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Summary and outline of this thesis

Aegorhinus superciliosus (Guérin) and Aegorhinus nodipennis (Hope) (Coleoptera:
Curculionidae) are two native insects of southenieC They are the main pests associated
with European hazelnu@orylus avellana L. (Betulaceae) and currently, the used control
methods show limited effectiveness. The main ohjecdf this thesis was to evaluate a
new alternative for controlling these pests. HemeeChapter | the characteristics of both
weevils and their hosts were described. In addititre main control methods were
reviewed with special emphasis on the use of eiséenls (EOs) as repellent and attractant
substances of insects. According to the literatev@ewed, there is evidence on bioactivity
of the EOs suggesting their potential use as altem methods for the control di.

superciliosus andA. nodipennis.

In Chapter Il, the repellent activity elicited Bchillea millefolium (yarrow) EO onA.
nodipennis was described. Gas chromatography coupled witls m@sctrometer was used
for the analysis of yarrow EO. Eleven compoundseweentified; being-thujone (96.2%)
the main component. This monoterpene exhibitegallent activity againsf. nodipennis

at the highest doses tested (285.7 ngfcm

In Chapter Ill, we proved th&. nodipennis showed electroantennographic activity elicited

by thujone at 285.7 ng/cinsupporting the behavioral bioassays showed pusisio

In Chapter 1V, we found that tHeuta chalepensis (rue) EO elicited a repellent effect from

both sexes of. superciliosus when high doses were tested. However, when deogetse



concentration of the oil (285.7 ng/@monly females were repelled. These results atow

suggest that rue EO could be considered as a piteapellent agent to reduce the
infestation of this weevil. In addition, nine comymals were identified through GC-MS
analysis and two ketones-type compounds; 2-nonaanode2-undecanone were the main

components of the ail.

In Chapter V, we reported th&ucalyptus spp. (eucalyptus) EO was attractant for both
sexes of thé\. superciliosus, wheread-oeniculum vulgare (fennel) EO was only attractant
for female weevil. In addition, the main compoumdghese oils, eucalyptol (63.6%) and
anethole (50.8%) respectively, were attractant foe A. superciliosus females.
Subsequently, EAG response of weevils suggestadttsacurculionid has physiological

structures, such as specific receptor for dete¢tinge compounds.

In Chapter VI, we presented a general discussidahisfthesis, including all chapters and
appendix with complementary graphics of the stadiging concluding remarks and future

directions of the thesis.



Resumen

Aegorhinus superciliosus (Guérin) y Aegorhinus nodipennis (Hope) (Coleoptera:
Curculionidae) son dos insectos nativos del su€lige. Ellos son las principales plagas
asociadas con el avellano europ@arylus avellana L. (Betulaceae) y actualmente, los
métodos de control utilizados muestran una limitafdectividad. El principal objetivo de
esta tesis fue evaluar una nueva alternativa paraadar estas plagas. Por lo tanto, en el
Capitulo | se describen las caracteristicas de ambiojos y sus hospederos. Ademas, los
principales métodos de control fueron revisados especial énfasis sobre el uso de los
aceites esenciales (AEs) como substancias repglgragactantes de insectos. De acuerdo
a la literatura revisada, existe evidencia sobrbitactividad de los AEs, sugiriendo su
potencial uso como un método alternativo para eltrob de A. superciliosus y A.

nodipennis.

En el Capitulo I, se describe la actividad repeelicitada por el AE déichillea
millefolium (milenrama) sobreA. nodipennis. Cromatografia gaseosa acoplada a
espectrometria de masa (CG-EM) fue utilizada phenalisis del AE de milenrama. Se
identificaron once compuestos, sienglthujone (96,2%) el principal componente. Este
monoterpeno exhibié actividad repelente codtraodipennis a la mas alta dosis testeada

(285,7 ng/crf).

En el Capitulo Ill, demostramos que nodipennis tuvo actividad electroantenografica
elicitada por tujona a 285,7 ng/gmmeafirmando los resultados previamente obtenéps

bioensayos conductuales.



En el Capitulo 1V, reportamos que el AE BReta chalepensis (ruda) elicité un efecto
repelente sobre ambos sexosAdeuperciliosus cuando altas dosis fueron evaluadas. Sin
embargo, cuando se disminuyo la concentraciénadilea(285,7 ng/cA), solo las hembras
fueron repelidas. Estos resultados permiten sugprg el AE de ruda podria ser
considerado como un potencial agente repelenterpduir la infestacion de este gorgojo.
Ademas, fueron identificados nueve compuestos eegralel andlisis CG-EM y dos
compuestos del tipo cetonas; 2-nonanona y 2-undeearfueron los principales

componentes del aceite.

En el Capitulo V, nosotros reportamos que el AEEdealyptus spp. (eucalipto) fue
atractante para ambos sexosAdesuperciliosus, mientras el AE dd-oeniculum vulgare
(hinojo) solo fue atractante para hembras. Aderu&sprincipales compuestos de estos
aceites, eucaliptol (63,6%) y anetol (50,8%) respamente, fueron atractantes para las
hembras deA. superciliosus. Subsecuentemente, la respuesta de EAG de los gsergoj
sugiere que estos curculionidos presentan estascfigiologicas, tales como receptores

especificos para la deteccidn de estos compuestos.

En el Capitulo VI, nosotros presentamos una disougeneral de esta tesis, incluyendo
todos los capitulos y apéndices con graficos comghearios del estudio, ademas de

conclusiones generales y futuras perspectivas @sik

Vi
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CHAPTER |

General Introduction



General Introduction

The European hazelnu€d¢rylus avellana L.) (Fagales: Betulaceae) is one of the
species which has become an alternative to traditiorops in Chile. It is native from
Mesopotamy (modern Iran, Iraq and Turkey) and waoduced into Chile in the mid-
nineteenth century by European immigrants (ElI&@0). During the nineteen nineties,
the Instituto Nacional de Investigacion AgropecaafiiNIA) Carillanca introduced
commercial varieties in order to know their adapiigito the Chilean soils, pointing to the
cv. Barcelona as the pioneer variety for experimeatehards and then, as the variety for

future commercial orchards (Aguilera, 2005).

The European hazelnut is consumed all over thedywadt only as a fruit but also
in a diversity of manufactured food products. Hamelhas found its way into non-
traditional foods, such as snacks, chocolatesatssreauce, ice creams and other dessert
formulations due to the recognition of its nutnité properties, because of its special
composition of fat (around 60%), most of which arghly rich in monounsaturated fatty
acids (mainly oleic acid), protein, carbohydratéetaly fiber, vitamins (vitamin E),
minerals, phytosterols (mainlg-sitosterol), squalene and antioxidant phenols €0ud
and Akinci, 2004; Amaral et al., 2006; Alasalvaaét 2003, 2006). These phytochemicals
and phenolic compounds provide protection agaiasmful effects of oxidative stress,
caused namely by free radicals, and are also kitoweduce risks of certain type of cancer

(Proestos et al., 2005; Oliveira et al., 2008).



In relative to the market in our country, the Centte Comercio Internacional
(CCl), indicated that Chile is in the third place@g major exporters of hazelnuts with
shell, after the United States of America and Chimdth income margins of USD 131
million in 2011 (Bravo, 2013). Hazelnut market prats an opportunity for Chile as a
producer and exporter due to low production cos$tswt and little competition in the
Hazelnut market with shell (Gritsko, 2014). Withime comparative advantages which
this fruit tree has in Chile, the off-season prdducon the main importer markets (Turkey,
Italy and the United States of America) makes #piscies be a highly viable alternative to
domestic farmers (Grau, 2007). Currently thereraoee than 10,000 hectares of hazelnut
growing in the country, from Region del Maule togite de Los Lagos, with exponential
rates of planting (Cruzat, 2010). If Chile contiauevith this policy of product
commercialization with shell and considering ther@ase in cultivated area, our country

could lead world exports of hazelnuts with sheliia medium term (Bravo, 2013).

With respect to the disadvantages of establish suchards, the increase of the
plantings has provoked a habitat change favorabledtive weevils, such a&egorhinus
superciliosus and Aegorhinus nodipennis, which had before as hosts, shrubs and native
trees typical of southern Chile (Aguilera, 1995udies about the phytochemistry of plant
species indicate that compounds emitted by thepke used by other organisms, such as
insects in their reproductive interactions and heirt host location process (Wadhams,
1992). Hueichapan (2011) suggested that host totadiehaviour byA. nodipennis is

mediated in part by volatile semiochemicals reldasg the European hazelnut. In their

Centro de Comercio Internacional (CCI)



chemical identification compounds belonging to eli&nt chemical groups were observed,
such as; alkenes (4.12%), alkanes (29.90%), catbmmpounds (18.56%), green leaf
volatiles (GLV) (7.22%), terpenes (14.43%), aromatompounds (8.25%), halogenides
(3.09%), hydroperoxide (3.09%), alcohols (3.09%ihees (1.03%), phenol (2.06%),
amines (2.06%) and carboxylic acid (1.03%), manywvbfch can establish interspecific
interactions.Some examples show that GLV enhance aggregationomioae of boll
weevil, Anthonomus grandis (Coleoptera: Curculionidae) (Dickens, 1989) ot tie@penes
can act as potential kairomones for the redbay asmorbeetle Xyleborus glabratus

(Coleoptera: Curculionidae) (Niogret et al., 2011).

