicas como la interferencia del apareamiento o “mating
disruption”. Ademds de evidenciar los mecanismos bioquimicos involucrados en la
detoxificacion de insecticidas para un grupo de especies relacionadas filogenéticamente. Sin
embargo, dejamos la puerta abierta a futuros estudios que permitan explorar si dosis subletales
de insecticidas afectan al control de plagas mediante el uso de semioquimicos bajo condiciones
de campo, asi como los efectos que puedan generar sobre ciertos pardametros de la reproduccion
de estos insectos. Ademas del avance en el papel que desempefia la detoxificacién metabdlica en
la posible explicacion de las diferencias de susceptibilidad a insecticidas entre sexos. Asi como
el progreso en la investigacion de los mecanismos neuroldgicos potencialmente involucrados en

el deterioro de machos y hembras cuando estan bajo los efectos de dosis subletales.

13






RESUM

El coneixement basic dels efectes letals i subletals que els insecticides poden generar en els
insectes plaga resulta particularment important per 1’optimitzacio i millora de les estratégies de
Control Integrat de Plagues (C.1.P), especialment quan 1’is d’insecticides és la principal eina de
control. Al llarg de la present tesi s’ha realitzat una feina molt exhaustiva que dona com a
resultat unes corbes de mortalitat dosi-resposta per a tres insecticides neurotoxics amb diferents
maneres d’accid [clorpirifos (un organofosforat inhibidor de 1’acetilcolinesterasa (AChE)), A-
cihalothrin (un piretroide modulador dels canals de sodi), i tiacloprid (un neonicotinoide agonista
dels receptors nicotinics de I’AChE)] sobre tres espeécies d’arnes que son importants plagues
fruiteres [Cydia pomonella (L.), Grapholita molesta (Busck), i Lobesia botrana (Denis &
Schiffermller)]. Tot seguit, es van analitzar els mecanismes de detoxificacio de les tres espécies
pels tres insecticides mitjangant 1’estudi de les principals families enzimatiques involucrades en
la detoxificacié [carboxil-esterases (EST), glutatio-S-transferases (GST), i multi-funcié oxidases
(MFO)]. Finalment, es va explorar si dosis subletals de I’insecticida tiacloprid, estimades en la
primera part de la tesi, tenien un efecte sobre el sistema de comunicacié mitjancant feromones
sexuals en les tres espécies. Un aspecte caracteristic d’aquesta tesi és que se centra en I’insecte
adult, el qual esta vagament representat dins la literatura cientifica de 1’area de la toxicologia en
Lepidopters, probablement degut que la gran majoria dels insecticides tenen als ous o a diferents
estadis larvaris com a element diana. No obstant, 1’as d’adults en aquest estudi ens reportara una

série de descobriments insospitats que s’explicaran a continuacio.

En la primera part de la tesi (Capitol 1) es van trobar diferéncies significatives en la mortalitat
entre insecticides i especies. Tanmateix, el resultat més destacable va ser la diferencia entre
sexes, sobretot la menor susceptibilitat dels mascles comparada amb la de les femelles per

I’insecticida organofosforat clorpirifos. Aquest resultat €s inesperat degut que les femelles son
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més grans i acostumen a ser més tolerants a insecticides. La qual cosa indueix a pensar que els
mecanismes de detoxificacid metabolica poden ser els responsables en les diferéncies de
susceptibilitat a insecticides entre mascles i femelles. En conseqliencia, quan es va explorar
aquest aspecte utilitzant inhibidors enzimatics (Capitol 2), les diferéncies en I’activitat
enzimatica no podien explicar les diferencies de susceptibilitat entre sexes, tot i que parcialment
es van poder explicar les diferéncies entre insecticides i especies. No obstant, els experiments
van demostrar que el temps transcorregut entre 1’aplicacié de 1’inhibidor 1 I’analisi enzimatic va
resultar ser de gran importancia, tot i ser un aspecte que normalment es passa per alt en aquest
tipus d’estudi. Amb aquest assaig es va demostrar que la cinética d’inhibicié per un dels grups

enzimatics pot jugar un paper molt important en 1’explicacié de les diferéncies entre sexes.

Durant la segona part de la tesi es van utilitzar les corbes de mortalitat dosi-resposta per analitzar
si certes dosis subletals de tiacloprid tenien efecte sobre el sistema de comunicacié mitjangant
feromones sexuals en les tres espécies d’arnes. En el Capitol 3, es focalitza en 1’emissor
(comportament de crida realitzat per la femella) i al senyal (contingut de feromona dins la
glandula), on es van descobrir efectes significatius per les tres espécies en un o ambdos
parametres, pero amb importants diferéncies entre especies. Cal destacar que minimes dosis com
LCoo01, que tan sols son capaces de matar 1 de cada 10° individus, poden afectar el
comportament de crida, en almenys una de les especies. Els resultats trobats per la produccio de
feromona varen ser menys significatius. Al Capitol 4 es va avaluar I’efecte de les dosis subletals
de tiacloprid sobre el receptor (el mascle), aixi com la seva resposta. Quan el comportament de
resposta del mascle enfront d’estimuls de feromona va ser gravada dins del tinel de vol, i el
trajecte de vol va ser analitzat utilitzant el triangle de velocitats, es va descobrir, com en el cas de
les femelles, que la dosis inferior d’insecticida (LCooo01) afectava de forma significativa
I’habilitat dels mascles per volar fins a la font de feromona. Després de ser tractats amb
insecticida, menys mascles eren capagos d’iniciar el vol o bé, arribar a la font de feromona, i els
que ho eren volaven més lentament i amb menys empenta. Per una altra banda, 1’analisi de la
percepcid d’estimuls de feromona sexual a nivell d’antena en mascles, mitjangant 1’Us
d’electroantenogrames (EAG), va indicar que les dosis d’insecticida provades no eren capaces
d’alterar les respostes eléctriques. Per aquest motiu, el comportament anomal observat en els

mascles tractats amb insecticides no és degut a un efecte sobre la percepcid de la feromona.

Els resultats d’aquesta tesi tenen importants implicacions per al control de plagues. El que
suggereix, ¢s que dosis residuals d’insecticides poden alterar el resultat del control utilitzant
semioquimics a I’afectar sobre el sistema de comunicacié mitjangant feromones sexuals d’arnes,

el control del qual es basa en técniques com la interferéncia de I’aparellament o “mating
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disruption”. A més d’evidenciar els mecanismes bioquimics involucrats en la detoxificacid
d’insecticides per a un grup d’espécies relacionades filogenéticament. No obstant, deixem la
porta oberta a futurs estudis que permetin explorar si dosis subletals d’insecticides afecten el
control de plagues mitjancant I’us de semioquimics sota condicions de camp, aixi com els efectes
que puguin generar sobre certs parametres de la reproduccio d’aquests insectes. A més a més, de
I’avang en el paper que exerceix la detoxificacid metabolica en la possible explicacio de les
diferencies de susceptibilitat a insecticides entre sexes. Aixi com els avencos en la investigacid
en els mecanismes neurologics potencialment involucrats en el deteriorament de mascles i

femelles quan es troben sota els efectes de dosis subletals.
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GENERAL INTRODUCTION

In Mediterranean areas, most of the countries have an economy that is dependent on agriculture.
Europe is one of the world's largest and most productive suppliers of food, for example, almost
two-thirds of the world’s wine is produced in the European Economic Community (EEC), in
countries like Italy, Spain, and France (Jenster and Jenster 1993). Spain is the major fruit and
vegetables exporter of the European Union (EU) and one of the world’s top exporters together
with China and the United States (USA). Close to 47 % of the Spanish fruit production is
exported, reaching values of 10.000 million € and being the most important sector in agriculture
(average of 2008-2013, Ministerio de Agricultura y Pesca, Alimentacion y Medio Ambiente
[MAPAMA] 2017). In our area, Catalonia, there are some important fruit crops like grapevines,
peaches, apples and pears. In Table 1, we show the amount cultivated area relative to the total

cultivated area of these crops in Spain.

Table 1. Total areas (Ha) destined to fruit crops (grapevines, peaches, apples, and pears) in
Catalonia and Spain. (MAPAMA 2017).

Fruit crop Catalonia (Ha) (%) Spain (Ha) Year
Grapevines 56,336 5.99 941,154 2015
Peaches 21,255 26.70 79,617 2012
Apples 10,924 33.67 32,441 2012
Pears 9,102 37.82 24,064 2012

One of the most critical problems in these crops are the insect pests, causing yield losses and
important reductions in economic benefits for the growers. The family Tortricidae accounts for
9,416 described species of moths (Pogue 2009) of which almost 700 are potential pests of

agricultural fields (Zhang 1994). Some of these moth pests are well known in our fruit crops, like
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Cydia pomonella (L.), Grapholita molesta (Busck), and Lobesia botrana (Denis &
Schiffermuller), cosmopolitan and poliphagous species (Pogue 2009) that are important pests of
apple and pear, peach, and grapevines, respectively. These species have the potential to produce
multiple generations by season under favourable conditions, and major damage by these pest is
caused by larval feeding on fruits, but other host organs could be consumed by the larvae, like
peach shoots by G. molesta (Myers et al. 2007), and flowers, fruit, leafs and shoots of grape
vines by L. botrana (Lucchi et al. 2011). Figure 1 shows the taxonomic relationship of these

species.

The importance of control pest is clear, but nowadays the indiscriminate use of insecticides as
the only method of control pest is deprecated, owing to different risks associated to their
widespread use, including pest resistance, target pest resurgence, secondary pest outbreaks,
environmental contamination, and human health problems, among others (Devine and Furlong
2007). Concerns about these issues have increased the interest in the development of alternative
options in pest control. Growers, as field managers, are the first ones to know the need to take
care about our natural resources; in fact, their daily life depends on it. For that reason, they tend
to avoid the negative effects of some agricultural practises, making a more sustainable and
environmentally safe agriculture, always under the standards of the Common Agricultural Policy
(CAP) and the Integrated Pest Management (IPM) programs. In the words of the Environmental
Protection Agency (EPA), IPM refers to the strategy based on the use of a large variety of
complementary control methods, such as biological and chemical ones, that allows controlling a
pest, in addition to the reduction of insecticide use, and minimizing their negative impact on the
environment (Environmental Protection Agency [EPA] 2017). Since their appearance, chemical
pesticides are the main tool to control fruit and vegetable crops pests worldwide, among other
technologies accepted in IPM, mainly due to their quick effect, low cost and relatively easy
application (Waterfield and Zilberman 2012). Neurotoxic insecticides, which have adverse
effects on the central or peripheral nervous system, account for 54 % of total insecticide sales
worldwide (Sparks and Nauen 2015). They have 4 primary targets: acetylcholinesterase (AChE),
voltage-gated sodium channels, AChE receptors, and y-aminobutyric acid (GABAA) receptors
(Casida 2009). Primary sales of neurotoxic insecticides are for neonicotinoids, pyrethroids and
organophosphates. Insecticides groups are classified according to their mode of action (MoA) by
the Insecticide Resistance Action Committee (IRAC) (Sparks and Nauen 2015). Neonicotinoids
competitively modulate nicotinic acetylcholine receptors (nAChR) at the synapsis, changing

their conformation and allowing a constant ionic flux. Pyrethroids block sodium channels invol-
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Figure 1. Taxonomy and diagnostic images of C. pomonella, G molesta and L. botrana. Images
authorship (Plant Biosecurity Cooperative Research Centre [PBCRC] 2017)

Scientific classification

Kingdom: Animalia

Phylum: Arthropoda

Class: Insecta

Order: Lepidoptera

Family: Tortricidae

Subfamily: Oletheutrinae

]

Tribe: Grapholitinii Tribe: Grapholitinii Tribe: Olethreutini
Genus: Cydia Genus: Grapholita Genus: Lobesia
Species:  C. pomonella Species:  G. molesta Species: L. botrana
Descriptor: Linnaeus, 1758 Descriptor: Busck, 1916 Descriptor: Denis &

Common name: Codling
moth

Images

[X

Lateral vie

Common name: Oriental

fruit moth

Images

Head top view

Dorsal view

Lateral view

Schiffermdller, 1775
Common name: European
grapevine moth

Images

Ventral view (without abdomen
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ved in action potential generation and thus suppressed action potentials. Organophosphates act
on acetylcholinesterase (AChE), the enzyme that degrades the neurotransmitter acetylcholine
(ACh), so accumulations of ACh result in excessive stimulation of cholinergic receptors (Casida

and Durkin 2009). These MoA are schematic represented at Figure 2.