A. superciliosus (Guérin) (Fig. 1A) andA. nodipennis (Hope) (Fig. 1B)
(Coleoptera: Curculionidae: Aterpinae) are two pbytagous native insects of Southern
Cone of America. In ChiléA. superciliosus is distributed from Regién del Maule to Region
de Los Lagos and\. nodipennis from the Regién del Maule to Regidon de Aysén del
General Carlos Ibafiez del Campo, whereas in Anggnitioth insects have been reported in

the province of Neuquén (Aguilera et al., 2011;aawet al., 2011).

Figure 1. A) Aegorhinus superciliosus (Guérin) andB) Aegorhinus nodipennis (Hope)

adults.



The morphology of these insects is divided intorfetages, represented as egg,
larval, pupal and adult. In the first three stadexh insects exhibit similar morphological
characteristics. The eggs are ovoid, pale yello& @mout 1 mm in size; their larvae are
white and apodous, with sclerotized heads and galvgws, which pierce the roots of
plants. Pupae are creamy white and exarate (AgueiRebolledo, 2001; Parra et al.,
2009a; Aguilera et al., 2011). The superciliosus adults are dark gray to black and their
body is of rugged texture with leg treadmills of @®n long each. The head is spherical,
with sunken front and convex eyes. The mouthpadsaathe apex of the rostrum and the
jaws are articulated up and down. Their size isvbet 1 and 1.7 cm long (Aguilera, 1988;
Cisternas et al., 2000; Parra et al., 2009a). ércdse oA. nodipennis, the adults are matte
black, and have a rectangular body, with white escan the sides up to the first pair of
legs. They have white scaly patches or violet tughe apical part of the femurs. Their
elongated body ranges from 1.80 cm long and 0.60wede, and it also has legs of

treadmill type (Aguilera et al., 2011).

With respect to their feeding habits, they areilsinfor both weevils in hazelnut
tree. Larvae produce galleries in the main rootreaak of their host, damage that is visible
in summer with yellowing leaves and early defobatiof branches (Figure 2 A, B). When
spring begins, adults emerge and rise to the tdpeofree to feed with green twigs and bark
of the year, causing a drill which provokes thealkdown of the twigs due to summer
winds (Figure 2 C, E). Then, when leaves fall,ddalts feed on the catkins (Figure 2 D, F)
(Aguilera, 2005). TheA. superciliosus adults can be found from October to March,
although their presence is reported during the wlyehlr. Larvae remain in their host from

March to December, being the longest stage ofrikect (86% of their life cycle). In the

5



case ofA. nodipennis, its biological cycle has not been reported (Agna] 2005; Aguilera

et al., 2011).

Figure 2. A) Damage of larvae in root of hazelnut B) hazelnee defoliated in summer,
C) damage ofA. superciliosus adults in bud of hazelnut, D) damage Aofsuperciliosus
adults in catkins of hazelnut, E) damageAohodipennis adults in bud of hazelnhut and F)

damage of\. nodipennis adults in catkins of hazelnut.

Currently, the main control method for these wiseid guided towards the adult
stage of the insects applying insecticides of cadia family, such as carbofuran and

carbaryl (Carrillo, 1993) and of the organophosph&éamily, such as diazinon and
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azinfosmetil (Aguilera, 1988; Guerrero & Aguilerh989). However, these insecticides
have no action on the larval stage, which remaimderground in the roots (Aguilera,
1995). The use of the same products applied.auperciliosus has been suggested #r

nodipennis (Aguilera et al., 2011).

These insecticides can enter into the body ofitisects through inhalation of
vapors, gastrointestinal absorption and penetratitmmough the cuticle and mucous
membranes (Badii & Varela, 2008) having their toxation at synaptic level, inhibiting the
acetylcholinesterase activity (Legaspy, 1986). &dvstudies report the high risks on
human health and the mammals of this type of ingdes. With respect to their effects on
the environment, their half-life in the soil is 60 to 90 days, affecting water resources,
beneficial insects, such as bees and produce essidn harvested fruit (Alpuche, 1990;
Parra et al., 2009). Moreover, Roush & McKenzie 8)9 indicated that resistance
development is given by loss of pesticide effectess, which entails increased application

frequencies, dosage and costs.

On the other hand, alternative methods such asdiaall, natural and mechanical
control have been described for thegorhinus species control. However, their use presents
diverse inconveniences. There is a limited actiothé biological control, because of biotic
and abiotic factors (France et al., 2000). In tlaural control there are a few natural
enemies (Carrillo, 1993) and the mechanical conmquires a high demand of manpower
(Aguilera, 1995), indicating the chemical contrel the most effective method to control

these insects. To deal with this situation it isgssary to seek control alternatives that lead



to an integrated pest management (MIP) throughymtsdf natural origin that do not harm

other species, being highly specific and biodedvala the environment.

Natural products are an alternative to synthetistipeles as a means to reduce
negative impacts to human health and the envirobrfisman & Machial, 2006). Many
essential oils have shown a broad spectrum of igctagainst pest insects and are
recognized as an important natural source of pdesic Similar to the synthetic
insecticides, the compounds of the essential oisteheir activities through neurotoxic
effects involving several mechanisms of action (Redf-Roger et al., 2012). Therefore,
this is a real alternative for insect control ameit rapid degradation and specificity,
favoring benefic insects and the environment (Ribmet al., 1993). According to
literature, the biopesticidal potential of essdniiks is associated with plants of Myrtaceae,
Lamiaceae, Asteraceae, Apiaceae and Rutaceaedsmilhich have been focus of research
against specific insects of Lepidoptera, ColeoptBiptera, Isoptera and Hemiptera orders

(Tripathi et al., 2009).

Repellency and attraction are two biological prtipsrelicited by essential oils,
where the term repellent corresponds to substatiwgsact locally or at a distance,
deterring an insect from flying to, landing on atifg human or animal skin whereas the
term attractant corresponds to a positive displa¢rmovement of the receptor organism
(Sendi & Ebadollahi, 2014). For this study, we stdd six non-host plant essential oils of
both weevils that grown in the Regién de La Arad@achile. These species have been
reported by their repellent or attractant propsriie other pest insects, besides, in their

chemical composition, they have bioactive compoufotsAegorhinus spp. Eucalyptus

8



essential oils have been described as naturatpksti(Batish et al., 2008) and as attractant
to Anastrepha ludens (Diptera: Tephritidae) (Robacker, 2007). Similatilge Foeniculum
vulgare oil was repellent toAedes aegypti (Diptera: Culicidae) (Kim et al., 2002) and
attractive toA. ludens (Robacker, 2007), whereaghymus wulgaris, Ruta chalepensis,
Achillea millefolium and Peumus boldus essential oils were repellent and insecticides on
Lasioderma serricorne (Coleoptera: Anobiidae) (Hori, 2003)\edes albopictus (Diptera:
Culicidae) (Conti et al., 2013A. aegypti (Thorsell et al., 1998) anfitophilus zeamais
(Coleoptera: Curculionidae) (Betancur et al., 20i€3pectively. Thus, in the present thesis
we focused on the repellent and attractant praggseidf non-host plant essential oils of
Aegorhinus spp. outlined above, with the purpose of detemgnif they may interfere
effectively in the behavior oA. nodipennis and A. superciliosus, as an alternative of

monitoring and controlling these insects (Koul let2008).



Hypothesis and research objectives

Hypothesis
The use of essential oils and pure compounds eblabm non-host plants d@fegorhinus

spp. is a potential alternative for monitoring awahtrolling these weevils.

Research objectives
General objective
To evaluate the attractant or repellent activityes$ential oils and pure compounds from

non-host plants oAegorhinus spp. in laboratory bioassays

Specific objectives
To identify essential oils and pure compounds taligi a better attractant effect on

Aegorhinus spp. in laboratory bioassays

To identify essential oils and pure compounds taligia repellent effect akegorhinus spp.

in laboratory bioassays

10



CHAPTER I

Repellent Effect and Metabolite Volatile Profile ofthe Essential Oil of
Achillea millefolium Against Aegorhinus nodipennigHope) (Coleoptera:
Curculionidae)

Published in Neotropical Entomology (2015) 44 (3): 279-285.
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Repellent Effect and Metabolite Volatile Profile ofthe Essential Oil ofAchillea

millefolium Against Aegorhinus nodipennigHope) (Coleoptera: Curculionidae)

J Tampe?, L Parra, K Huaiquilt, A Mutis*, and A Quiroz
Laboratorio de Quimica Ecoldgica, Departamento idéaclas Quimicas y Recursos
Naturales, Universidad de La Frontera, Temuco,eChil
’Programa de Doctorado en Ciencias de Recursosd\egutniversidad de La Frontera,

Casilla 54-D. Temuco, Chile.

Abstract

Aegorhinus nodipennis (Hope) (Coleoptera: Curculionidae) is an importaative pest in
fruit crops that is mainly found in European hamelfields in the south of Chile. We
investigated the behavioral responsedohodipennis to volatile compounds released from
the essential oil ofAchillea millefolium and its main constituent using olfactometric
bioassays. Gas chromatographic and mass spec#igsinof theA. millefolium essential
oil revealed the presence of 11 compounds. Monetezf-thujone (96.2%) was the main
component of the oil. Other compounds identifiedevethujone, 1,8-cineoley-cymene,
and 4-terpineol, all with percentages below 1%.hBat millefolium essential oil and
thujone exhibited a repellent activity against timsect at higher doses tested (285.7

ng/cnf), demonstrating their potential as repellentsties species.

Key words: Achillea millefolium, essential oil, repellendegorhinus nodipennis.
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Introduction

Aegorhinus nodipennis (Hope) (Coleoptera: Curculionidae) is a polyphagaeevil
that is native to South America and is one of tiree main fruit pests in Chile, following
Aegorhinus phaleratus (Erichson) andAegorhinus superciliosus (Guérin) (Zavala et al.,
2011). This insect is associated with many vegggaties, such ddothofagus dombeyi (its
main host native)Nothofagus pumilio, andNothofagus obliqua (Fagales: Nothofagaceae).
In addition, the weevil successfully colonizes anluced species, such Bstula pendula
andCorylus avellana (Fagales: Betulaceae), with the latter being itsnnratroduced host
plant (Klein & Waterhouse, 2000; Aguilera et alQ12). Adult female weevils oviposit
near the neck of the host tree, mainly under thlessoface. Thus, neonates move to the
root system, drilling into the main root, formingligries and severely damaging their host,
which can lead to plant death. Next, the larvaeective galleries with sawdust and feces to
complete their pupal development. Once adults eepehgy feed on the leaves and shoots
of the season, thereby affecting vegetal growthu{lsga et al.,, 2011). So far, the
application of synthetic insecticides (organophaées and carbamates) has not been able
to prevent the damage caused by these weevilsa(Btal., 2009a). Moreover, the use of
insecticides involves the selection of resistangydations, environmental problems, health
risks, and residues on harvested fruits (Pimental. 1992; Prabakar & Jebanesan, 2004).
Thus, new methods based on the use of essena(E®s) have been considered as an
alternative that can contribute to the reductiothef pest population because they are safer
to use, ecofriendly, biodegradable, and more -coimipatwith the environmental

components than conventional pesticides (Kali@.e2013).
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Essential oils are complex mixtures of volatilgamic compounds that are classified
as secondary metabolites in plants (Guenter, 19n2@eneral, a large number of EOs
extracted from different plant families have be@emdnstrated to exhibit high repellency
against several arthropod species (Isman, 200@rissnMachial, 2006), especially stored
grain insects (Coleoptera) (Nerio et al., 2009, ®@0licciardello et al., 2013; Olivero-
Verbel et al., 2013). In this context, tAehillea genus, with over 120 species described, is
one of the most important members of the familyefateae. Species of this genus have
been widely used in folk medicine due to their ethpharmacology and phytochemical

properties, mainly in species of thellefolium group, such aachillea millefolium (L.).

Commonly referred to as yarrowh. millefolium is widespread in the Northern
Hemisphere as well as in South American counttre€hile, this species inhabits the area
from the Region Metropolitana to the Region de Mlagas. Achillea millefolium EOs
have been intensively studied (Nemeth, 2005; Bdn&d€opp, 2007; Santoro et al., 2007,
Nemeth & Bernath 2008). The biological propertiels EOs, such as antibacterial,
antifungal, and insecticidal activities, have bewerestigated mainly in the last two decades
(Barel et al., 1991; Magiatis et al., 2002;sBaet al., 2002; Simic et al., 2002; Nemeth &
Bernath, 2008; Conti et al., 2010; Tozlu et al.1P0 Recent studies have revealed that
their use as repellents is effective for contrgjlpest (Debboun et al., 2006; Nenaah, 2013).
Similarly, A. millefolium EO was reported as a promising repellent agaimstaphid
Rhopalosiphum maidis (Fitch) (Hemiptera: Aphididae) (Halbert et al., 08), while
Achillea wilhelmsii C. (Koch) andA. millefolium EOs have elicited repellency against
Plodia interpunctella (Hubner) (Lepidoptera: Pyralidae), suggesting thatAchillea EOs

are potential agents for pest control (Karahroodil.e 2009). This background supports the
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study of A. millefolium as a prominent source of molecules with biologigadperties.
Therefore, the aims of this work were to evaludite tepellent activity of yarrow EO
againstA. nodipennis, one of the most important European hazelnut pesihile, and to

determine thé\. millefolium EO metabolite profile by GC-MS.

Material and Methods

Insects. Aegorhinus nodipennis adults were manually collected from birch treesthe
commune of Vilcun (38° 41S, 72° 25W) and from a commercial European hazelnut
plantation in the commune of Gorbea (39° 8572° 39W), Regién de La Araucania, in
southern Chile, between November and October 2013-2nsects were collected at least
1 month before the behavioral experiments. Durrag period, the insects were acclimated
and maintained under laboratory conditions in terofs photoperiod (10°C; 16-h
photophase) and feeding (leaves and shoots of lewelny 3 days and two sprays with
distilled water daily). Twenty-four hours beforechebioassay, the insects were maintained
separately in individual Petri dishes and starvdterwards, the insects were observed for
10 min, and those that were active and walking vgetected for the olfactometric assays.

Each insect was used in a single bioassay (Paala @009b).

Essential oil. Achillea millefolium EO (100% purity) was purchased from Campestre
Company, Temuco, Chile. The extraction protocolE® used by Campestre included
steam distillation for 90 min using both flowersdaleaves collected from Curacautin

(Chile) during the flowering period. The EO vyieldsv0.03% for 80 kg of plant material.
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Chemical. A thujone standard mixture (~10@sthujone basis and ~70%thujone basis)

was obtained from Sigma Aldrich (Steinheim, Germany

Analysis of the metabolite profile of EO by GC-MS.The identification ofA. millefolium

EO chemical components was performed using GC-M&U§ DSQ, Thermo Electron
Corporation). The separation of the compounds veafopned using a capillary column
BP-1 (30 m x 0.22 mm x 0.28m). Helium was used as the carrier gas (1.5 mL/nTihg
initial temperature of the oven was 40°C; the terajpee increased at a rate of 5°C/min to
280°C and remained at this temperature for 5 mire ®mperatures of both the injector
and the interface were 250°C; the detector temperatas fixed at 200°C, and the electron
impact ionization energy was 70 eV. Acquisitioneaich mass spectrum was performed in
the mass range of 30 to 350 m/z. An aliquot ofill of the commercial essential oil
dissolved in dichloromethane was injected at a entration of lug/uL. The identification

of the compounds was performed by searching arlibod mass spectra, NIST (Mass
Spectral Library Version 2.0), using a matchingoaltpm with a reverse search technique
to verify that the highest peaks of the refererm@mounds were present in the essential oil
mass spectra (Tapia et al., 2007). In additiommapgarison of their Kovats indices (KI) was
performed by injecting an alkene series-(©s). The experimental Kis were compared
with theoretical KI compounds reported in the datbh“NIST” (NIST ver. 2.0, Thermo)

(Babushok et al., 2007).

Olfactometer bioassay.Behavioral studies were performed in a four-arnaatmeter
described by Parra et al. (2009b). This olfactometmsists of three acrylic plates held

together with metal screws; the top plate has & holthe center to introduce the insect,
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which is subsequently placed in a vacuum adaptar Roles in each of the four arms are
connected to the glass tubes containing filter pappregnated with the odor stimuli and
the control. The olfactometry assay was conductedrding to the procedure of Tapia et
al. (2005), which consists of observing the movetsienh the insect into an area called the
arena. The observed arena is divided into five@esta central square zone and four zones
corresponding to the arms, two of which were emdchvith air containing volatiles from
EO or thujone standard as stimuli, and the other &mms contained dichloromethane
(HPLC grade, Sigma Aldrich, Steinheim, Germany)asontrol. The samples were
prepared by applying 50L of the EO or thujone standard diluted in dichlosthane on a
Whatman N° 1 filter paper (0.5 cm wide by 3.5 cmdh Achillea millefolium EO was
applied at a dose of 285.7 ngfcN = 30), similar to the report by Parra et aD@2b),
whereas the main component, thujone (96.2%), wstedeat three different doses (2.8,
28.5, and 285.7 ng/@n(N = 10/dose). The filter paper impregnated vetiemical stimuli
was placed in a glass tube (7 cm long x 1.5 cn) i.the respective arm of the
olfactometer. The insect was placed in the centéheoolfactometer, and an air flow (800
mL/min) was generated for carrying the volatilemstii into the olfactometer. The
olfactometric response of each insect to the stiswas registered for 20 min, and the
time spent in each arm was processed by EthoVididrsoftware (Noldus et al., 2002).
The time spent by nodipennis in the stimulus (yarrow EO/thujone) or the controins of

the olfactometer was compared using the non-parantgtedman testR < 0.05).
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Results

GC-MS analysis of the essential oil oA. millefolium

GC-MS analysis indicated the presence of 11 velatinstituents oA. millefolium,
with g-thujone as the main component (96.2%), followed:tlyujone (1.2%) (Fig 1). The
other compounds identified were 1,8-cineglesgymene, 4-terpineol, carvotanacetoie,
caryophyllene, andpi-bicyclosesquiphellandrene, among others, each pafttentages

below 1% (Table 1).

a-Thujone B-thujone

Figure 1 Chemical structure o&- and g-thujone, both of which are available in the

essential oil oAchillea millefolium.
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Table 1 Chemical composition (%) @&chillea millefolium EO

Kl A. millefolium EO
RT  Constituents Exp® Lib.® Area® Identification ¢
Percentage
9.61 p-Cymene 1013 1013 0.4 [, MS
9.76 1,8-Cineole 1019 1019 0.4 I, MS
11.70 a-Thujone 1087 1087 1.2 I, MS, Co-GC
12.22 p-Thujone 1104 1103 96.2 I, MS, Co-GC
13.86 4-Terpineol 1164 1164 0.1 I, MS
15.51 Carvotanacetone 1222 1221 0.7 l, MS
19.52 Unidentified 1373 - 0.1 MS
20.55 E-Caryophyllene 1412 1412 0.1 I, MS
22.01 epi-Bicyclosesquiphellandrene 1472 1471 0.1 I, MS
22.99 o-Cadinene 1511 1511 t I, MS
24.15 Spathulenol 1562 1562 t I, MS
25.75 14-Methyloxacyclotetradecan-2-one 1631 1643 0.1 MS,
26.20 Unidentified 1652 - t MS

Notes:® Exp. BP-1 column’ Lib. NIST Database.