To counteract the action of insecticides, insects have different detoxification mechanisms, which
have evolved to neutralize natural toxins from secondary plant metabolites acquired through
ingestion (Li et al. 2007). Metabolic transformation of a toxic compound could take place in two
phases, the first one consists in the addition of a polar group to the substrate or the split of the
molecule in two parts, by oxidation, hydrolysis and/or reduction. The second phase involves the
addition of sugars, amino acids, sulphates or phosphate groups on the substrate that results from
the first phase, in case this substrate was not hydrophilic enough to be excreted. In phase I the
enzymatic groups involved are mixed-function oxidases (MFQO) and carboxylesterases (EST),
whereas glutathione-S-transferases (GST) are involved in phase Il (B-Bernard and Philogéne
1993). These three enzymatic groups are the most important metabolic detoxification systems in
insects. The MFO, also known as microsomal cytochrome P450 monooxygenases, is one of the
oldest and largest gene super-families. The details of catalytic events mediated by MFO are not
fully understood, but mainly consist on oxidative reactions. Oxidation is also considered the
most important reaction of phase | metabolic transformations. However, metabolic
transformations of insecticides by MFO could result either in bio-activation or, more often, in
detoxification (Feyereisen 1999). In organophosphorus insecticides, the activation of P=S to
P=0 by MFO results in a substantially increased activity of anticholinesterase agents, which
translates into an increase of insecticide toxicity (Yu 2008). EST belong to the carboxylesterase
gene family within the o/p hydrolase fold protein superfamily (Lenfant et al. 2013), which
includes proteases, lipases, dehalogenases, peroxidases and epoxide hydrolases, among others.
The o/p hydrolase fold domain is found in a number of functionally different enzymes that are
capable of hydrolysing a wide range of substrates (Montella et al. 2012). GST represent a
complex group of proteins formed by two entirely distinct superfamilies that possess transferase
activity. The catalytic reactions provided by these enzymes consist on the supply of electrons by
the sulphur atom of glutathione, which provoke a nucleophilic attack on a second electrophilic
substrate, such as endogenous natural substrates like epoxides, organic hydroperoxides, or

activated alkenals resulting from oxidative metabolism (Sherratt and Hayes 2002).

Detoxification capacity varies among species and insect developmental stages (Yu and Hsu

1993). In a constantly changing environment, the insects needs to adapt to these alterations, en-
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Figure 2. Schematic representation of
the mode of action of different
insecticide groups according with
IRAC classification and based on
Casida Durkin (2009).
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hancing their detoxification activity systems by producing additional quantities of enzymes. This
normally happens after the influence of exogenous chemical stimuli, phenomenon termed
"induction™ (Terriere 1984). Induction of metabolic detoxification enzymes could be triggered by
changes in host plant (Yang et al. 2001, Després et al. 2007) or other environmental stressors
like insecticides (Poupardin et al. 2008) or herbicides (Yu 2004). The enhancement in xenobiotic
metabolism involves amplification, overexpression, and coding-sequence variation in the three
major groups of genes encoding metabolic enzymes (Li et al. 2007). These changes in detox
capacity are responsible, at least in part, for host plant selection and selective toxicity or
resistance development against insecticides (Terriere 1984). To restore the activity of
insecticides against resistant insects in agriculture, inhibitors of these metabolic enzymes can be
used. Enzymatic inhibitors bind to the enzymes and interfere with general metabolic pathways of
detoxification. Enzymatic inhibitors, also called insecticide synergists for the synergistic effect
they cause on insecticide effectiveness, have been used commercially for about 50 years. The
most widely used are S,S,S, tributyl phosphorotrithioate (DEF), diethyl maleate (DEM), and
piperonyl butoxide (PBO), as EST, GST and MFO inhibitors respectively (B-Bernard and
Philogéene 1993).

The total activity of an insecticide against pests includes both, its direct toxicity to one or more
life stages and effects on physiology, biology and behaviour not necessary leading to mortality,
the so-called sublethal effects of insecticides (Haynes 1988, Lee 2000, Desneux et al. 2007, Pisa
et al. 2015, Guedes et al. 2016, 2017). Insects can come into contact with sublethal doses of
insecticide when the initial application of the insecticide decreases to residue levels over the
time, when structurally-derived residues exhibiting biological activity are generated, when the
application is not aimed to other life stages or pest species, or from drift by blast sprayers in
neighbor fields, among others. The consequences of these sublethal exposures are strong
dose/concentration-dependent, and normally have deleterious effects. However, sometimes low
insecticide doses can enhance reproduction or behaviour, a phenomenon that is named hormesis
(Guedes and Cutler 2014). Hormesis is a special type of biphasic dose—response characterized by
a low-dose stimulation and a high-dose inhibition. Hormesis must recorded over a certain time
span (dose-time—response relationship), because an overcompensation response following an
initial disruption in homeostasis may happen (Calabrese 2008). Theoretically, hormetic dose-
responses are often present in all insect individuals and species, but the dose-response
relationship is specific for the combination of species and individuals, so tolerant species need

higher doses than susceptible ones for hormesis to occur (Calabrese and Baldwin 2002)
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As the most commonly used insecticides interfere with neurotransmission, the effect of sublethal
doses of insecticide on insect behavior is probably commonplace. Sex-pheromone mediated
reproductive behavior is a likely target of sublethal effects because reproduction involves a
complex series of behavioral and physiological events, which are coordinated by the insect’s
nervous and hormonal systems in a very precise manner (Haynes 1988, Tricoire-Leignel et al.
2012).

Sex-pheromone communication, mainly based on the insect olfaction system, includes the net
displacement of one individual toward the odour source. Differences in this sexual activity
between species is an effective isolation mechanism and an instrument in speciation, which
mostly results in species-specific sex-pheromones and behaviour timing, which in case of moths
could be very different between closely related species. Furthermore, moths show very specific
daily activity patterns in their sexual activities (Groot 2014, and references therein). In moths,
sexual behaviour usually starts by females releasing the sex pheromone, and then males respond
to it with and oriented flight towards the female. Figure 3 shows a schematic representation of

sex-pheromone communication system and the main parts involved.

Pheromone biosynthesis in female moths is mediated by a brain-released neurohormone (PBAN)
that reaches the pheromone gland through the haemolymph and binds to specific receptors on the
membrane of pheromone secretion cells (Jurenka and Rafaeli 2011). Usually, precursors of sex
pheromone components are fatty acids like oleic and palmitoleic acids, which are synthesized by
a combination of unique chain-shortening and desaturase steps (Roelofs and Wolf 1988). This
biosynthesis occurs the novo every day and is synchronized with calling behavior (Groot 2014),
but there are exceptions in which biosynthesis and release appear to be two independently
controlled events (Raina 1993). During calling behavior, females visibly extrude their
pheromone gland and pheromone components are released to the environment. Eventhough
calling behavior is thought to follow a circadian pattern, several factors could influence it; like
temperature, age, mating status, and pheromone autodetection, among others (Groot 2014). Sex-
pheromone components released in nanogram amounts per hour, must be released in specific
blend ratios in order to be discriminate by conspecific males from pheromone blends from other
species. The pheromone plume originating from a single female could be perceived from tens to
perhaps hundreds of meters by a male during their searching flight, and their flight response is
triggered immediately upon perception of pheromone (Cardé 2016). Some factors have been
found to influence the strength of the male-moths response after perception; like pheromone

intermittent stimulation (Willis and Baker 1984, Baker et al. 1985), pheromone concentration
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Figure 3.Schematic representation of sex-pheromone communication system in moths (a); and

some physiological and behavioural parts involved in this system (b).
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(Kuenen and Baker 1982, Charlton et al. 1993), pheromone plume structure (Mafra-Neto and
Carde 1994), plume composition (Bau et al. 1999), ratio of sex pheromone components in the
plume (Willis and Baker 1988), wind velocity (Willis and Cardé 1990), illumination (Cardé and
Knols 2000), flight height, and visual patterns (Kuenen 2013, Kuenen et al. 2014), among others.

The general odor-guided response model of a male moth finding and orienting along a
pheromone plume consist on a first ranging flight to contact the plume, zigzag upwind flight
while in plume contact, whereas if contact with plume is lost insect make casting flight and
finally, an upwind surge when filaments of pheromone are contacted at high frequency rates
(over 5 Hz) (Figure 4) (Cardé 2016). The term “zigzagging” during upwind flight is due to the
characteristic meandering form of the flight, which results from the combination of two
mechanisms: optomotor anemotaxis and an internal program of counterturning (Witzgall 1997).
Optomotor anemotaxis allows the insect to assess its progress against wind direction using
optical feedback by visual contacting with surrounding elements (Kennedy and Marsh 1974),
whereas intermittent contact with airborne odor elicits and maintains a counterturning behaviour,

thus chemotactic maneuvers are needed too (Kennedy et al. 1980, 1981).

Figure 4. Template of moth maneuvers as governed by sequential interactions with filaments of

pheromone, encounters with “clean air” and wind flow (Cardé 2016).

Monitoring the temporal, spatial, and intensity parameters of pheromone plume and transmitting

the messages of this dynamic environment to the insect’s brain is achieved by the highly
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sensitive olfactory receptor neurons (ORN) located in the antennal sensilla (Breer 1997). The
sensillum wall is perforated by tiny pores that allow the access of volatile odor molecules, i.e.
pheromones, plant volatiles, etc. In the antennal sensillum lymph there are pheromone-binding
proteins (PBPs), a type of odorant-binding proteins (OBPs), which specifically bind with
pheromone components and delivery them to the specific ORN (Prestwich and Du 1997).
Chemosensory neurons respond to specific chemical stimuli with a change in the membrane
potential, a receptor potential, which in turn elicits a distinct patter of action potentials, encoding
the strength and duration of a pheromone stimulus. The afferent neuronal signals travel along the
axons of the sensory neurons toward the olfactory antennal lobe (AL), where the pheromonal
information converge and is processed in the macroglomerular complex (MGC), which after
integration of the signal elicits the behaviour sex pheromone response (Breer 1997, Galizia and
Raéssler 2010).

These physiological and behavioural aspects from chemical communication have potential
application in some control strategies. Based on semiochemicals, these strategies are high
selective to target pests and present minimal risks to human health and environmental pollution.
Thus, they are highly suitable for use in any IPM strategy. Some examples of efficient methods
based on semiochemicals in controlling moth-pest species are (Howse 1998):

- Monitoring. It is not strictly a method for controlling pests, but otherwise it is a method which
usually only traps males to monitor insect occurrence in orchards. The main functions of
monitoring are: detection outbreaks, determination of emergence times of adult insects, mapping
distribution, and evaluation of insect abundance changes. These functions provide useful

information about timely insecticide treatments for pest control.

- Mass trapping. Consist on pest reduction by removing from the population individuals attracted

to traps baited with, usually, pheromone lures.

- Mating disruption. Emitting large amounts of synthetic sex pheromone and so reducing the
probability of mate finding is the operating principle of this technique. The exact way by which
mating disruption operates is not well understood. Different mechanisms could be involved like
masking of females pheromone plumes by persistent odour flood; males following false trails

formed by synthetic pheromone dispensers; or saturation of male antennal receptors.

- Attract-and-kill. Like monitoring and mass trapping techniques, the use of toxic baits relies on
attraction of one or both sexes to a lure, but in this case in combination with an insecticide-

impregnated target. Two options are available in attract-and-kill strategies, (i) a trap with an
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attractant semiochemical formulation with an independent tank that contains insecticide
products, or (ii) an attractant and insecticide which are incorporated into a fully integrated matrix
that can be applied as a stand-alone intervention. However, to reach good rates of pest control,
mass annihilation requires the use of the most attractive lure, and becomes far more efficacious

when using lures that attract females or both sexes.

Among these semiochemical-based techniques, mating disruption is less cost-effective than mass
trapping and attract-and-kill, since much smaller amounts of pheromones are needed. In addition,
the use of insecticides in attract-and-kill traps is less environmentally safer and have some public
unacceptance (Witzgall et al. 2010).

Therefore, in an IPM context with a combined use of insecticides and environmentally safer
methods like semiochemicals, it is not difficult to think that neurotoxic insecticides, which affect
the normal functioning of the nervous system can interfere with semiochemicals, which are
based on insect chemical communication that is strong-dependent of the correct functioning of
nervous and hormonal systems. Indeed, in this ecosystem context of chemical and toxicological
interactions, it is necessary the study of the whole insecticide effects, including sublethal effects
on insect behavior and physiological functions.
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OUTLINE OF THE THESIS AND
RESEARCH OBJECTIVES

Outline of the thesis

With this thesis, | want to gain basic knowledge about the ecotoxicology of different neurotoxic
insecticides on three different moth pest species and the susceptibility differences between males
and females. In addition, I want to analyse the possible metabolic mechanisms, like enzymatic
activities, involved in the detoxification of these insecticides by investigating differences in their
activity under the effect of enzyme inhibitors and comparing among species and sexes, and
determining the important effect of time in the kinetics of inhibition. The second part of the
thesis is dedicated to test sublethal effects of a neurotoxic insecticide on the sex-pheromone
communication system of these species. For this goal, | test four sublethal doses of thiacloprid
that cause between 0 to 20 % of insect mortality, and analyse the effects on the sender (females),
the signal (sex pheromone), and the receiver (males). Specifically, sublethal effects were
analysed on females calling behaviour, pheromone gland content and ratio composition,
pheromone reception in the male’s antennae and male flight behaviour. By comparing the effect
of thiacloprid across phylogenetically related species, | hope to gain basic background
information about the effect of sublethal insecticide doses on the pheromone communication
system, being the first comparative study among Tortricidae species. The most noteworthy
findings that this thesis unveils are: a) the higher tolerance of males to chlorpyrifos in all three
species; b) differences on the inhibition kinetics of MFO by PBO across time; c) the first time of
the complete observation on the calling period of L. botrana; and d) the first report of sublethal
effects on Lepidopteran flight track analysis.
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OBJECTIVES

Research objectives by chapters

Chapter 1: “Comparative effect of three neurotoxic insecticides with different modes of action

on adult males and females of three tortricid moth pests”.