4

d|=

= Trace < 0.1%.

Retention index, MS= mass spectrum, Co-GCangection with authentic compound.
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Table 1.1IUPAC names of the compounds frakohillea millefolium EO

Common Name

IUPAC Name

p-Cymene

1,8-Cineole

a-Thujone

S-Thujone

4-Terpineol

Carvotanacetone

E-Caryophyllene

epi-Bicyclosesquiphellandrene

o-Cadinene

Spathulenol

14-Methyloxacyclotetradecan-2-one

1-methyl-4-(1-methylethyl)-benzene
1,3,3-trimethyl-2-Oxabicyclo[2.2.2]octa
[1S(1a,40,50)]-4-methyl-1-(1-methylethyl)
Bicyclo[3.1.0]hexan-3-one
[1S(1a,48,50)]-4-methyl-1-(1-methylethyl)
Bicyclo[3.1.0]hexan-3-one
4-methyl-1-(1-methylethyl)-3-Cyclohex#rol
(9- 2-methyl-5-(1-methylethyl)-2-Cyclohexen-1-one
E)-(1R,99)-(-)-4,11,11-trimethyl-8-methylene-
Bicyclo[7.2.0]undec-4-ene
1-Isopropyl-4-methyl-éthylene-1,2,3,4¢45,6,7-

octahydronaphthalene

[Ecis]-Naphthalene,1,2,3,5,6:$exahydro-4,7-dimethyl-
1-[1-methylethyl]

(@R 40R 7S, 70R, 78R)-1,1, 7-Trimethyl-4-
methylenedecahydro-1H-cyclopropale]azulen-7-ol

14-methyloxadgttadecan-2-one
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Olfactometer bioassay withA. millefolium essential oil

The results indicated that the average time spgnthe insects in the stimulus
source was significantly lower (6.9 + 0.8 min) thanthe control (10.6 + 0.9 min}(=
23.09; df = 2P = 0.0458). In addition, the behaviorAfnodipennis exhibited a significant

response to the decision zone respect to stimaldsantrol P < 0.0001) (Fig 2).

[=Y
L
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=

(o] o

1 " 1
—

Time spent in odour source (min)

C

] T

24 L

O_ T T T
Stimulus Control Desicion Zone

Figure 2 Average time spent (min) (£ SE) #®egorhinus nodipennis on yarrow essential
oil (285.7 nglcrf) during the olfactometer test. Different lettersdicate significant
differences P < 0.05) based on the non-parametric Friedman tedipwled by the

Conover-Inman test. S= Stimulus, C=Control and D&eiBion zone. N=30.
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Olfactometer bioassay with thujone standard

From the three doses tested, only the highest cassed repellency (control 14.4 +
1.2 min/stimuli 4.65 + 1.2 min) (285.7 ng/énfF = 24.33; df = 2P = 0.0105). In contrast,
the lowest doses (28.5 ng/grit = 4.65; df = 2P = 0.1025; and 2.8 ng/cyF = 20.49; df
= 2; P = 0.848) were not significantly different compangdh the control. However, the
response to a dose of 2.8 ngfcmas different compared with the decision zoRe<(

0.0001) (Fig 3).
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Figure 3 Average time spent (min) (x SE) bAegorhinus nodipennis on the thujone
standard mixture during the olfactometer testsquaréd using three different doses (2.8,
28.5, and 285.7 ng/cin Different letters indicate significant differeesbased on the non-
parametric Friedman tesP < 0.05), followed by the Conover-Inman test. S= $tims,

C=Control and DZ=Decision zone. N=10.
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Discussion

Eleven volatile compounds were identified in the &@ained fromA. millefolium,
with p-thujone (96.2%) being the main constituent. Ousults differ in chemical
composition from those obtained frof millefolium grown in Estonia, Kosovo and India.
EOs from these localities consisted of 66, 33, @@dcomponents; ang-pinene (14.9-
29.2%), 1,8-cineole (22%), and sabinene (17.58% weported as their main components
of A. millefolium EO grown in Estonia, Kosovo and India, respecyi@rav et al., 2001,
Haziri et al., 2010; Nadim et al., 2011). On thkesthand, the volatile composition Af
millefolium from Canada was similar to the one we reported thi content of-thujone
was much higher in our study (96.2 v/s. 21.7%) (igcet al., 1990). Similarly, high
contents ofx andg thujone (0-26.6% and 0-11%) were found in theeenillefolium EOs
obtained from Belgium, Russia, and Uural. Other goumds, such as 1,8-cineole (0.8-
20.3%),p-cymene (0.2-5.6%), 4-terpineol (0.2-4.0%), dadaryophyllene (0-12%) were
similar to our EO, but at higher percentages (Tdbl€Orav et al., 2007). The differences
observed in the composition Af millefolium can be attributed to biotic and abiotic factors
during the development of the plant (Perry etl99; Isman & Machial, 2006; Nemeth &
Bernath, 2008; Harb & Mahmoud, 2009). All the aliscussed above were obtained from
plants that grew in different continents thereftweng exposed to different biotic and
abiotic conditions (Hachey et al., 1990; Orav et 2001, 2007; Haziri et al., 2010; Nadim

et al., 2011).

Our results demonstrated that the EO Aofmillefolium, which was composed

mainly of monoterpenes, was repellent to the adaoftsA. nodipennis (Fig 2). The
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repellency observed could be attributed to the E&omconstituentf-thujone. Similar
results were obtained in bioassays realized withotie standard (~10%-thujone and
~70% a-thujone), where the repellency could be influentgdthe interaction with its
isomera-thujone (Fig 3). Generallyi-thujone is less toxic thamthujone, and the content
of p-thujone is often higher than that afthujone (Rice & Wilson, 1976), which is
consistent with our results. Similarly, Hwang et @985) reported that-f thujone
functioned as repellents to the yellow fever mosguhedes aegypti (L.) (Diptera:
Culicidae) at doses higher 0.28 mg/cr) than the three doses used in our study. The
insecticidal properties of Thujone have also beemahstrated again€lorythucha ciliata
(Say) (Hemiptera: Tingidae) (Rojht et al., 2009)¢d dhe insecticidal activities of the EOs
of Lippia turbinata andLippia polystachya againstCulex quinquefasciatus (Say) (Diptera:
Culicidae) have been attributed to their high thejoconcentration (48 and 69%,
respectively) (Gleiser & Zygadlo, 2007). There seseral indications that the insecticidal
and repellent properties of EOs are associated twélpresence of terpenes (Coats et al.,
1991; Garcia et al., 2005; Kiran & Devi, 2007; Ab8attar et al., 2010), which are related
to the plant defense mechanisms against generalbtspecialist insects (Langenheim,
1994). Terpenes can be perceived by odorant bingnoteins (OBPs) located in the
sensilla of insects and are involved in the trassion of airborne chemical signals from

plants to insects (Regnault-Roger et al., 2012).