Determine which variables are important in toxicological responses and build dose-response
curves for each combination of insecticide-species-sex that make up the framework to determine

the sublethal doses for these combinations.

Chapter 2: “Enzymatic detoxification strategies for neurotoxic insecticides in adult tortricids .

Assess the metabolic mechanisms involved in detoxification of the neurotoxic insecticides tested
in chapter one, among the main metabolic mechanisms (EST, GST and MFQ), for each species
and sex. Also, the evaluation of differences in enzymatic activity among groups (species-sex
combinations), and other factors like adequate enzymatic inhibition and the influence of time in

the inhibition-kinetic response.

Chapter 3: “Sublethal effects of neonicotinoid insecticide on calling behaviour and pheromone

production of tortricid moths”.

Test the sublethal effects of the neurotoxic insecticide thiacloprid on sex-pheromone
communication system on signallers, by the evaluation of calling behaviour and amounts of
pheromone gland content of the main components of the sex-pheromone blend and the ratios
among them, under four sublethal doses with mortalities up to 20 % in females.

Chapter 4: “Sublethal doses of thiacloprid affect male flight responses to sex pheromone but not

its detection in three tortricid moths”.

Evaluate if four sublethal doses of thiacloprid, which are under 20 % of mortality, cause any
effect on the sex-pheromone communication system of receivers by assessing male EAG
responses to synthetic sex-pheromone stimulus, and their flight ability to the sex stimulus in

wind-tunnel controlled conditions.
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COMPARATIVE EFFECT OF THREE NEUROTOXIC
INSECTICIDES WITH DIFFERENT MODES OF
ACTION ON ADULT MALES AND FEMALES OF
THREE TORTRICID MOTH PESTS

ABSTRACT

Insecticides are the dominant pest management method in fruit and vegetable crops worldwide
due to their quick effect, low cost and relatively easy application, but they bear negative effects
on human health and the environment. Insecticide mode of action (MoA), target species and sex
are variables that could affect insecticide mortality. We recorded the mortality caused by three
neurotoxic insecticides with different modes of action [chlorpyrifos (organophosphate,
acetylcholinesterase inhibitor), A-cyhalothrin (pyrethroid, sodium channel modulator) and
thiacloprid (neonicotinoid, nicotinic acetylcholinesterase receptor agonist)] applied topically to
adult males and females of three economically important tortricid species [Cydia pomonella (L.),
Grapholita molesta (Busck), and Lobesia botrana (Denis & Schiffermdller)] that strongly
depend on insecticide use for their control. Concentration and dose-mortality curves were
recorded at 24 and 48 hours post application. Large mortality differences between insecticides
(maximum 7800-fold for LDso) were followed by much lower, yet important, differences
between species (maximum 115-fold), and sexes (maximum 41.5-fold). Significant interactions
between the three factors indicate that they are not independent from each other. Interestingly,
with the organophosphate chlorpyrifos, males of the three species were less susceptible than
females, which was unexpected since females are larger than males. Higher female sensitivity to
organophosphates has been reported previously but only in G. molesta, not in other moth species.
Our results highlight the importance of taking into account sex in dose-mortality studies with
adult moths.
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Introduction

A fundamental aspect of insecticide pest control is determining the optimal quantity of toxicant
needed to obtain maximum pest mortality while at the same time minimizing environmental and
human impact (Guillette and Iguchi 2012, Guedes et al. 2015). Mortality curves are the most
common method to assess the relationship between the quantity of toxicant and the level of
mortality (Pasquier and Charmillot 2003, Cutler 2013). Both toxicant mode of action and insect
species affect the slope and intercept of mortality curves but these are not the only variables that
affect mortality curves. Some variables such as insect stage (egg, immature, or adult) or
development are sometimes examined (Knight 2000, Saenz-de-Cabezon lIrigaray et al. 2005,
Rodriguez et al. 2011), whereas other biological variables, such as sex (Kanga et al. 2001,
Shearer and Usmani 2001, de Lame et al. 2001), or methodological issues, such as the mode of
application or time of exposure (Preisler and Robertson 1989), are rarely considered. Because it
is challenging to compare many variables in a single experiment, most comparative studies either
test several insect species with one toxicant (VVandekerkhove and de Clercq 2004, Nayak and
Daglish 2006, loriatti et al. 2009a), or several types of toxicants on a single species (Zotti et al.
2013, Grigg-McGuffin et al. 2015, Wu et al. 2015). Fewer studies, however, test the effect of
several insecticides on different species (Beers et al. 2005, Fernandes et al. 2016, Rodriguez-

Saona et al. 2016). In addition, the effect of sex is often neglected.

In the present study, we compare the effect of three neurotoxic insecticides with different modes
of action (MoA) on adult males and females of three economically important moth species. We
focus on the tortricid moths, Cydia pomonella (L.), Grapholita molesta (Busck), and Lobesia
botrana (Denis & Schiffermiller), because they are key pests of relevant Mediterranean fruit
crops, mainly apples, peaches, and grapes, but they also attack other hosts and have a relatively
worldwide distribution (loriatti et al. 2011, Damos et al. 2015, Kirk et al. 2013). As toxicants,
we chose three neurotoxic insecticides with different modes of action: chlorpyrifos, an
organophosphate that acts on acetylcholinesterase (AChE), the enzyme that degrades the
neurotransmitter acetyl-choline; A-cyhalothrin, a pyrethroid that modulates sodium channels
involved in action potential generation; and thiacloprid, a neonicotinoid that competitively
modulates nicotinic acetylcholine receptors (NnAChR) at the synapsis (Casida 2009, Insecticide
Resistance Action Committee [IRAC] 2016). Neurotoxic insecticides act by contact and
ingestion and could affect all insect life stages. Thiacloprid and chlorpyrifos affect larvae and
adults of C. pomonella (Reyes and Sauphanor 2008); chlorantraniliprole affect eggs and larvae
of L. botrana (loriatti et al. 2009b); several neonicotinoid and organophosphate insecticides

affect all insect stages of C. pomonella and G. molesta (Magalhaes and Walgenbach 2011); and
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our three test insecticides affect eggs and larvae of C. pomonella (Rodriguez et al. 2011).The
three insecticides of our study are recommended by the Spanish Agriculture Ministry to control
at least two of the three tortricid species each (Ministerio de Agricultura y Pesca, Alimentacion y
Medio Ambiente [MAPAMA] 2017). Neurotoxic insecticides account for 54 % of total
insecticide sales worldwide (Sparks and Nauen 2015). These insecticides have already been
tested in these three moth species to assess resistance and sublethal effects, having larva as a
common target insect stage. Cydia pomonella is resistant to chlorpyrifos (Reyes et al. 2011,
Rodriguez et al. 2011), A-cyhalothrin (Mota-Sanchez et al. 2008, Rodriguez et al. 2011); and
thiacloprid (Rodriguez et al. 2011, Cichon et al. 2013), but there are not registered resistance
cases for these active ingredients in G. molesta or L. botrana. Sublethal effects have been tested
for chlorpyrifos in C. pomonella (Yang et al. 2013) and L. botrana (Pavan et al. 2014), for A-
cyhalothrin in C. pomonella (Yang et al. 2013) and G. molesta (Jones et al. 2011), and for
thiacloprid in C. pomonella (Brunner et al. 2005) and G. molesta (Siegwart et al. 2011).

By comparing the effect of insecticides with different MoA across phylogenetically related
species, and in both sexes, we hope to gain basic background information for further studies on
the physiological mechanisms responsible for insecticide resistance and the effect of sublethal
doses. At the same time, the response-mortality curves obtained will provide a diagnostic
methodology to test possible resistance cases in field populations, using adults of the same

species and the same insecticides tested in this study.

Materials and Methods

Insects. Susceptible laboratory strains of C. pomonella, G. molesta, and L. botrana established
from individuals collected in Lleida (Spain), Piacenza (Italy), and La Rioja (Spain), respectively,
have been maintained under laboratory conditions for > 5 yr without introduction of wild
individuals. Larvae were reared in artificial diet (lvaldi-Sender 1974) in a rearing room
maintained at 25 + 1 °C with a photoperiod of 16:8 (L:D) h. Pupae were separated by sex and
checked daily for adult emergence, except for C. pomonella which was sexed at the adult stage,
also in a daily basis. Adult body mass was estimated by drying 40 frozen 1-d-old individuals of
each sex and species for 2 d at 30°C, and then weighing them individually in an analytical

balance (£0.1 mg precision).
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Insecticides. Chlorpyrifos (TraceCERT, certified reference material, ~ 100 % [a.i.]), A-
cyhalothrin (PESTANAL, analytical standard, ~ 100 % [a.i.]), and thiacloprid (PESTANAL,
analytical standard, ~ 100 % [a.i.]); all from Sigma-Aldrich (Spain), were the active ingredients
used in the mortality bioassays. All the dilutions used in the bioassays were prepared from pure
compound in at least two different occasions, using acetone (CHROMASOLYV, for HPLC, > 99.9
%. Sigma-Aldrich, Spain) as solvent. Dilutions were stored in 2- or 4-ml acetone-rinsed glass
vials at 7 °C. The same stock of acetone used to prepare the dilutions was also used as the

negative control treatment.

Mortality bioassays. Newly emerged adults were separated from the pupal cages every day and
received the insecticide treatments during the first half of the photophase at 0-24 h
postemergence. Adults were placed individually or in pairs in 10-ml test tubes and received a
brief (10 s) flow of industrial grade CO», which quickly anesthetized them. Immediately after
being anesthetized, they were placed upside down under the field of view of a stereo microscope.
A 1-ul test solution was applied to the ventral thoracic region of each insect with a high-
precision, positive displacement, repeatable-dispensing micropipette (Multipette M4, Eppendorf,
Germany), and they were transferred immediately to a 150-ml polypropylene nonsterile clinical
sample bottle (57 mm in diameter by 73 mm in height). Individuals receiving the same treatment
were placed in groups of 3-10 in the same bottle. The lid of the bottle was punctured to make 10
holes (1-mm-diameter each) to allow gas exchange, and a 1.5-ml Eppendorf containing 10 %
sugar solution and a cotton plug was placed on the bottom to supply nutrients during the

observation period. Bottles with treatment insects were placed in the rearing room.

Mortality was recorded at 24 h and 48 h post-treatment. Adults were observed with the naked
eye and scored as alive if they flew or walked apparently unaffected, as moribund if they could
barely walk or were laying on the bottom of the bottle but still moved, or as dead if they laid
immobile on the bottom of the bottle. Mortality was estimated by adding the number of

moribund and dead insects.

To select the final concentrations used in the dose-response curves we started testing 1:10
dilutions ranging from 10 pg to 10 pg per insect, with ~ 20 insects in each dose. High and low
limits for each curve were roughly estimated this way and new doses (no < 5 for each treatment
combination) were tested, also with ~ 20 insects per dose, until a reasonable probit fit was
obtained for a given curve. Using the predicted values from the probit model, we chose six final
test concentrations (plus acetone control) for each treatment combination and tested them with in
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between 60 and 116 insects per concentration. Tests were performed on groups (i.e., repetitions)
of at least three insects of the same treatment group (insecticide, dose, sex, and species), with
different treatments tested each day depending on insect availability, until the desired sample

size was achieved. A total of 6,802 insects were used to build the final curves.

Data analysis. All the statistical analyses were run in R software (R Core Team 2016). Weight
differences among sex and species were analyzed with ANOVA followed by pairwise
comparisons. For the analysis of mortality, we run generalized linear models (GLM) with a
binomial family and a probit link. For statistical analyses, we used only the mortality at 24h as a
function of insecticide dose (mortality data adjusted by the average dry body weight of each
species and sex, i.e., lethal dose or LD). For discussion purposes we show in supplementary
material the mortality at 48h as a function of insecticide dose, and 24-h mortality as a function of

insecticide concentration (Figure S1 to S3).