Monoterpenes present in EOs were reported to ach bgversible competitive
inhibition on acetylcholinesterase in house flyclaoach (Grundy & Still, 1985; Ryan &
Byrne, 1988; Miyazawa et al., 1997) and stored pecbdnsects (Kostyukovsky et al.,

2002). In addition, visible symptoms, such as hgptvity, convulsions, and tremors,
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followed by paralysis indicated a neurotoxic modection for these molecules (Coats et
al., 1991; Abdelgaleil et al., 2009). The octopaeniaceptors can also be considered as a
primary target for some monoterpenoids (Evans & Rot993). a-terpineol was
demonstrated to have a high binding affinity whie bctopamine receptor in the American
cockroach (Enan, 2001; Enan, 2005). Moreover, h8ete was reported to act as an
acetylcholinesterase inhibitor and blocked the patoine receptor pathway in protein
models ofA. aegypti (Linnaeus) (Diptera: Culicidae), determining thiair mode of action

is mediated through both mechanisms (Khanikor et28113). Likewise, the union with
gamma amino butyric acid (GABA)-gated chloride aels was suggested (Priestley et al.,
2003). GABA is the most important inhibitory neusstsmitter in the central nervous
system of insects. Terpenes interfere with GABAedathloride channels, provoking
hyper-excitation, convulsions, and insect death ttu@euronal inhibition (Bloomquist,
2003; Priestley et al., 2003). Thethujone was reported to be a potent neurotoxiectfig
the GABA system (Kld et al., 2000), being classified as a neurotinsecticide (Ratra et
al., 2001; Duke, 2004). Therefore, it is suggestedt EOs comprise a mixture of
metabolites that interfere with the insect physigléhrough different mechanisms and at
various target sites. The repellency produced bythinjone mixture o. nodipennis may

be largely influenced by the isometthujone and could be a consequence of the
neurotoxicity produced by this monoterpene. Detbdtidies are required to determine the
specificity of these compounds and their mode dioacin curculionids. In the present
study, our results provided a first report on timéeptial of the EOs of. millefolium and
the isomersu-f# thujone as repellent t. nodipennis, an important curculionid pest in
southern Chile. Moreover, the information generatedhis research will allow a better

understanding of the chemical ecology of this ihs®w its interaction with secondary
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metabolite terpenes. Future work should aim touatal the synergistic effects among the
constituents of EOs, determine the electrophysicddgesponse oA. nodipennis to the
individual constituents of yarrow EOs, and evaludie mode of action of thujone using

molecular and biological techniques.
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Abstract

Electroantennographic responses were recorded finenweevil, Aegorhinus nodipennis
Hope (Coleoptera: Curculionidae) to the thujone aterpene. Seven tested doses showed
a dependent-dose response, where the highest EfpGnge (1.6 to 2.2 mV) was found in
the highest doses (2.86 X6 10 ng/cnf) and generally weak responses (0.07 to 0.6 mV)
at the lower doses. The EAG method allowed us ifjetitujone as a biologically active

compound foA. nodipennis, able to be used in a possible control strategyhis weevil.

Keywords: EAG, Aegor hinus nodipennis, thujone, repellent.
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Introduction

Insect behavior is regulated by volatile stimulittare detected by olfactory sensory
neurons (OSNSs) found mainly in the antennae andliaaxpalps (Andersson et al., 2012).
In order to know to which compounds insects respotie electroantennographic
techniques have been widely used. They recordepdtemntial changes of the antennae as a
result of chemical stimulation produced by varietd odorants present in the environment
(Chung-Park, 2002), and delivered information am $bnsitivity and specificity during the
activation of olfactory receptors (Beck et al., 2P1n this way, parameters are established
for the olfactory investigation and to develop aitgive control methods based on the
manipulation of the behavior through the identifica and description of behavioral

relevant molecules for the insects (Martin et2011).

Recently, some essential oils of the LamiaceaegrAseae and Cupressaceae
families have showed a high biological and insétgicactivity due to the presence of
thujone in large amounts (over 44%) (Perry etl®99; de la Cruz et al., 2008; Srivastava
et al., 2012). Thujone is a monoterpene ketoneeptasy two sterecisomers-(and -
thujone) and naturally, both isomers are preserd asxture (Szolyga et al., 2014). The
content off-thujone often exceeds contentsethujone depending on the plant source, but
the g-thujone is generally of lower toxicity thanthujone, which has been described as a
potent neurotoxin (Bld et al., 2000) and it is classified as a neurtimsecticide (Ratra et

al., 2001; Duke, 2004).
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In this context, we have demonstrated that the ncaimponent of essential oil
isolated fromAchillea millefolium, thujone, was repellent again&égorhinus nodipennis
(Hope) (Coleoptera: Curculionidae) an importaniwegapest of fruit crops in the south of
Chile (Tampe et al., 2015). Therefore, this shorhmunication has the aim of evaluating
the antennal sensitivity ofA. nodipennis to several concentrations of thujone for

determining the bioactivity of this compound.

Material and Methods

Insects.A. nodipennis adults were manually collected from birch treeshi@a commune of
Vilcun (38°41S, 72°253W), Regiébn de La Araucania, in southern Chile, leetw

September and December 2014, according to descriptiTampe et al. (2015).

Electroantennographic assays (EAGs)Dose-response recordings of the antenna.of
nodipennis adults were conducted using the thujone standaxtura (~ 10%/p-thujone
basis and ~ 70%-thujone basis) which was purchased from Sigmaigétd(Steinheim,
Germany).The antennal sensitivity Af nodipennis was determined by EAG, according to
the methodology described by Mutis et al. (2010)e Bntennae were excised from their
heads and were mounted between two gold wire eldesrusing glass capillary tubes filled
with Dicardio-gel (Difem Pharma). A volume of 50 gtandard solutions diluted in hexane
at seven doses (2.86 x4 10' ng/cnf) of thujone was placed on a piece of filter paper
(1.75 cnf) and exposed to air for 20 s to allow solvent evapon, and then, it was
positioned inside Pasteur pipette. The control &@g.L of hexane, also impregnated in

filter paper. During electrophysiological recordinghe release of the compound from
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pipette was performed in pulses of 1 s with cortirsiairstream of 500 mL/mifn The
signals generated by the antennae were passedytheoligh impedance amplifier 10x
(model Syntech, Hilversum, The Netherlands) angldi®d onto a monitor using Syntech
version 2.2a software for processing EAG signakchEdose was tested on 10 different
antennae using one antenna per weevil. The stilonlaeries consisted of the injection of
thujone followed by hexane as control, repeatirgsries for each antenna three times. An
interval of 40 s between puffs was waited to ensuntennal recovery. The EAG response
elicited from hexane was subtracted from the resgpembtained by the stimuli in order to

normalize the responses and obtain the net responisejone standard.
Data analysis The EAG responses to different doses of thujoeeevexpressed as average

from three consecutive puffs and analyzed usingparametric statistics with the Kruskal-

Wallis test followed by the Dunn te$? € 0.05).
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Results

Electroantennographic response of. nodipennis

The antennae oA nodipennis adults showed responses to all tested thujonesdose
Significant differences in the EAG responses wdrgeoved among the three highest doses
(2.86 x 16 to 10 respect to lower doses (2.86 x40 10) (F = 34.15;df= 6; P < 0.05).
The highest EAG response was recorded at the 2.86 rg/cnf dose with 2.2 + 0.15 mV,
then, the EAG response (1.62 + 0.18 mV) declingh Wigher doses (2.86 x 1@g/cnf).

The lowest EAG response was recorded at 2.86 % riglenf (0.07 + 0.07 mV) and

subsequently the response grew according to thease of the applied dose (Fig 1).
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Fig 1 EAG dose-response curves of the antennaegdrhinus nodipennis adults to seven

concentrations of thujone standard. EAG amplitudéstimulus were adjusted to the
control (hexane) and were given as means + SEXTaes describes the thujone dilution

from 2.86 x 1¢ to 1¢' ng/cnf (w/v). Each dose was tested on ten individuals.
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Discussion

The electroantennographic techniques have demdtetrahat curculionids
phytophagous, such #@s nodipennis have the capacity of detecting certain monoterpene
olfactively. In our study, the EAGs recorded fronujone evoked response (0.07 to 2.20
mV) at all the doses tested on antenna of thi<tr{@86 x16 to 10 ng/cnf), which would
be perceived by neuron receptors located mainltherclub of the antenna of the weevils
(van Tol et al.,, 2002). Similarly, Mutis et al. @@ showed that other curculionid,
Aegorhinus superciliosus, also have olfactory receptors for monoterpendéseasame doses
evaluated in our study (2.86 x 10to®1@/cnf), supporting the technique and doses used in
this research. In addition, Barata et al. (2000pppsed a classification for the
electroantennographic responses of weewlleutorhynchus assimilis (Coleoptera:
Curculionidae) £ 0.3 mV = small response, 0.3 to 0.5 mV = mediuspoaise ang 0.5
mV = large response), indicating that our resuttes @cording to those reported in the
literature. Furthermore, our data suggest thatatitennae ofA. nodipennis possess large
numbers of receptors and a high sensitivity to dhej due to the intensity of EAG
observed (increase in response) that can be takeraccount as a measure of the relative

number of responding receptor cells (Payne, 1975).