Three levels of mortality analysis were carried out. First, a global model was built hierarchically
to determine the effect of insecticide type, dose, species, and sex. We started with the simplest
model containing no main effects, and followed it with a model including all main effects
(insecticide type, dose, insect species, and sex), and then with successive models including all
main effects and second-, third-, and fourth-order interactions. For model-selection, we used the
likelihood ratio test (LRT) and the Akaike Information Criterion (AIC), preferring the model
with the lower AIC value of pairs that were significantly different by LRT.

Second, we estimated intercepts, slopes, and LDs, and their errors for 1) insecticides
independently of species and sex, 2) species within insecticide, independently of sex, and 3) sex
within species and insecticide. For this, 13 GLM models were run: one to compare insecticides,
three to compare species within each insecticide, and nine for each insecticide by species
combination to estimate the effect of sex. Intercept and slope were extracted directly from the
GLM models. To estimate LDs, we run the dose.p() function in the package "MASS" of R
(Venables and Ripley 2002) on each of the 13 GLM models.

Finally, we performed pairwise comparisons (at same levels indicated above [a, b, c]), for slope,
intercept, and LDio, LDso, and LDgo. For slope and intercept estimates, we run a generalized
linear hypothesis test using the glht() function in the package "multcomp™ of R (Hothorn et al.

2008). For comparison of the LDs, we calculated the Z-score of the GLM estimates and errors
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and obtained a p-value by comparison with the Z-score of the standard Normal curve. R scripts
and raw data are available at http://hdl.handle.net/10459.1/57672

Results

As expected, females were heavier than males in all three species, and C. pomonella was the
heaviest of the three species, whereas males of G. molesta and L. botrana did not differ from
each other, and neither did the females (Table S1).

Hierarchical model selection indicated that the most complex model, which contains all main
variables plus second-, third-, and fourth-order interactions, provided the best fit to the data
(Table 1). This 36-parameter model was significantly different from the next simpler model
according to LRT, and also had a lower AIC value. Analysis of deviance for this model (Table 2)
showed that the highest contribution of main effects was for insecticide dose (P < 0.0001) and
insecticide type (P = 0.019), whereas neither species nor sex contributed significantly on their
own (P > 0.05). Nine of the 11 second-order to fourth-order interactions were significant,

indicating that the effect of individual variables was strongly dependent on the other variables.

Dose-response curves were constructed using the slope and intercept parameters estimated with
the individual probit regression models of each curve (Figure 1, Table 3). Several qualitative
features are already noticeable in this graph. A group of six green-color curves located on the left
of the graph, which are separated by a gap from the rest of the curves on the right, consist of
insects treated with A-cyhalothrin. This illustrates that this insecticide is a more potent toxicant
than the other two, as the model and pairwise comparisons (see below) confirmed. On the right
half of the graph, the curves for insects treated with chlorpyrifos (blue) and thiacloprid (red) are
intermixed over a relatively wide dose-range, with an apparent stronger effect of chlorpyrifos
over thiacloprid. A distinct feature is the blue (chlorpyrifos) curve located at around the 100-ng
dose on a background of red (thiacloprid) curves. This chlorpyrifos curve corresponds to G.
molesta males and departs from the other chlorpyrifos curves, including G. molesta females,
which cluster around a lower dose range. This illustrates a strong effect of sex on insecticide

response.
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Table 1. Model comparison for the analysis of percent mortality at 24h as a function of

insecticide dose. Models with increasing numbers of parameter interactions (insecticide type,

dose, species and sex) were compared pairwise using the likelihood ratio test (LRT) and Akaike

Information Criterion (AIC).

Model type Number of AlC? LRT p-value
parameters

Null 1 4000.5 -

Main effects 7 3088.2 <0.00001

Main effects and 2nd-order interactions 20 12495 <0.00001

Main effects and 2nd and 3rd-order interactions 32 623.04 <0.00001

Main effects and 2nd, 3rd and 4th-order interactions 36 600.13 <0.00001

@Models with lower AIC indicate a better model fit

Table 2. Analysis of deviance table for the model with all main effects and second, third and
fourth-order interactions. Main effects are: insecticide type (chlorpyrifos, A-cyhalothrin and
thiacloprid), moth species (C. pomonella, G. molesta and L. botrana), sex and insecticide dose

(ng of insecticide per mg of insect dry weight).

Model terms Df2 Deviance Resid. Df® Resid. Dev¢ Pr (>Chi)
NULL 107 3588.7

species 2 2.32 105 3586.3 0.3127
sex 1 1.40 104 3584.9 0.2360
insecticide 2 7.84 102 3577.1 0.0198
dose 1 912.81 101 2664.3 <0.0001
species:sex 2 19.62 99 2644.7 <0.0001
species:insecticide 4 959.85 95 1684.8 <0.0001
species:dose 2 483.91 93 1200.9 <0.0001
sex:insecticide 2 344.06 91 856.8 <0.0001
sex:dose 1 2.27 90 854.6 0.1321
insecticide:dose 2 54.96 88 799.6 <0.0001
species:sex:insecticide 4 568.98 84 230.6 <0.0001
species:sex:dose 2 0.27 82 230.4 0.8744
species:insecticide:dose 4 73.77 78 156.6 <0.0001
sex:insecticide:dose 2 7.43 76 149.2 0.0244
species:sex:insecticide:dose 4 30.92 72 118.2 <0.0001

2 Degrees of freedom
b Residual degrees of freedom

¢ Residual deviance
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Figure 1. Effect of insecticide type (chlorpyrifos, A-cyhalothrin, and thiacloprid) and dose (ng of insecticide per gram of insect dry weight; in

logarithmic scale) on the proportion of moribund and dead adult males and females of Cydia pomonella, Grapholita molesta, and Lobesia botrana

24 h after treatment. The symbols indicate the observed values (N = 60-116), while the curves are the estimated values from probit regression.
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Table 3. Estimated intercepts and slopes of the probit regression models, and lethal doses LD1o, LDsg and LDgg, with their standard errors and 95 %

confident intervals. Intercept and slope are "dimensionless" model parameter whereas LDs are in ng of insecticide per mg of adult insect dry weight.

Estimations are provided by groups: for each insecticide (chlorpyrifos, A-cyhalothrin and thiacloprid; independent of sex and species; top section),

for each species (C. pomonella, G. molesta and L. botrana; within insecticide and independent of sex, middle section) and for each sex (within

species and insecticide; bottom section). Heterogeneity factor (HF) indicates curve fit.

Insecticide Species Sex n Intercept Slope LD1o L Dso L Dgo HF?
beta (SE) (95% CI) beta (SE) (95 % CI) Dose (95 % CI) Dose (95 % CI) Dose (95 % CI)

Chlorpyrifos 2234 -0.63 (0.05)  (-0.72; -0.53) 0.58 (0.04)  (0.49; 0.66) 0.07 (0.04;0.15) 12.30 (9.89; 15.28) 2.09-10%°  (937.64; 4.66-10%) 26.1

A-Cyhalothrin 2364 2.40(0.09) (2.23;2.59) 2.82(0.11) (2.63;3.03) 0.05 (0.05; 0.05) 0.14 (0.13; 0.15) 0.40 (0.37; 0.44) 7.8

Thiacloprid 2204 -0.72 (0.06)  (-0.83; -0.60) 0.42 (0.03)  (0.37;0.48) 0.05 (0.02;0.13) 49.09 (36.54; 65.96) 5.20-10*  (2.03:10%4; 1.33-10%) 234

Chlorpyrifos C. pomonella 720 -3.72 (0.26)  (-4.23;-3.23) 3.44 (0.23)  (3.00; 3.90) 5.12 (4.49; 5.85) 12.09 (11.27; 12.98) 28.55 (24.96; 32.66) 4.0

G. molesta 744 -0.37 (0.09)  (-0.56;-0.19) 0.25(0.06)  (0.14; 0.36) 25:10*  (1.5:10°F; 4.1-10?) 30.28 (13.20; 69.48) 3.69-10*°  (2.09-10%; 6.49-10*) 294

L. botrana 770 -2.14 (0.14)  (-2.42;-1.87) 3.95(0.25) (3.49;4.44) 1.65 (1.47; 1.84) 347 (3.25; 3.71) 7.33 (6.52; 8.24) 6.3

A-Cyhalothrin ~ C. pomonella 736 2.13(0.14)  (1.86;2.41) 2.26 (0.13) (2.01;2.52) 0.03 (0.03; 0.04) 0.11 (0.10; 0.13) 0.42 (0.35; 0.51) 3.6

G. molesta 862 3.09 (0.19) (2.72; 3.47) 4.24(0.26) (3.73;4.77) 0.09 (0.08; 0.10) 0.19 (0.18; 0.20) 0.37 (0.34; 0.41) 3.2

L. botrana 766 4.41(0.26)  (3.91;4.93) 477(0.27)  (4.25;5.31) 0.06 (0.06; 0.07) 0.12 (0.11; 0.13) 0.22 (0.20; 0.24) 1.3

Thiacloprid C. pomonella 725 -1.78 (0.13)  (-2.04; -1.53) 219 (0.14)  (1.92; 2.48) 1.68 (1.36; 2.07) 6.45 (5.75; 7.24) 24.77 (20.26; 30.28) 2.2

G. molesta 733 -3.02 (0.24)  (-3.50; -2.55) 1.82(0.14) (1.55;2.11) 9.01 (6.84; 11.86) 45.48 (40.12; 51.56) 229.63 (173.68; 303.60) 15.8

L. botrana 746 -5.86 (0.38)  (-6.61; -5.13) 2.06 (0.13)  (1.81;2.32) 167.34  (134.40; 208.37) 702.34  (623.71;790.89) 2.95-10%  (2.39-10*3; 3.64-10"3) 3.6

Chlorpyrifos C.pomonella  Female 360 -3.70 (0.35)  (-4.42; -3.03) 3.69 (0.34)  (3.03;4.39) 4.53 (3.82; 5.38) 10.08 (9.18; 11.08) 22.43 (18.85; 26.70) 13

Male 360 -4.50 (0.42) (-5.32;-3.72) 3.88(0.35) (3.21;4.58) 6.77 (5.75; 7.97) 14.50 (13.24; 15.88) 31.05 (26.37; 36.56) 1.7

G. molesta Female 368 -2.17(0.23)  (-2.65; -1.73) 3.43(0.33)  (2.79; 4.11) 1.82 (1.49; 2.23) 431 (3.90; 4.77) 10.20 (8.51; 12.23) 0.7

Male 376 -9.13(0.74)  (-10.62; -7.71) 4.05(0.33) (3.43;4.71) 86.29 (74.70; 99.69) 178.77  (163.55; 195.42) 370.36 (319.86; 428.84) 1.2

L. botrana Female 387 -2.67 (0.23)  (-3.14;-2.24) 539 (0.44) (4.56;6.28) 181 (1.62; 2.02) 3.13 (2.92; 3.35) 5.41 (4.83; 6.05) 0.3

Male 383 -2.02 (0.20)  (-2.42;-1.65) 3.38(0.30) (2.83;3.98) 1.65 (1.36; 2.01) 3.96 (3.53; 4.44) 9.48 (7.88; 11.40) 3.4

»-Cyhalothrin ~ C. pomonella  Female 362 1.91(0.19)  (1.54;2.28) 2.07(0.18)  (1.72; 2.44) 0.03 (0.02; 0.04) 0.12 (0.10; 0.14) 0.50 (0.37; 0.68) 48

Male 374 2.39(0.22)  (1.98; 2.84) 2.47(0.20)  (2.10; 2.87) 0.03 (0.03; 0.04) 0.11 (0.09; 0.13) 0.36 (0.27; 0.46) 2.9

G. molesta Female 459 3.93(0.41) (3.18;4.75) 5.67 (0.63)  (4.54; 6.94) 0.12 (0.10; 0.14) 0.20 (0.19; 0.22) 0.34 (0.31; 0.38) 2.8

Male 403 3.00(0.26)  (2.51; 3.50) 3.94(0.32) (3.33;4.58) 0.08 (0.07; 0.10) 0.17 (0.16; 0.19) 0.37 (0.32; 0.43) 23

L. botrana Female 364 462 (0.41)  (3.85;5.44) 5.01(0.42) (4.21;5.87) 0.07 (0.06; 0.08) 0.12 (0.11; 0.13) 0.22 (0.19; 0.25) 1.9

Male 402 4.26 (0.34) (3.61;4.94) 4.60 (0.35)  (3.93;5.30) 0.06 (0.06; 0.07) 0.12 (0.11; 0.13) 0.23 (0.20; 0.26) 13

Thiacloprid C.pomonella  Female 361 -2.20 (0.22)  (-2.64; -1.78) 2.41(0.22) (2.00; 2.85) 2.40 (1.83; 3.16) 8.18 (7.05; 9.50) 27.82 (21.71; 35.65) 0.6

Male 364 -1.63(0.16)  (-1.95; -1.32) 2.31(0.20) (1.93;2.71) 1.41 (1.08; 1.84) 5.07 4.33;5.93) 18.19 (13.89; 23.84) 0.7

G. molesta Female 371 -5.71 (0.48)  (-6.68; -4.80) 2.94(0.24) (2.48;3.42) 32.28 (26.16; 39.84) 88.17 (77.91; 99.77) 240.81 (198.04; 292.83) 1.8

Male 362 -5.64 (0.53)  (-6.69; -4.63) 3.97 (0.36) (3.28;4.69) 12.52 (10.60; 14.79) 26.35 (24.14; 28.77) 55.45 (47.65; 64.53) 0.8

L. botrana Female 369 -5.69 (0.46)  (-6.63; -4.80) 1.91(0.15)  (1.62;2.22) 201.42  (147.00; 276.00) 941.34  (776.78;1.14-10"3) 44010 (3.27-10'3%; 5.93-10"3) 1.0

Male 377 -7.58 (0.73)  (-9.03; -6.19) 2.74 (0.26)  (2.25;3.26) 198.13 (154.86; 253.50) 581.53  (513.58; 658.47) 1.71-10%  (1.37-10%%2,13-10%) 1.9

2 Heterogeneity factor = x*/dF
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Intercepts, slopes, and LD estimates (Table 3) were compared among insecticides, species, and
sexes producing a total of 103 statistical tests (Tables 4 and 5). To analyze the effect of
insecticide (independently of species and sex), the intercept and slope of each resulting curve
(including all data points, except acetone controls, for all insects treated with each insecticide)
was compared with other insecticide resulting curves. A similar procedure was followed to
analyze the effect of species (within insecticide and independent of sex) and sex (for each

combination of insecticide and species).

Curves that have the same slope and intercept are considered to be equal, curves that have same
slope but different intercept are considered parallel, and all other types of curves are neither
equal nor parallel. In our experiment, equal curves occurred only in the comparison between
sexes, in C. pomonella treated with chlorpyrifos and A-cyhalothrin, and in L. botrana treated
with A-cyhalothrin (Table 4). Parallel curves were observed only in the comparison between
species within insecticide, independently of sex. The curves of the three species treated with
thiacloprid were parallel, and so were the curves of G. molesta and L. botrana treated with A-
cyhalothrin and the curves of C. pomonella and L. botrana treated with chlorpyrifos. All other
curves were neither parallel nor equal. A-cyhalothrin had lower intercept and higher slope than

the other two insecticides, which did not differ from each other in these parameters (Table 4).

A second approach to analyze curves is by their LDs (Table 5). The maximum LDsg difference
between two insecticides was 7800-fold, corresponding to L. botrana females treated with A-
cyhalothrin and thiacloprid. Between species, the maximum LDso difference was 115-fold,
corresponding to L. botrana and C. pomonella females treated with thiacloprid. Finally, the
maximum difference between sexes was 41.5-fold, corresponding to G. molesta treated with
chlorpyrifos (Table 3). Lethal doses LDsg and LDgo differed in all pairwise comparisons between
insecticides, whereas LDio did not (Table 5). Lethal dose comparisons among species were
significant in 25 out of 27 pairwise tests. All the exceptions were in the insecticide A-cyhalothrin,
between C. pomonella and L. botrana for LDsp and between C. pomonella and G. molesta for
LDgo (Table 5). Sex differences in LD occurred in eight out of nine comparisons in each
chlorpyrifos and thiacloprid, but were rare in A-cyhalothrin (Table 5). Because females of all
three species were heavier than males (Table S1) it was expected that females would be less
susceptible to the insecticides than males. This prediction was observed in two of the
insecticides, A-cyhalothrin and thiacloprid; however, in chlorpyrifos, the males of all three
species had higher LDso than females, with the notable difference of 41.5-times lower

susceptibility for G. molesta males than females, as mentioned above (Table 3).
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Table 4. Pairwise comparison of intercepts and slopes between a) insecticides (chlorpyrifos, A-cyhalothrin and thiacloprid; independent of species
and sex; top section), b) species (C. pomonella, G. molesta and L. botrana; within insecticide and independent of sex; middle section), and c) sex

(within species and insecticide; bottom section). The numbers represent the difference between each pair of estimated values, and are followed in

brackets by the p-values of these differences (Tukey test, p<0.05, after GLM).

Insecticide Species Sex differences Species differences Insecticide differences
C. pomonella G. molesta Chlorpyrifos A-Cyhalothrin
Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope
Chlorpyrifos C. pomonella 0.80 -0.19
(0.14) (0.71) - - - - - - - -
G. molesta 6.95 -0.63 -3.35 3.18 __ _
(<0.0001) (0.18) (<0.0001)  (<0.0001)
L. botrana -0.65 2.02 -1.58 -0.52 1.76 -3.70
(0.03) (<0.0001) (<0.0001) (0.13) (<0.0001)  (<0.0001)
A-Cyhalothrin C. pomonella -0.49 -0.41 -3.03 -2.25
(0.10) (0.14) - - - - (<0.0001)  (<0.0001) - -
G. molesta 0.93 1.73 -0.96 -1.98
(0.05) (0.01) (<0.0001)  (<0.0001) - -
L. botrana 0.37 0.42 -2.28 -2.51 -1.32 -0.53
(0.49) (0.45) (<0.0001)  (<0.0001) (<0.0001) (0.16)
Thiacloprid C. pomonella -0.57 0.10 _ _ _ _ 0.09 0.15 3.12 2.40
(0.04) (0.73) (0.24) (0.003) (<0.0001)  (<0.0001)
G. molesta -0.08 -1.03 1.25 0.37
(0.91) (0.02) (<0.0001) (0.07) - -
L. botrana 1.89 -0.83 4.08 0.14 2.84 -0.24
(0.03) (0.006) (<0.0001) (0.48) (<0.0001) (0.22)
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Table 5. Pairwise comparison of lethal doses LD1o, LDso and LDgo between a) insecticides (chlorpyrifos, A-cyhalothrin and thiacloprid; independent

of species and sex; top section), b) species (C. pomonella, G. molesta and L. botrana; within insecticide and independent of sex; middle section),

and c) sex (within species and insecticide; bottom section). Numbers are the differences of the estimated values, and in brackets the p-values of

these differences (Z-score, p<0.05, after GLM).

Insecticide Species Sex differences Species differences Insecticide differences
C. pomonella G. molesta Chlorpyrifos A-Cyhalothrin
LD1o LDso LDgo LD1o LDso LDgo LD1o LDso LDgo LD1o LDso LDgo LD1o LDso LDgo
Chlorpyrifos  C. pomonella -2.24 -4.42 -8.62
(0.00)  (0.00) (0.01) - - - -
G. molesta -84.47  -174.46 -360.16 5.12 -18.19  -3.69-10*°
(0.00)  (0.00) (0.00) (0.00) (0.03) (0.00) -
L. botrana 0.16 -0.83 -4.07 3.48 8.62 21.22 -1.65 26.81 3.69-10%
(0.42)  (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
- C. pomonella -0.00 0.01 0.14 0.02 12.16  2.09-10%
Cyhalothrin (0.50)  (0.37) (0.10) - - (0.31)  (0.00) (0.00) -
G. molesta 0.04 0.03 0.03 -0.06 -0.07 0.05
(0.00)  (0.00) (0.43) 0.00) (0.00) 0.27) - -
L. botrana 0.00 0.00 -0.01 -0.03 -0.00 0.20 0.03 0.07 0.15
(0.47)  (0.88) (0.62) (0.00) (0.52) (0.00) (0.00) (0.00) (0.00)
Thiacloprid  C. pomonella 0.99 311 9.63 0.03  -36.79 -4.99-10™ 0.00 4895 -5.20-10™
(0.01)  (0.00) (0.02) - - (0.48)  (0.00) (0.00) (0.90)  (0.00) (0.00)
G. molesta 19.76 61.82 185.37 -7.33 -39.03 -204.86
(0.00)  (0.00) (0.00) (0.00) (0.00) (0.00) - -
L. botrana 3.28 359.81  2.69-10% -165.66 -695.89 -2.92-10% -158.33 -656.86 -2.72-10*
(0.94)  (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
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Discussion

Few dose-mortality studies have explored, as we have done in here, the combined effect of
insecticides with different modes of action, on adults of several insect species, while
simultaneously taking into account the effect of sex. Large mortality differences between
insecticides (maximum 7,800-fold for LDso) were followed by much lower, yet important,
differences between species (115-fold) and sexes (41.5-fold), demonstrating that each of these
three factors has a critical effect on adult mortality. Although these factors were not independent
from each other, as shown by significant second-order to fourth-order model interactions, our
results highlight the need to take into account sex as a very significant factor in the context of
insecticide and species differences in dose-mortality studies of adult moths.

Insecticide dose-mortality curves of adult Lepidoptera are poorly represented in the scientific
literature, probably because most insecticides are mainly designed to Kill larval stages; however,
neurotoxic insecticides could affect other life stages. Two studies using adult G. molesta and C.
pomonella, and several studies on larva C. pomonella have shown, as we do in here, a stronger
effect by pyrethroids than by other insecticide types (Linn and Roelofs 1984, Pasquier and
Charmillot 2003, Mota-Sanchez et al. 2008, Rodriguez et al. 2012, Wu et al. 2015). Time effect
after initial knock-down did not appear to be greatly affected by species or sex, but mostly by
insecticide type. The 48-h recovery with thiacloprid (Figure S3), may involve the induction of
detoxification enzymes (Terriere 1984), whereas the increased mortality of chlorpyrifos at 48h
(Figure S3), may be related to the oxidative desulfurization of the P=S group to its corresponding
P=0 analog by cytochrome P450 monooxygenases, which would increase the toxicity of this
insecticide over time (Yu 2008). The recovery observed in the laboratory may not be realized in
the field because moribund insects are probably more susceptible to predation and environmental

stress than nonintoxicated individuals.

Species differences in insecticide resistance could be explained either by the activity or quantity
of insect-degrading enzymes that metabolize the insecticide before it arrives to the target protein,
or by mutations at the insecticide’s target site that lower its effect (Nauen and Denholm 2005).
Resistance by degrading enzymes should be far more common than mutations at the target site
because, at least in the case of neurotoxic insecticides, the target sites are proteins which play
fundamental roles in nerve impulse generation and transmission, processes that are fairly
conserved across lineages and that should be under strong stabilizing selection and resistant to

mutations (Li et al. 2007). Changes in the activity or quantity of the main detoxifying enzyme
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types (mixed-function oxidases [MFO], esterases [EST], and glutathione S-transferases [GST])
have been associated with resistance to a large number of insecticides in C. pomonella (Reyes et
al. 2007, 2011; Morales et al. 2016). In addition, point mutations in the sodium channel and in
the AChE have also been reported in this species as mechanisms of resistance (Reyes et al. 2007,
Kanga et al. 2001). There are comparatively fewer reports of insecticide resistance in G. molesta
(Glass 1960, Kanga et al. 2003, Jones et al. 2011) and L. botrana (Civolani et al. 2014). Lower
cuticular penetration of carbofuran may explain resistance to this insecticide in G. molesta
(Kanga et al. 1997).

For phytophagous insects, environmental toxins consist mainly of secondary plant metabolites
acquired through ingestion (Li et al. 2007), and the function of detoxification enzymes is to
make toxins more water soluble (Terriere 1984). It is plausible, then, that species using different
food sources may have different detoxifying-enzyme activity levels (Yu 1982), and this may
explain why they show different tolerance to insecticides. Cydia pomonella’s main agricultural
host is apple fruit, G. molesta’s is peach shoots, and L. botrana’s is the flower and fruit of grape
vines. The diversity of host species and host organs consumed by the larvae of these moth
species may select for different detoxification mechanisms. For example, C. pomonella’s second
major agricultural host, walnut fruit, produces high quantities of the naphthoquinone juglone,
which is toxic to several insect species but not to the larvae of C. pomonella (Piskorski and Dorn
2011). Interestingly, the larva of G. molesta, which does not feed on walnuts, is also able to
metabolize juglone (Piskorski et al. 2011), so ecological factors may not be the only
determinants of the quantity and type of detoxification enzymes produced by each species.