The repellent properties described for thujoneliesen reported by several authors.
The antennal response Gfmex lectularius (L.) (Hemiptera: Cimicidae) to chemical and
botanical repellents, showed that the insect wasitee to derived terpenes, such asuf-)-
thujone, where the response of the olfactory dansd these compounds were dose-

dependent (Liu et al., 2014). Similar observatiarese reported in the olfactory receptor
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neurons (ORNs) ofCulex quinquefasciatus (Say) (Diptera: Culicidae) which were
stimulated in a dose-dependent manner with 0.hd118 pg okx + S-thujone, doses higher
than the used in our study (Syed & Leal, 2008).vietesly, we reported thujone as
repellent forA. nodipennis at doses of 2.86 x 1@g/cnf (Tampe et al., 2015). However, we
had no knowledge of the olfactory sensitivity oé tinsects to this compound. Our results
demonstrate clearly that the weevil showed a stan) consistent response to thujone at
the same dose reported as repellent. Nonetheldssyea dispersion of the values (mV)
obtained at the dose of 2.86 x*Ify/cnf suggests us a more homogeneous perception of
thujone and maybe a more effective repellent respgB8anchez-Osorio et al., 2007). This
study provides the first evidence of electroantgnaphic responses @ nodipennis to a
monoterpene reported as repellent. Therefore, skeotinatural compounds could result in
the development of a possible botanical insecticétlewing decrease of the use of
synthetic insecticides, thus reducing the humarltihe@&sk and environmental through

alternative control strategies for weevils.
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(Linnaeus) from Chile againstAegorhinus superciliosugGuérin)
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Abstract

The objective of this study was to evaluate thesltept effect of the essential oil of the rue
(Ruta chalepensis) against the weevihegorhinus superciliosus, an important pest of fruit
crops in Chile. Rue essential oil was obtained tears distillation, and its components
were identified by GC-MS. Their effect on ad@t superciliosus insects was evaluated
using four-arm olfactometric bioassays. The exitoacgprocess had a yield of 0.3% on a dry
weight basis, and a chromatographic analysis shaWwedpresence of nine compounds,
which represented 89.3% of the total components.mhjor compounds were 2-nonanone
(41.7%) and 2-undecanone (40.1%). Behavioral bayasshowed that the rue essential oll
elicited a repellent effect against male and femalesuperciliosus (P < 0.05) at a
concentration of 1.92 x 1Gg/cnf. However, at a lower concentration of the oil (285
ng/cnf), only females were repelled® (< 0.05). The repellency observed agaidst

superciliosus could be attributed to high concentrations of datones, suggesting that rue
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essential oil can be considered as a potentiallegppehat could reduce the infestation of
this weevil. The role of the compounds identifieddathe repellent activity of this

evergreen shrub are discussed.

Keywords: Essential oil Ruta chalepensis, Aegor hinus superciliosus.
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Introduction

Ruta chalepensis (Rue) is an aromatic evergreen shrub that belemdgbe family
Rutaceae. It is native to the Mediterranean amdiently distributed worldwide (Akkari et
al., 2015). In Chile, it is traditionally cultivadefor its pharmacological uses; infusions of
its fresh leaves are widely used as treatment fastrig disorders, headache and
rheumatism, as well as for their diuretic, antianimatory and anti-spasmodic properties.
Analysis of the chemical composition Bf chalepensis extracts indicates that the leaves
and stems contain alkaloids, phenols, flavonoidsna acids, saponins and furocoumarins,
some of which are responsible for the reportedriiets (Kacem et al., 2015). Furthermore,
rue essential oil is a valuable source of activeéab@ites used in different industries,
including cosmetics, perfumes and phytotherapyoKes, acyclic alkenes, monoterpenes
hydrocarbons, sesquiterpenes, esters and aldethales been identified as the main
chemical groups present in the essential oil, Baedketone 2-undecanone is a characteristic
compound of the Ruta species (Haddouchi et al.32@erhat et al., 2014). These
compounds are produced during secondary metabatistine plants, and their synthesis
and accumulation might vary by species (Conti t28113). In addition, both intrinsic and
environmental factors influence this process (Redtaal., 2014; Da Silva et al., 2014).
Recent studies have revealed several biologicglepties of rue essential oil. Insecticidal
activity has been the focus of great interest lier potential use of this oil as an alternative
botanical pesticide (Conti et al.,, 2013). In faabsecticidal effects against ticks,
mosquitoes, curculionids pest of stored grain anths1(Bissinger & Roe, 2010; Majdoub
et al.,, 2014; Akkari et al., 2015) and a repelleffect on Cydia pomonella Linnaeus

(Lepidoptera: Tortricidae) anfledes aegypti Linnaeus (Diptera: Culicidae) (Landolt et al.,
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1999; Tabanca et al., 2012) have been reportedefidre, the bioactivity of rue essential
oil would be useful for controlling pests of ecornonmportance, such as the raspberry

weevil, in Chile.

In Chile, Aegorhinus superciliosus or the raspberry weevil is a native insect and one
of the most important pests of fruit crops, suclthasEuropean hazelnu€d¢rylus avellana)
(Fagales: Betulaceae), blueberriegadcinium corymbosum) (Ericales: Ericaceae) and
raspberries Rubus idaeus) (Rosales: Rosaceae) (Aguilera et al., 2011). pbigphagous
insect begins to colonize the host plant when feradults oviposit near the neck of a tree.
Neonate larvae move to the radical zone to feedcantinue their development within this
zone, while the adult weevil feeds on seasonakleand shoots. Currently, the widespread
use of synthetic insecticides, especially organsphates and carbamates, has not been
able to prevent the damage caused by these pestsuge the application of insecticides is
associated with many problems, such as high costjdwes on harvested fruit,
environmental degradation and resistance developr(fearra et al., 2009b), there is
growing interest in the search for new controlralé¢ives. In this context, natural products
as well as essential oils can be alternatives ést pontrol because they contain bioactive
substances that have low toxicity and a lesser ¢inpa human health and the environment
(Regnault-Roger et al., 2012). Currently, no repa@tout the repellent effect of the rue
essential oil in this curculionid exist. Howevdrete is evidence that show the insecticidal
potential of the essential oil @rimys winteri on adultA. superciliosus (Rebolledo et al.,
2012), indicating that essential oils can be eifectlternatives for the control of these
insects. Therefore, the main objective of this gtwds to evaluate the repellent efficacy of

theR. chalepensis essential oil againgt. superciliosus.
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Materials and methods

Plant material and essential oil isolation procedue. The aerial parts of the rue plant
were collected during the flowering stage (OctoB@d2) from an experimental field

located at the commune of Puerto Montt (41°28' Bori2°57’ West) Regién de Los Lagos,
Chile. The plant identity was confirmed by a conmgam of macroscopic and microscopic
morphological characteristics to Flora de Chile apacimens in the Herbarium of the
Universidad de Concepcidén (CONC), Chile. The exioacprocess for the rue essential olil
followed the methodology described by Meccia et (@009). A sample of 1298 g

containing rue leaves, stems and flowers was dotsmall pieces and air-dried at room
temperature for six days and then oven-dried foh2a 20°C. A 250 g dry matter sub-
sample was subjected to steam distillation in avé€iger-type apparatus with 500 mL
distilled water for 4 h. The oil was dried over sod sulphate and stored at 4°C in an

amber bottle prior to chromatographic analysis.

Analysis of volatile compounds by GC-MSVolatile compounds (1 pL) dR. chalepensis
essential oil dissolved in dichloromethane (HPLGdgr, Sigma Aldrich, Steinheim,
Germany) were injected at a concentration of 1 pghto a gas chromatograph (Focus
GC; Thermo Electron Corporation) coupled to a mapsctrometer (DSQ; Thermo
Electron Corporation). The capillary column was BP30 m x 0.22 mm x 0.2pbm) and
used helium as the carrier gas at a flow rate ®friL./min. The injector and interface were
operated at 250°C by setting the detector temperatti200°C, with an electron impact
ionization of 70 eV. The initial oven temperaturaspprogrammed to 40°C for 5 min and

increased (5°C/min) until 280°C was reached. Mpssteoscopy was performed in a mass
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range from 30 to 35@8vz. Component identification was performed by seargha library

(Mass Spectral Library Version 2.0) of mass speusiimg a matching algorithm with a
reverse search technique and by the injection @lileene series (C,¢) that was used as a
reference for calculating the Kovats indices (lxperimental Kl were compared with the
theoretical KI of compounds reported in the NISTattase (NIST ver. 2.0, Thermo), as

described in Tampe et al. (2015).

Insects.Aegorhinus superciliosus adults were manually collected between Novembé&f20
and February 2013 from a blueberry plantation @madbmmune of Collipulli (37°505outh,
72°08 West), La Araucania, Chile. Both sexesPofsuperciliosus were collected at least
one month before being used in the olfactometria$says. During that time period, the
insects were acclimated and maintained under latmgraconditions. They were fed
blueberry leaves and shoots and distilled watet,the photoperiod was a 16 h photophase
at 20°C. Twenty-four hours before each bioassayjrbects were separately maintained in
individual Petri dishes (5 cm i.d and 2 cm heigidgording their sex and deprived of food.
The methodology used to identify the sex of thedts, consisted of examining the femur
length of the third pair of legs; if this length a@eds the posterior suture of the fourth
sternite, the insect is male, and if it does nw, insect is female (Reyes, 1993). Then, the
insects were observed for 10 minutes, and thosevds& active and walking were selected
for the olfactometric assays. A different indivitlwaas used in each separate experimental

replicate (Parra et al., 2009b).
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Olfactometric bioassay. The olfactometric bioassays were performed in ar-fvm
olfactometer (40 by 40 by 2.5 cm), which was démsxdti by Parraet al. (2009b). The
behavioral response @&. superciliosus to rue essential oil was studied according to the
methodology described in Tampe et al. (2015), whichsisted of an observation of the
movement of each insect into the olfactometer dumn 20 min period. In addition,
EthoVision 3.1 software was used to determine ithe the insect spent in each section of
the olfactometer, which was divided into 5 areasentral square zone where the vacuum
bomb, with an air flow (800 mL/min) that carriecetliolatile stimuli into the olfactometer,
was connected and four zones corresponding torthe, dwo of which were enriched with
air containing volatile components released from déissential oil (S), and the other two
contained dichloromethane (HPLC grade, Sigma Algdr&teinheim, Germany) as a control
(C). Bioassays were performed by applying 1 puLw# essential oil on Whatman N° 1
filter paper (0.5 cm wide by 3.5 cm long) that vpdaced into glass tubes (7 cm long x 1.5
cm i.d.) in two opposite arms of the olfactomet®), (while the two opposite arms of the
olfactometer contained only paper (C). The dosel weas 1.92 x 10ng/cnf. To evaluate
the diluted oil, 50uL of the oil diluted in CHCI, was applied to Whatman N° 1 paper
filters in two opposite arm of the olfactometer (8)der the same conditions as in the
previous bioassay, while the other two arms coethionly dichloromethane (C). The dose
used was 285.7 ng/énbecause it was previously determined as an efecgpellent in
behavioral bioassays iA. nodipennis (Tampe et al., 2015). Twenty repetitions were

performed for each sex.
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Statistical analysis. A statistical analysis was performed using Statsed®i software,
version 2.7.2. The data obtained in the bioassaye wxpressed as the average time spent
in each arm of the olfactometer + standard errat @sere compared by using a non-

parametric Friedman ted? € 0.05) followed by a Conover-Inman test.
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Results