One of the most striking findings of our study is the relatively large difference in susceptibility
between males and females, and the higher tolerance of males to chlorpyrifos, in all three
species. Higher male tolerance has been reported before in G. molesta, where the LCso of
females was between 3 and 10 times lower than the LCso of males to three different
organophosphate insecticides azinphos-methyl, malathion, and parathion-methyl; (Shearer and
Usmani 2001). We confirm the higher male tolerance to organophosphates in G. molesta, and in
addition, we show that higher male tolerance to organophosphates also occurs in the other two
tortricids, C. pomonella and L. botrana. Higher female susceptibility seems to be restricted to
organophosphates because, besides our results, G. molesta females are less susceptible to
carbamates than males (Kanga et al. 2001, Shearer and Usmani 2001). The larger LC for females
compared with males observed for the neonicotinoid thiacloprid could be explained by the larger
body mass of females, but after correcting by body mass, the LD of females was still larger than

that of males. This suggests that additional factors, such as differences in enzymatic activities
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and quantities, might be playing a role in this case. The sex differences with chlorpyrifos
(females more susceptible) cannot be accounted by body weight, and it is very likely that
detoxification enzymes are involved in these differences. de Lame, et al. (2001) showed that the
larger resistance of male G. molesta to three organophosphate insecticides (paraoxon-methyl,
malaoxon, and diazinon-o0-analogue) was the result of sex differences in both, degrading-enzyme
activity levels and susceptibility of AChE to the insecticide. Kanga, et al. (2001) reported that
Ace-1 insensitivity, the major mechanism of carbamate resistance in G. molesta, is both sex-
linked and recessive. Point mutations are probably not involved in sex differences because both
sexes share the same chromosomes, except for the W sex chromosome which is only present in
females and codifies few gene products (Nguyen et al. 2013). A neo-sex chromosome in
tortricids emerged from the fusion of the Z chromosome (the other sex chromosome, present in
both sexes) and an autosome, and it bears genes encoding for detoxification enzymes (Nguyen et
al. 2013). It has been suggested that the neo-sex chromosome may be responsible for both, a
rapid evolution of this clade and a quick selection response to insecticides (Nguyen et al. 2013).
Indeed, the expression of AChE genes is larger in males than in females of C. pomonella and L.
botrana (Nguyen et al. 2013). It remains to be tested if the neo-sex chromosome is also

responsible for the differential sex response of the three tortricid species to insecticides.

The results of our study have practical implications. First, our dose-mortality curves for
susceptible strains provide a diagnostic baseline to test possible resistance cases in field
populations using adult insects, as in other susceptibility-resistance studies that use larvae or
adult insects (Pasquier and Charmillot 2003, Reyes et al. 2007, Jones et al. 2011, Wu et al.
2015). Second, resistance is expressed in both adults and larvae (Varela et al. 1993), but the use
of adult instead of larvae in this kind of studies is advantageous because of the easier, faster, and
cheaper procedure with adults than with larvae (Kanga et al. 1997). For example, adult
individuals can be easily obtained in the field with monitoring traps (Bosch et al. 2016). Third,
our dose-mortality results help estimate sublethal doses which could affect the behavior and
physiology of these insects (Haynes 1988). Finally, differential sex response to insecticides
should be considered in integrated pest management programs. Shearer and Usmani (2001)
indicate that male pheromone trap catches may be unfit to monitor threshold population levels if

males are less susceptible than females to insecticide.
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Supplementary material

Table S1. Differences in adult body dry weight by species and sex. Means followed by different
letters are significantly different (Tukey test, p<0.05, after ANOVA).

Species Sex Mean = SEM (mg)
C. pomonella Female 1241 + 0.63 a
Male 847 + 034 b
G. molesta Female 354 =+ 011 c
Male 218 + 0.08 d
L. botrana Female 409 + 010 c
Male 198 + 0.04 d
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Figure S1. Comparison of insecticide concentration (in ng; coloured curves) and dose (in ng of
insecticide/mg of insect dry weight; grey colour curves, same as in Fig. 1 of the main text) for
the 24h mortality of the three insecticides on the three moth species. Colours and symbols as
shown in Fig. 1 of the main text, but in the present figure the x-axis is absolute insecticide
concentration, instead of dose. As predicted (Figure S2), dose-response curves are displaced to
the left from their homologous concentration-response curves, and the displacement is stronger

for heavier insects (e.g., C. pomonella and the females)
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Figure S2. Theoretical relative position of mortality curves estimated with the absolute
insecticide concentration (top chart) or the quantity of insecticide per mass unit (i.e., dose;
bottom chart). The larger animal, Cydia pomonella, is represented with a continuous curve and
the smaller animal, Lobesia botrana, is represented with a dashed curve. In case “A” the larger
species is as susceptible as the smaller species in the concentration scale (top), which occurs if
the larger species is more susceptible than the smaller species per unit of mass, as is shown in the
dose scale on the bottom. In case "B", the large species is more susceptible than the smaller
species in the concentration scale, and, correspondingly, in the dose scale this difference should
be larger. In cases "C" and "D" the smaller species is more susceptible than the larger species in
the concentration scale, which indicates that the smaller species is either as sensitive as, or less

sensitive than the larger species per unit of mass, as shown in the dose scale.
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Figure S3. Effect of time after insecticide application on the proportion of mortality (dead +
moribund). Grey curves represent mortality at 24 h (as shown in full detail in Fig. 1 of the main
text). Colour curves represent mortality at 48 h. For thiacloprid, the curves experimented a
displacement to the right in the dose axis, which indicates that part of the insects scored as
moribund at 24 hours with this insecticide recovered at 48 hours. With chlorpyrifos the opposite
was observed, in other words, mortality increased from 24 hours to 48 hours.
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ENZYMATIC DETOXIFICATION STRATEGIES FOR
NEUROTOXIC INSECTICIDES IN ADULT TORTRICIDS

ABSTRACT

The role of the three most important metabolic enzyme families [carboxylesterases (EST),
glutathione-S-transferases (GST), and mixed-function oxidases (MFO)] in the detoxification of
three neurotoxic insecticides [chlorpyrifos, A-cyhalothrin, and thiacloprid] was studied on adult
males and females of three tortricid moth pests [Cydia pomonella (L.), Grapholita molesta
(Busck), and Lobesia botrana (Denis & Schiffermiller)]. The first approach was to determine if
inhibition of these metabolic enzyme activities influence insecticide mortality, and the second
approach was to quantify EST, GST and MFO activity in individuals treated with their respective
enzyme inhibitors: S,S,S, tributyl phosphorotrithioate (DEF), diethyl maleate (DEM), and
piperonyl butoxide (PBO). The mortality assay showed that phase | enzymatic activities (EST
and MFQO) were active in both sexes of the three species, whereas phase Il enzymes (GST) were
only active in G. molesta. In addition, EST played a role in the detoxification of all three
insecticides and showed the highest differences between species, and MFO was involved in the
detoxification of thiacloprid and the activation (i.e., bio-activation) of chlorpyrifos in both sexes
of the three species. Enzymatic activity of control individuals showed differences among species
and between sexes. In general, L. botrana females had the highest enzymatic activities.
Enzymatic activities of individuals treated with enzyme inhibitors revealed significant inhibition
of EST by DEF, whereas MFO and GST were not inhibited by PBO or DEM, respectively. In
contrast, DEM enhanced GST activity in G. molesta males (i.e., induction). In addition, an
unexpected inhibition kinetic was observed with PBO in G. molesta males where a slight
inhibition occurred from 4-h post treatment onwards, whereas in L. botrana males a 9.5-fold

activation (i.e., induction) appeared 16-h post-treatment. Our results indicate that the diverse
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effect of enzyme inhibitors on insecticide synergism is related to the specific interactions among

insecticides, detoxification enzymes and the enzyme inhibitors in each sex and species.

KEY WORDS: insecticide inhibitor, neurotoxic insecticide, detoxification, Tortricidae, adult,

SeX.

Chapter submitted Navarro-Roldan, M.A., D. Bosch, C. Gemeno, and M. Siegwart, M. 2017.

Enzymatic detoxification strategies for neurotoxic insecticides in adult tortricids. (Under review)
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Introduction

The capability to degrade toxic substances is essential for the survival of insect pests in the
constantly changing chemical environment of the agroecosystem. All insects have detoxification
abilities that vary among species and developmental stages (Yu and Hsu 1993). The three most
important detoxification enzyme families in insects are cytochrome P450 monooxygenases
(P450) [also called mixed-function oxidases (MFO)], carboxylesterases (EST), and glutathione-
S-transferases (GST). These enzyme families are subject to gene amplification, overexpression,
and coding sequence variations that could modify their detoxification abilities (Li et al. 2007).
Metabolism of toxic compounds involves two phases, the first is the addition of a polar group to
the substrate or its cleavage, and the second is the addition of sugar, aminoacid, sulphate or
phosphate groups to the products resulting from phase 1, in case this product is not hydrophilic
enough to be excreted (B-Bernard and Philogene 1993). MFO and EST are involved in phase I,
whereas GST is involved in phase Il (B-Bernard and Philogéne 1993).

Chemicals that inhibit detoxification enzymes could reduce the defensive system of the insect
and thus are used in agriculture to lower insecticide lethal doses, extend the number of target
species, or restore insecticide activity against resistant insect populations (B-Bernard and
Philogene 1993, Ishaaya 1993). In addition, insecticide synergists (i.e., enzyme inhibitors) are
used in research on the detoxification mechanisms, resistance, and mode of action of insecticides
(Metcalf 1967). The most common inhibitors for EST, GST and MFO enzymes are S,S,S,
tributyl phosphorotrithioate (DEF), diethyl maleate (DEM), and piperonyl butoxide (PBO),
respectively (B-Bernard and Philogene 1993).

In a previous study (Navarro-Roldan et al. 2017), we reported mortality of adult males and
females of three tortricid moth species [Cydia pomonella (L.), Grapholita molesta (Busck), and
Lobesia botrana (Denis & Schiffermiller)] treated with three neurotoxic insecticides having
different modes of action [chlorpyrifos (organophosphate, acetylcholinesterase inhibitor), A-
cyhalothrin (pyrethroid, sodium channel modulator) and thiacloprid (neonicotinoid, nicotinic
acetylcholinesterase receptor agonist)]. We found significant differences among species and
insecticides, but in addition females of all three species were less susceptible than males to
thiacloprid (maximum 3.4-fold), whereas they were more susceptible than males to chlorpyrifos
(maximum 41.5-fold). This last result was unexpected given that females are larger than males
and therefore should be less susceptible than them. Higher female susceptibility to
organophosphates had been reported previously only in G. molesta (de Lame et al. 2001), but not

(as far as we know) in other moth species.
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Our main objective in the present study was to study the metabolic mechanisms involved in the
defence of these insect species to the three insecticides. Two approaches were used to this end.
The first one was to determine if enzymatic inhibition with DEF, DEM and PBO affect
insecticide mortality, and the second one was to quantify EST, GST and MFO activity in

individuals treated with the respective enzyme inhibitors.

Materials and methods

Insects. Susceptible laboratory strains of C. pomonella, G. molesta and L. botrana established
from individuals collected in Lleida (Spain), Piacenza (Italy), and La Rioja (Spain), respectively,
have been maintained under laboratory conditions for more than 5 years without introduction of
wild individuals. Larvae were reared in artificial diet (lvaldi-Sender 1974) in a rearing room.
Insects used in Lleida (mortality bioassays) were maintained at 25 + 1 °C, and those used in
Avignon (quantification of enzymatic activity) were shipped from Lleida as larvae or pupae and
were maintained at 27.5 + 0.5 °C, both under a 16:8 hour light:dark photoregime. Pupae were
separated by sex and checked daily for adult emergence, except for C. pomonella, which was
sexed at the adult stage, also on a daily basis. Zero to 24-h post-emergence adults were treated

during the first half of the photophase.

Insecticides and enzyme-inhibitors. As insecticide active ingredients we used chlorpyrifos
(TraceCERT®, certified reference material, =~ 100 % (a.i.)), A-cyhalothrin (PESTANAL®,
analytical standard, =~ 100 % (a.i.)), and thiacloprid (PESTANAL®, analytical standard, =~ 100 %
(a.1.)). The enzyme-inhibitors were S,S,S tributyl phosphorotrithioate (analytical standard, 97 %
(a.i.)), diethyl maleate (analytical standard, 97 % (a.i.)), and piperonyl butoxide (technical grade,
90% (a.i.)) (all from Sigma-Aldrich, Spain). All the dilutions used in the bioassays were
prepared from pure compound using acetone as solvent (CHROMASOLV®, for HPLC, > 99.9
%, Sigma-Aldrich, Spain). Dilutions were stored in 2- or 4-ml acetone-rinsed glass vials at 7 °C.
The same stock of acetone used to prepare the dilutions was also used as the negative control

treatment.

Effect of enzyme-inhibitors on insecticide mortality. Insecticides were applied at LCso
(Navarro-Roldan et al. 2017), and the inhibitors were applied at the highest concentration that
produced the same mortality as solvent (Table 1), as determined in a preliminary test. The

treatments that combined insecticide and inhibitor used mixtures of the two compounds at the
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same concentration as when applied alone. The 96 treatment groups [solvent, enzyme-inhibitor,
insecticide (LCsp), and insecticide (LCso) + enzyme-inhibitor, species and sex], were tested with
between 60 and 115 individuals per treatment. Tests were performed on groups (i.e., repetitions)
of at least 3 insects of the same treatment group, with different treatments tested each day

depending on insect availability, until the desired sample size was achieved.

One or two adults were placed in 10-ml test tubes, anesthetized with a brief (10 sec) flow of
industrial grade CO- and placed upside down under a stereo microscope. A 1-pl test solution (see
below) was applied to the ventral thoracic region of each insect with a high-precision, positive
displacement, repeatable-dispensing micropipette (Multipette® M4, Eppendorf, Germany), and
they were then transferred to a 150-ml polypropylene non-sterile clinical sample bottle (57 mm
diameter x 73 mm-high). Individuals receiving the same treatment were placed in groups of 3 to
10 in the same bottle. The lid of the bottle was punctured with 10 holes (1-mm-diameter each) to
allow gas exchange, and a 1.5 ml eppendorf containing 10 % sugar solution and a cotton plug

was placed on the bottom to supply nutrients during the observation period in the rearing room.

Mortality was recorded 24 h post-treatment. Adults observed with the naked eye were scored as
alive if they flew or walked apparently unaffected, as moribund if they could barely walk or were
laying on the bottom of the bottle but still moved, or as dead if they laid immobile on the bottom

of the bottle. Mortality was estimated by adding the number of moribund and dead insects.

Table 1. Concentration of enzyme inhibitor and insecticide used.

Species Sex Inhibitor (mg)? Insecticide (ng)®

PBO DEM DEF chlorpyrifos  A-cyhalothrin thiacloprid

Cydia pomonella  female 122.5 125 1.0 125.02 1.49 101.42
male 122.5 12.5 1.0 123.25 0.92 43.06

Grapholita molesta female 10.0 125 25 15.09 0.71 308.58
male 5.0 12.5 5.0 393.30 0.38 57.97

Lobesia botrana  female 10.0 5.0 25 12.83 0.49 3859.50
male 5.0 5.0 2.5 7.91 0.24 1163.07

a Highest concentration of inhibitor that did not produce significantly larger mortalities than solvent (N = 30, Fisher exact test).
A range of three to fifteen concentrations per inhibitor, species and sex, were used.
b Insecticide LCso (Navarro-Roldan et al. 2017)

Activity of detoxification enzyme families. Enzymatic activity was quantified by measuring the
quantity of artificial substrate that converted into product during the reaction time relative to the
protein content of the sample extract. Whole abdomens of G. molesta and L. botrana were used,
but in C. pomonella the anterior half of abdomen was used for the quantification of EST and

GST activities, and the posterior half for MFO. Abdomens were homogenized in the reaction
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solution (see below) in 1.5-ml eppendorf tubes held in ice. MFO analysis was performed in the
same day on fresh tissue and, whereas GST and EST samples were frozen (-80°C) and analysed
at once to reduce sampling error (Reyes 2007). The amount of product was determined by
absorbance (EST and GST) or fluorescence (MFO) using a microplate reader (Infinite 200,
Tecan, Mannedorf, Switzerland). After enzyme quantification, the total protein content of each
sample was measured using the Bradford colorimetric absorbance test, using bovine serum
albumin to build the standard curve (Bradford 1976). Before protein quantification, the samples
were diluted so that they fell within the range of the standard curves. C. pomonella female
samples were diluted 10-fold, L. botrana male samples were undiluted and the rest were diluted
5-fold.

Carboxylesterases (EST). Abdomens were homogenized in 110 pl of Hepes buffer (50 mM, pH
7) and centrifuged at 10000 g for 15 min at 4 °C, and supernatants were stored at -80 °C until
use. To measure total non-specific EST activity, 1 ul of supernatant or 1 pl of Hepes buffer (50
mM, pH 7.0) for blanks (3 wells) were placed in a transparent micro-plate (96-wells, Sterilin®,
Newport, UK) containing 194 ul of a-naphthyl acetate (a-NA) 30 uM substrate (Ulrich and
Weber 1972) in Hepes buffer (50 mM, pH 7.0). After 20 min of incubation at 30°C in darkness,
the reaction was stopped and coloured by adding 55 pl of 0.2 % Fast Garnet GBC diluted in 2.5
% sodium dodecyl sulphate. Absorbance of the reaction product (a-Naphtol) was meassured at
590 nm. EST activity was expressed as nmol a-Naphtol /min/mg of total protein using a standard

curve of a-Naphtol (0-18 nmoles/well). Between 55-59 insects per species and sex were used.

Glutathione S-Transferase (GST). The extracts were prepared as for EST and 2 pl of supernatant
or 2 ul of Hepes buffer (50 mM, pH 7.0) for blanks (3 wells) were placed in a transparent micro-
plate (96-wells, Sterilin®, Newport, UK) containing 198 ul of 4-dinitro-chlorobenzene (CDNB)
0.76 mM substrate (Nauen and Stumpf 2002) plus 2.52 mM glutathione (GSH) in Hepes buffer
(50 mM, pH 7). After 2 min of incubation at 25 °C absorbance of the reaction product (CDNB-
glutathione (GSH) conjugate) was measured at 340 nm in the kinetic mode (every 30 sec for 3
min). Since the CDNB-glutathione conjugate was not commercially available, we were unable to
build a standard curve, so we used the molar extinction coefficient (9.6 mM™* x cm™) of CDNB-
glutathione to convert absorbance in umol of CDNB-glutathione. The final specific activity was
expressed in pmol of CDNB-glutathione/min/mg of total protein extracted. Between 55-60

insects per species and sex were used.
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Mixed-Function Oxidase (MFQO). Abdomens were homogenised in of an incubation solution
containing 7-ethoxycoumarin O-deethylation (ECOD) (0.4 mM) substrate (Bouvier et al. 2002)
in Hepes buffer (50 mM, pH 7). Three blanks containing 100 pl of incubation solution were
used. After a 4-h incubation period at 30 °C the reaction was stopped with 100 pL of glycine
buffer (1.5 M, pH 10.3) and centrifuged at 10000 g for 5 min at room temperature. The
supernatant (approximately 200 ul) was placed in black microplates (96-wells, Corming
Costar®, New York, U.S). Fluorescence of the enzymatic product [7-hydroxycoumarin (7-HC)]
was quantified with 380 nm excitation and 465 nm emission filters. MFO activity was expressed
as pg of 7-HC/min/mg of total protein by using a standard curve of 7-HC (0.5-4.5 nmoles/well).

Between 57-60 insects per species and sex were used.

Effect of enzyme-inhibitors on the activity of detoxification enzymes. To determine the effect
of the enzyme-inhibitors on enzymatic activity, adults were treated with inhibitors and after
incubation the enzymatic activities were measured as in the previous tests. The incubation period
was 24 h for EST and GST (17-40 DEF and DEM-treated individuals respectively), and 1 h for
MFO (16-25 PBO-treated individuals). Because we observed no effect of PBO on MFO activity
1h after application (see Results), and time has been shown to play a role in enzymatic inhibition
(Young et al. 2005, 2006, Bingham et al. 2008), an additional test explored the effect of time
after inhibitor application on MFO activity in G. molesta and L. botrana (C. pomonella was not
available at the time of this test). The time intervals between inhibitor application and enzyme
activity quantification (i.e., incubation) for this test were 0, 0.5, 1, 2, 4, 12 and 16 h, and there

was an acetone control at 1 h (10-35 individuals per treatment).

Data analysis. All the statistical analyses were performed in R software (R Core Team 2016).
We used generalized linear models (GLM) with Gaussian family functions for continuous
variables (enzymatic activities), or binomial family functions for binomial variables (percentage
of mortality). The glht() and/or the predictmeans() functions performed Tukey’s multiple
pairwise ~ comparisons. Raw data and R  scripts are available online
(http://hdl.handle.net/10459.1/60223). Whenever the term "significant” is used in the text
regarding differences between treatments it indicates a p-value < 0.05.
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Results

Effect of enzyme-inhibitors on insecticide mortality. As expected, the enzyme-inhibitors alone
did not increase mortality compared with solvent alone (Table 2), which shows that the inhibitor
doses used were not toxic on themselves. DEF, the EST inhibitor, increased insecticide mortality
in all cases, except in L. botrana females and C. pomonella males treated with thiacloprid (Table
2). DEM synergized the three insecticides but only in G. molesta (except in females treated with
A-cyhalothrin). PBO had the same effect on the three species and both sexes: it synergized
thiacloprid, decreased the effect of chlorpyrifos, and did not affect A-cyhalothrin (except in G.
molesta females and L. botrana males).

Activity of detoxification enzyme families. EST, GST and MFO activities in abdominal
extracts of susceptible male and female C. pomonella, G. molesta and L. botrana are shown in
Figure 1. In general, L. botrana females had significantly higher levels of the three enzymes than
any other insect group, except L. botrana males for EST and G. molesta males and females for
GST. The only sex-differences observed were higher GST and MFO levels in L. botrana females
than in males. EST activity was significant higher in C. pomonella than in G. molesta, whereas
the opposite was in true for GST activity. MFO activity was significantly higher in L. botrana
females than in any other group, up to 5.3 times higher than in C. pomonella females. In
addition, MFO activity in L. botrana and G. molesta males was significantly higher than in C.

pomonella males.

Effect of enzyme-inhibitors on the activity of detoxification enzymes. DEF inhibited EST
activity in both sexes of the three species (up to 15.75-fold in L. botrana males), whereas DEM
increased GST activity in G. molesta males (i.e., induction), and PBO did not have any effect on
MFO activity (Table 3). A significant reduction of MFO activity was obtained 4 h after PBO
treatment in G. molesta females, which was not significant different from control at 1 h, whereas
in G. molesta males activity was significant reduced from 4-h onwards (Figure 2). Interestingly,
MFO activity increased significantly with time in L. botrana (i.e., induction). In both sexes the
effect started to be different at 12-h post-treatment. In males there was a 9.5-fold increase at 16-h

after treatment (Figure 2).
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Table 2. Mortality (%) of adult males and females of C. pomonella, G. molesta and L. botrana

24 h after treated with solvent acetone or insecticide (chlorpyrifos, A-cyhalothrin or thiacloprid),

with and without detoxification enzyme inhibitors (DEF, DEM and PBO). P-values indicate the

difference between the treatment with enzyme inhibitor (columns 2, 4 and 6) and the treatments

without enzyme inhibitor (column 1). (Tukey, after GLM).

Female species  Insecticide Inhibitor
no inhibitor DEF  p-value DEM p-value PBO p-value
no insecticide 1.67 1.67 1.000 1.67 1.000 11.67 0.215
C. pomonella chlorpyrifos 46.67 88.33  <0.001 58.33 0.547 11.67 <0.001
A-cyhalothrin 33.33 65.00  0.003 28.33  0.927 16.67  0.148
thiacloprid 28.33 53.33  0.026 38.33  0.626 100.00 <0.001
no insecticide 0.00 3.33 1.000 11.67 1.000 3.33 1.000
G. molesta chlorpyrifos 45.00 100.00 <0.001 95.00 <0.001 15.00  0.002
A-cyhalothrin 56.67 83.33  0.007 76.67  0.076 82.86  0.005
thiacloprid 41.67 95.00 <0.001 80.00 <0.001 100.00 <0.001
no insecticide 1.74 6.67 0.371 1.67  1.000 0.00  1.000
L. botrana chlorpyrifos 68.33 98.33  0.007 80.00 0.444 8.33  <0.001
A-cyhalothrin 60.00 93.33 <0.001 45,00 0.330 76.67  0.165
thiacloprid 41.67 48.33  0.876 48.33  0.872 83.33  <0.001

Male species Insecticide Inhibitor
no inhibitor DEF  p-value DEM p-value PBO p-value
no insecticide 0.00 0.00 1.000 3.33 1.000 7.69 1.000
C. pomonella chlorpyrifos 40.00 80.00 <0.001 50.00 0.636 8.33 <0.001
A-cyhalothrin 28.33 58.33  0.004 21.67  0.801 18.33  0.519
thiacloprid 18.33 25.00 0.773 23.33  0.887 100.00 <0.001
no insecticide 0.00 6.67 1.000 11.67  1.000 8.33  1.000
G. molesta chlorpyrifos 48.33 100.00 <0.001 86.67  <0.001 5.00 <0.001
A-cyhalothrin 55.00 98.33  <0.001 78.33  0.028 75.00  0.080
thiacloprid 40.00 91.67 <0.001 71.67  0.002 95.00 <0.001
no insecticide 0.00 14.29 1.000 0.00  1.000 571  1.000
L. botrana chlorpyrifos 68.33 100.00 0.005 75.00 0.817 10.00 <0.001
A-cyhalothrin 41.67 96.67 <0.001 4500 0.978 65.00  0.040
thiacloprid 43.33 96.67 <0.001 48.33  0.933 98.33  <0.001
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Figure 1. EST, GST and MFO
enzymatic  activities in  the
abdomens of adult C. pomonella,
G. molesta and L. botrana from
susceptible  laboratory  strains.
Different letters indicate significant
differences among bars for each
enzymatic activity group (P<0.05,
Tukey after GLM).
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Table 3. EST, GST and MFO activities on adult abdomens of susceptible male and female C. pomonella, G. molesta and L. botrana adults, after
application of DEF (24h), DEM (24h) and PBO (1h), respectively. P-values indicate differences between inhibitor-treated and control for each
group (Tukey, after GLM).