Analysis of volatile compounds by GC-MS

Steam distillation of the aerial parts Bf chalepensis yielded 0.3% (mL/g) of a
yellowish color oil and strong odor. In the GC-M@adyysis of the sample of rue essential
oil, nine compounds were identified, and among thvesne ketones and esters (Table 1),
representing 89.3% of the total components. Therroanstituents were the two aliphatic
ketones 2-nonanone (41.7%) and 2-undecanone (40.0Y%6pddition, 7 unidentified
compounds were present in the sample, represeh@indo of the total components. The

mass spectral data are shown in Table 2.
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TABLE 1 Percentage of compounds identified in Ruta chalepensis essential oil.

Rt Compound Identification  Percentage (%)
11.08 2-Octanone MS, KI 0.51
14.34 2-Nonanone MS, Kl 41.71
15.84 Unknown 1 MS 0.5
16.04 Unknown 2 MS 2.76
16.80 Unknown 3 MS 0.73
17.27 2-Decanone MS, KI 2.18
18.68 Unknown 4 MS 5.63
20.2 2-Undecanone MS, KI 40.11
22.07 2-Dodecanone MS, Ki 0.97
25.41 2-Tridecanone MS, Ki 0.91
28.75 Unknown 5 MS 0.39
35.84 Unknown 6 MS 0.24
36.12 Ethyl palmitate MS, KiI 1.97
39.06 Unknown 7 MS 0.42
39.33 Ethyl oleate MS, Ki 0.22
39.77 Ethyl stearate MS, KiI 0.77

Rt= Retention time, MS= mass spectrum, Ki= Kovatdides (KI) was performed by
injecting an alkenes seriesgCys). The experimental KIs were compared with theogdti

KI compounds reported in the database “NIST”
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Table 1.1IUPAC names of the compounds frdata chalepensis EO

Common Name

IUPAC Name

2-Octanone
2-Nonanone
2-Decanone
2-Undecanone
2-Dodecanone
2-Tridecanone
Ethyl palmitate
Ethyl oleate

Ethyl stearate

Methyl hexyl ketone

Methyl heptyl ketone

Methyl octyl ketone

Methyl nonyl ketone

Methyl decyl ketone

Methyl undecyl ketone

Ethyl hexadecanoate
(2)-9-Octadecenoic acid ethyl ester

Ethyl octadecanoate
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Table 2 Mass spectral data of the unknown volatile compisufromRuta chalepensis

Rt

Compound

(%)

m/z

15.84

16.04

16.80

18.68

28.75

35.84

39.06

unknown 1

unknown 2

unknown 3

unknown 4

unknown 5

unknown 6

unknown 7

0.5

2.76

0.73

5.63

0.39

0.24

0.42

32(100), 79(30.2), 43(19.9)(18M), 41(10), 51(10.0),
77(9.9), 39(7.7), 105(6.3), 78(5.4), 40(5.3), 92)4.
93(4.0), 31(3.5), 70(3.4).

79(100), 94(49.3), 77(28.0), 51(23.7), 32(18.5)(18%),
41(15.7), 93(12.3), 105(10.9), 91(8.8), 106(7.73(754),
80(6.0), 147(5.8), 120(5.4).

128(100), 32(72.3), 51(34.2)27(16.0), 50(14.8),
129(11.0), 126(9.5), 102(7.0), 101(6.0), 75(5.3)(465),
74(3.8), 40(3.79), 77(3.6), 76(3.4).

43(100), 41(16.2), 70(12.6]15.5), 126(11.4), 69(10.8),
97(10.0), 87(9.4), 56(8.7), 42(7.1), 71(6.0), 96)4.
57(3.7), 84(3.7), 39(3.7).

157(100), 115(53.1), 43(41.829(21.1), 203(19.6),
42(17.4), 111(13.7), 130(10.4), 31(9.9), 69(8.H3(T.6),
47(7.3), 32(6.7), 45(6.6), 56(5.6).

55(100), 41(94.2), 69(63.2(59.8), 96(40.1), 70(36.7),
98(35.3), 101(33.9), 95(31.2), 83(30.4), 67(297B(24.5),
81(23.9), 68(23.6), 43(23.4).

32(100), 67(17.6), 41(15.4(19.4), 55(11.3), 81(10.2),
69(9.5), 43(9.3), 96(9.2), 68(8.6), 54(6.3), 40(5.8
109(5.7), 79(5.6), 97(5.5).

Rt = Retention timenVz = mass-to-charge ratio
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Olfactometer bioassay withR. chalepensigssential oil

The olfactometric response Af superciliosus toward rue essential oil indicated that
both females and males were repelled by the esse@ilti(P < 0.0001). The average time
spent by the females in the stimulus source wasfgigntly less (1.69 + 0.62 min) than in
the control (16.47 = 0.7 mirk = 46.11; df =2P < 0.0001) (Fig 1A). Similar behavior was
observed in males; where the male insects spesitilee in the stimulus (2.41 + 1.0 min)
than in the control (16.48 + 1.0 miR;= 39.91; df =2;P < 0.0001) (Fig 1B). In bioassays
using diluted rue essential oil (285.7 ngfcrifig 1C and 1D), males did not show a
behavioral difference between the stimulus andctiv@rol P > 0.05), while females were
repelled by the tested dose of dil£ 71.47; df = 2P = 0.0105) remaining for an average

of 11.21 £ 0.7 min in the control compared to A2A26 min in the stimulus.
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Fig 1 Average time spent (min) (x SE) ékgorhinus superciliosus in rue essential oil
(Figure A and B) and in the dilution of rue essaintil (285.7 ng/crf) (Figure C and D) in
the olfactometer test. Different letters indicagngicant difference < 0.05) based on the
non-parametric Friedman test followed by Conovendn test. S= Stimulus, C= Control

and DZ= Decision zone. N=20 per sex.
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Discussion

Steam distillation usually produces yields lessntli& (Regnault-Roger et al.,
2012). Our essential oil yield was 0.3% (v/w), whis in line with a report by Dob et al.
(2008), who indicated that the essential oilRofchalepensis obtained from Algeria by
hydro distillation had a yield of a 0.27%, basedsample dry weight. On the other hand,
the yield of our sample was lower than that remblig Tounsi et al. (2011), who showed
an increasing trend (0.39% to 2.46%) of essentilablotained from the leaves, stems,
flowers and fruits oR. chalepensis. Similarly, Mejri et al. (2010) showed a higher yel
(5.51%) ofR. chalepensis essential oil from plants growing in Tunisia amdicated that
the drying process had a significant effect on pheportions of main components. The
differences in the oil yield might depend on theelepmental stage of the plant itself or
the different organs used. Some examples have dgrated that the net essential oil
content has been associated with the early growtiogh in a plant or with senescence
(Sangwan et al., 2001). Our plant sample could leen extracted during a period of low
accumulation of oil, which would explain the obsshdifferences. Moreover, our essential
oil was obtained from pooled organs (leaves, stenisflowers), but the yield was lower
than in other studies that used specRicchalepensis organs (Tounsi et al., 2011). In
addition, the methods employed to obtain the ojd(b and steam distillation), together
with the diverse weather conditions in the growtbitat, could influence the obtained

yield (Mejri et al., 2010; Tounsi et al., 2011; Reaglt-Roger et al., 2012).

Interestingly, this essential oil contained a 2eket series from £to Ci3 (Table 1).