Species Sex Inhibitor 2 EST?® GSTP MFO P
mean + SEM (n) p-value ratio® mean + SEM (n) p-value ratio ¢ mean + SEM (n) p-value ratio ©
female ) 566.38 + 79.90 (39) <0.001 7.76 2924.76 +£1161.37 (40) 0.652 131 27.85+ 2.37(20) 0.880 1.02
C. pomonella female +) 72.95 + 13.41 (24) 224050 + 415.71 (24) 27.33+ 2.70 (20)
' male ) 295.97 +58.25 (38) 0.002 4.37 1131.72 + 112.39 (38) 0.104 0.71 1942+ 1.23(20) 0.083 0.85
male +) 67.76 £ 19.94 (24) 1591.70 + 313.08 (25) 22.78 + 1.56 (20)
female ) 136.19 +23.13 (20) <0.001 2.78 317473 £ 377.19 (20) 0.859 1.03 4447+ 329 (20) 0.728 0.97
G. molesta female ) 49.01 + 6.36 (20) 3095.28 + 261.08 (20) 45.87 + 2.54 (21)
’ male ) 111.81 + 25.35 (20) 0.004 3.63 1657.23 + 482.40 (20) 0.006 0.46 56.68 + 7.29 (16) 0.108 1.29
male (+) 30.76 + 7.89 (17) 3597.35 + 531.96 (20) 43.84+ 4.51(20)
female ) 314.06 £ 69.92 (20) <0.001 7.43 247793 £ 450.56 (20) 0.395 1.18 129.90 +16.31 (20)  0.909 1.02
L botrana female G 42.26 + 5.34 (20) 2093.99 + 105.33 (20) 127.44 £ 14.85 (25)
' male ) 394.87 £43.11 (20) <0.001 15.75 1683.82+ 97.47 (20) 0.264 0.89 87.83+£20.11(24) 0.663 0.86
male (+) 25.07+ 3.57 (18) 1900.70 + 158.98 (25) 102.20 + 28.10 (20)

2 (-) Control treatment (only with acetone), (+) Inhibitor treatment DEF, DEM or PBO for EST, GST and MFO, respectively.
b Enzymatic activities expressed in: EST (nmol a-naphtol/min/mg protein), GST (umol of CDNB-GS/min/mg protein), and MFO (pg of 7-HC/min/mg protein).
¢ Enzymatic activity inhibition ratio control/inhibitor treatment.

73



CHAPTER 2

Figure 2. Effect of time after application of PBO on MFO enzymatic activity in the abdomens of adult G. molesta and L.

laboratory strains. Different letters indicate significant differences among groups (P<0.05, Tukey after GLM).

74

pg 7THC/min/mg prot,(mean + SEM)

70

60

50

40

30

20

10

70

60

50

40

30

20

10

Female

ab

G. molesta

1250

1000

ab 750

500

250

Male

ab

1250

1000

750

500

250

T
Control 1h

Oh

0.5h 1h 2h 4h 12h 16h

Time after PBO application

Female

L. botrana

Male

C

]

Control 1h

0.5h 1h

botrana from susceptible

12h 16h



DETOXIFICATION STRATEGIES

Discussion

The main aim of our study was to determine the metabolic mechanisms involved in insecticide
detoxification in three tortricid moth pest. Mortality of individuals treated simultaneously with
enzyme-inhibitors and insecticides showed that EST plays a general role in detoxification, acting
on the three insecticides and on both sexes of the three moth species. This non-specific action of
the EST enzymatic family has been reported in other pest species. For example, EST is able to
sequester several xenobiotic molecules in Myzus persicae (Sulzer), thus preventing contact of the
insecticide with its molecular target, and so conferring resistance to a broad spectrum of
insecticides (Devonshire and Moores 1982). The wide action of EST suggests that it is a cost-
effective mechanism easily adopted by several insect species. Gene amplification is an important
mechanism for EST regulation in insects (Hemingway 2000), and its significance was
demonstrated in Aedes aegypti L., in which up to 41 genes exhibiting gene amplification were
linked to resistance to the pyrethroid deltamethrin (Faucon et al. 2015). The adaptability of EST
in our test insects is limited by its relatively moderate level of resistance in comparison with
MFO. However, it must be kept in mind that we used susceptible insect strains with a baseline
resistance level, and so the enzyme activity levels may be different in populations under

insecticide pressure.

The mortality tests also showed that phase | enzymatic activities (EST and MFO) were involved
in detoxification in the three species and both sexes, whereas phase Il enzymes (GST) were
important only in G. molesta. We reviewed 92 cases of detoxification mechanisms in
Lepidoptera and found that GST are involved in only 36 % of the cases, whereas EST and MFO
are involved in 63 % and 64 % of the cases, respectively, so the GST enzymatic family appears
to be less relevant in insecticide detoxification than the other two enzyme families. It is
interesting, though, that in our enzymatic activity test with inhibitor-treated insects, the activity
of GST in G. molesta was enhanced with the application of DEM, whereas the opposite was
expected given that in mortality bioassays with insecticide plus enzyme-inhibitors the application
of DEM increased the insecticide susceptibility in this species. The increase in detoxification
activity in response to environmental stressors such as plant compounds, insecticides and
herbicides, corresponds to an increase in enzyme production termed induction that is responsible,
at least in part, for host-plant selection and selective toxicity or resistance development to
insecticides (Terriere 1984, Yang et al. 2001, Yu 2004, Després et al. 2007, Poupardin et al.
2008). For example, dose-dependent enzymatic activity induction (and inhibition) by insecticides
has been shown in Plutella xylostella (L.) (Deng et al. 2016), and C. pomonella (Parra-Morales

et al. 2017), both treated with the organophosphate chlorpyrifos. Induction of enzymatic
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activities by an enzymatic inhibitor was also observed in Drosophila melanogaster (Meigen)
(Willoughby et al. 2007).

MFO showed more diverse effects than the other two enzymatic families. It had a relatively
higher impact than EST in detoxification of thiacloprid, whereas its involvement in the
detoxification of A-cyhalothrin was relative small. In the case of chlorpyrifos, PBO reduced
mortality in the three species and both sexes, which was unexpected. This suggests that MFO
increases the activity of chlorpyrifos, a phenomenon known as bio-activation, which has been
described for organophosphates (Feyereisen 1999). The complex chemical reactions of MFO can
lead to both insecticide bio-activation, as we have observed, or to detoxification (Levi et al.
1988), as in honeybees (lwasa et al. 2004). Studies in several insect families reveal target-site
mutation and MFO as predominant mechanisms on insecticide resistance (Bass et al. 2015). The
innovative part of our results is the non-specificity of MFO for sex or species, but its specificity
for thiacloprid.

In a previous study (Navarro-Roldan et al. 2017), we reported significant differences in mortality
(LDsp) across insecticides (maximum 7,800-fold), species (maximum 115-fold), and sexes
(maximum 41.5-fold), and so one objective of the present study was to determine if
detoxification-enzyme activity levels could explain some of those differences. In order to
determine if there is an association between enzymatic activity levels and mortality, we
calculated for each enzyme family and insecticide, the correlation between the LDsos of the three
species and two sexes (Navarro-Roldan et al. 2017), and the enzymatic activity reported in this
study. Of the nine regressions, only thiacloprid and MFO activity showed a significant
relationship (R? = 0.90. Figure 3), which implies that MFO is the main mechanism of thiacloprid
detoxification in these species. The highest MFO activity was for L. botrana females, which was
also the most tolerant group to thiacloprid (Navarro-Roldan et al. 2017). A significant role of
MFO in detoxification of thiacloprid has also been reported in C. pomonella adults (Reyes et al.
2007), and in combination with EST in the larvae (Isci and Ay 2017). The lack of correlation
between enzymatic activity and mortality for the other insecticides and enzyme families may be
due to a lower insecticide specificity and multiple target sites of the enzymatic groups, which

would result in mutual interactions (Ahmad and Hollingworth 2004).

One unexpected finding from our previous study was a lower male than female susceptibility to

the organophosphate insecticide chlorpyrifos (Navarro-Roldan et al. 2017). The expected pattern
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Figure 3. Correlation between thiacloprid LDso (ng of insecticide per mg of adult insect dry
weight) (Navarro-Roldan et al. 2017) and MFO activity of acetone-treated individuals (Table 3).

C.p: Cydia pomonella; G.m: Grapholita molesta; L.b: Lobesia botrana.
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was higher male susceptibility, because males are smaller than females, and this occurred with
the other two insecticides. Lower male susceptibility to chlorpyrifos happened in the three moth
species, and we wondered if detoxification enzymes could explain it. Shearer and Usmani (2001)
reported higher female susceptibility to organophosphates in G. molesta. In a follow-up study, de
Lame et al. (2001) reported that the larger tolerance of males may be linked to the larger
acetylcholinesterase (AChE) and general EST activity levels in males than in females, which
also may counteract the higher male AChE sensitivity to organophosphates. In contrast, we did
not find significant differences in EST activity levels between sexes in our study, although a
similar procedure was used in both studies. Our European laboratory strain was reared in
artificial diet for more than 5 years without reintroduction of wild individuals, whereas the North
American rearing (de Lame et al. 2001, Shearer and Usmani 2001) consist of less than three
year-old colonies reared in green apples, so these two colonies may have slight differences in
their detoxification enzyme systems. In addition to higher EST activity de Lame et al. (2001)
proposed simultaneous involvement of other metabolic enzymatic families, and lower bio-
activation by MFO of P=S compounds into the AChE-inhibitory P=0 analogs in males to

explain sex differences.
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The efficacy of synergist-insecticide application is partially dependent upon pretreatment time,
as in the case of PBO on pyrethroids in Helicoverpa armigera (Hubner) (Young et al. 2005,
2006) and Bemisia tabaci (Gennadius) (Young et al. 2006), PBO on carbamates in M. persicae
and Aphis gossypii (Glover), and PBO on neonicotinoids in B. tabaci (Bingham et al. 2008).
Because in the MFO-activity test, which showed no effect, we measured enzymatic activity only
1-h post-inhibitor treatment, whereas in the tests with the other two enzymes we left a 24-h
incubation period, we explored if time after inhibitor application had an effect on the activity of
PBO on MFO. In G. molesta there was limited inhibition 4 h post-exposure, but in L. botrana
MFO activity increased up to 9.5 times after 16 hours of PBO application in males. Because the
effect appeared after several hours, it suggests a biological rather than a chemical reaction,
maybe due to a gene induction, as in the 32-fold induction of the Cyp6A2 gene and other MFO
genes by PBO in D. melanogaster (Willoughby et al. 2007). These results could explain the lack
of inhibitor effect in our first enzyme inhibition test. Interestingly, the changes in enzymatic
activity across time revealed sex differences, like the inhibition after 4 h in G. molesta males and
no effect in females, as well as different enzymatic activity between males and females of L.
botrana, that may lead the way towards understanding of the sex differences in insecticide

susceptibility reported previously (Navarro-Roldan et al. 2017).

Conclusion

Our comparative study shows specificity of detoxification enzymes, where GST was specific of
G. molesta and MFO was specific for thiacloprid. The positive correlation between MFO activity
and LDso explains species-specific differences in susceptibility to thiacloprid reported previously
(Navarro-Roldan et al. 2017). However, the sex differences reported cannot be explained with
the enzymatic-activity results of the present study. Sex differences in enzymatic inhibition and
induction observed in the kinetic experiment could help explain sex differences of insecticide
susceptibility, but further kinetic investigations are needed that include the three species and the
three enzyme inhibitors. We suggest the use of kinetic enzymatic inhibition assays in order to
fully understand inhibitor-enzyme dynamics. Careful considerations must be given if enzymatic-
inhibition want to be considered as insecticide synergist pre-treatments under field conditions
because the presence of many “metabolic enzyme-inducers” (i.e., Terriere 1984, Yang et al.
2001, Yu 2004, Despres et al. 2007, Poupardin et al. 2008, Xie et al. 2011, Deng et al. 2016,
Parra-Morales et al. 2017), could influence the insect’s metabolic enzyme status in susceptible

strain, like the ones we used in our assays. Our findings of enzymatic induction raise the
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important question of the use of enzyme-inhibitors in agriculture, exploring the way to replace
unspecific inhibitors by more specialised ones, i.e., CYP6 gene-family of MFO.
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