The essential oils from the genBsta are known for having two methyl-2-ketones (2-
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nonanone and 2-undecanone) in their chemical profieaching 80% of the oil
composition (Haddouchi et al., 2013), which is dstent with our results (81.8%).
Similarly, the ketone-type compounds identifiedmagin constituents in our study were
consistent with those reported by other authomstler species from the same genus (Dob
et al., 2008; Da Silva et al., 2014), indicatingttthe presence of 2-undecanone does not
changed with respect to the geographical area whlarg grows, but its proportions vary,
ranging from 28.2% to 67.8%. The proportions ofax&none range from 5.2% to 53.1%.
The nature and proportions of other constituentsuofessential oil were not the same as in
other reports. We identified nine compounds, wigtokes and esters among them (Table
1). These results disagree with the report by Mejrial. (2010; 2012), who found
oxygenated compounds in aerial partsRofchalepensis essential oil; among them were
alcohols, monoterpenes and acetates. Moreover,stetial. (2011) reported the presence
of monoterpenes and fatty acids from different nsgaf cultivated and wild rue plants.
According to Wang et al. (2005), the proportionvedter used and the extraction time
influences the content of oxygenated compoundshé gssential oil because the water
affects the oxidation or hydrolysis of these commmsi Similarly, Stashenko et al. (2000)
and Mejri et al. (2012) reported that the amounbxfgenated compounds increases with
the duration of hydro-distillation. However, ourstliation time was higher than both of
these studies (240 compared to 210/120 min), andidvaot observe the presence of these
compounds. Other authors have indicated that tbpgption of terpenes is influenced by
the circadian rhythm, plant stage and environmenthperature. Therefore, the
physiological expression of the secondary metatvoli$ a plant could present constant
changes in some of its metabolites according tdibic and abiotic factors to which it is

subjected (Regnault-Roger et al., 2012).

51



The behavioral response produced by the rue eakeiiton bothA. superciliosus
sexes (Figure 1A; 1B) indicates its potential vahsea natural repellent. However, this
effect was absent for males when the concentratighe oil was lowered to 285.7 ng/ém
(Figure 1D). These results was not consistent thighreported by Tampe et al. (2015), who
determined this concentration as effective in weether of the same genusegorhinus
nodipennis (Hope) using théchillea millefolium L. essential oil and its main constituent,
thujone. Behaviorally, both males and femalesAofuperciliosus responded differently
when subjected to volatile stimuli. Apparently, f@es are more sensitive than males
because the females must find a suitable hosthiemselves and their offspring. Similar
observations were also reported by Palma et all20vho indicated that in behavioral
assays, a stronger response to the volatile conaisoohtheir host plant, red clover, was
observed inHylastinus obscurus (Coleoptera: Curculionidae) females than in males.
Moreover, in agreement with our observations, Cattial. (2013) reported thaR.
chalepensis essential oil was mainly composed of 2-nonanofe4d) and 2-undecanone
(20.5%) and was an effective repellent against hleenatophagous mosquitdedes
albopictus Linnaeus(Diptera: Culicidae) at an Rf 0.000215.L/cm? for skin and at an
RDgo of 0.007613:L/cm?. Similarly, R. graveolens essential oil and its main compound, 2-
undecanone (43.2% =+ 0.8) repellédaegypti L. at a dose of 0.187 mg/érfor the oil and
0.109 mg/crh for 2-undecanone (Tabanca et al., 2012), whichicatdd thatA.
superciliosus females are more susceptible to this essential @iher authors have
determined that methyl ketones ;(C C;5) protected against the malaria mosquito,
Anopheles gambiae Giles (Diptera: Culicidae) (Innocent et al., 20@8d that the repellent
BioUD®, whose active ingredient is 2-undecanone, wagagt [2-4 times more repellent

than DEET WN,N-Diethyl-meta-toluamide) against three speciexodlid ticks (Bissinger et

52



al., 2009; Bissinger& Roe, 2010). On the other h@idonanone and 2-undecanone was
shown to be attractive to the foreign grain beeilggsverus advena (Waltl) (Coleoptera:
Cucujidae) at a concentration of 59 and 131 nghekpectively, in behavioral bioassays
(Wakefield et al., 2005) and to both sexes of tHeeobark beetlePhloeotribus
scarabaeoides (Bernard) (Coleoptera: Scolytidae) using 10 pLtlése ketones in an
olfactometer bioassay (Szauman-Szumski et al., )199Bewise, 2-nonanone has been
reported by eliciting an attractant behavioral ocese in the same weevi\, superciliosus

at concentrations of 10 and 100 pg/mL (Parra e2@09b).

Currently, the modes of action and molecular targétthe ketones in curculionids
are not well understood. However, there is evidetheg the ketone, 2-undecanone can
activate and inhibit the odorant receptors (ORs)Aofaegypti L. (Diptera: Culicidae)
(Bohbot & Dickens, 2010). The ORs are located smdkendritic membrane of the olfactory
sensory neurons (OSNs) of the insects. They arpomnstble for triggering olfactory
transduction by changing the action potentials aessage sent to the brain (Kaupp, 2010).
The insect repellent 2-undecanone activates anbiiislthe AaOR and AaOR receptors
respectivelyj.e., this compound can act as an olfactory agonist tagamist inA. aegypti,
modulating receptor activity that is behaviorallypeessed by different insect responses
(Bohbot & Dickens, 2010). This finding suggestst tthee repellent effect produced by rue
oil in both sexes oA. superciliosus could be attributed to 2-undecanone. The poteasal
of this substance can be explored in the futureléweloping biodegradable alternatives for

synthetic pesticides against raspberry weevils.
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In conclusion, the chemical analysis of the esaénti obtained from the aerial part
of Ruta chalepensis did not show great differences to others studegsonted in the
literature. The ketones 2-nonanone and 2-undecamerethe main compounds identified
in the oil and did not vary much with respect tlegyaphic area where the plants grew.
The repellency observed again&egorhinus superciliosus can be attributed to high
concentrations of both ketones. Our results sugbestrue essential oil can be considered
as a potential repellent that might reduce thestateon of this weevil. Future studies
should aim to (1) evaluate the effects of 2-nonanand 2-undecanone in behavioral
bioassays, (2) determine the electrophysiologieaspbonse ofA. superciliosus to these
compounds and (3) evaluate the effectiveness df that essential oil and the two ketones

under field conditions.
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CHAPTER V

Attractant Activity Elicited by Eucalyptusspp. andFoeniculum vulgare
Essential Oils and their Main Constituents from Adut Raspberry Weeuvil,
Aegorhinus superciliosugGuérin) (Coleoptera: Curculionidae)
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ABSTRACT

The use of essential oils as semiochemicals foaweral manipulation of the raspberry
weevil Aegorhinus superciliosus Guérin (Coleoptera: Curculionidae) is being inigzded

for its potential use in capture traps as a corgt@tegy for this pest, which damages fruit
tree and shrubs in the south of Chile. Essentlalajitwo non-host plant&ucalyptus ssp.
(eucalyptus) androeniculum wulgare (fennel) were analyzed by gas chromatography
coupled with mass spectrometry (GC-MS) and evathate olfactometric and EAG
bioassay in order to establish whether they hayeeffect on the insect behavior. The GC-
MS analysis indicated the presence of 17 compoimdse Eucalyptus spp. essential oil
and its major constituents were eucalyptol (63.624inene (18.9%) and cymene (2.9%).
For F. vulgare essential oil, 16 volatile constituents were idgdi being anethole

(50.8%), estragole (19.5%), fenchone (11.1%) andinene (7.16%) the dominant
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compounds. The olfactometric bioassays revealed #uzalyptus essential oil was
attractive for both sexes éf superciliosus whereas fennel essential oil was only attractive
for the weevil females R < 0.05). In addition, eucalyptol and anethole were
electrophysiologically active for both sexes of ihsect. The females antennae showed
higher EAG response than males and were attractedifferent concentrations of these
compounds in a two-arm olfactomet& < 0.05); whereas the males were not attracted at
any tested dose® ¢ 0.05). The attractant semiochemicals determindte present study
could be the starting point for the developmenefdéctive attractant lures for controlling

the raspberry weevil.

Key words: Essential oils, Aegorhinus superciliosus, behavioral bioassays,

electroantennographic response.
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Introduction

Semiochemicals properties, such as attractant gmellent activity of the essential
oils and their constituents, are increasingly u$adinsect control in integrated pest
management programs in order to reduce the applicaf pesticides (Koul et al., 2008;
Isman & Machial, 2006). Essential oils are oleagssubstances composed of chemical
mixtures of different types of molecules, usuathgnoterpenes, sesquiterpenes and a wide
variety of aromatic phenols, alcohols, oxides, ethesters, aldehydes and ketones which
determine the characteristic aroma of the planipéfhi et al., 2009). In nature, they are
produced by secondary metabolism of higher plants@ay an important protective role
against phytophagous insects (Bakkali et al., 2008jact, they may act as attractant or
repellent, constituting effective alternatives tgntbetic pesticides without producing
adverse effects on humans and environment (RegRagkr et al., 2012; Isman, 2000;

Isman & Machial, 2006).

Aegorhinus superciliosus (Guérin) or raspberry weevil (Coleoptera: Curcuidae),
is a native pest of the south of Chile associatéith \many vegetal species such as
raspberry,Rubus idaeus L. (Rosaceae), blueberryaccinium corymbosum L. (Ericaceae)
and European hazelnu€orylus avellana L. (Betulaceae) (Klein & Waterhouse, 2000;
Aguilera et al., 2011; Zavala et al., 2011). Baihvhe and adults damage their host plant.
The larvae drill thin tunnels from the surface tosgthe inside of the roots while the adults
that emerged from the soil feed the leaves andtshmiothe season, coinciding with the
flowering and fructification state of their hosBurrently, control ofA. superciliosus is

difficult, because the insecticides cannot be a&ppliuring flowering without affecting
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pollination agents or their beneficial. Therefotize development of safer alternatives to

conventional synthetic insecticides is highly daisie.

In this regard, we have recently investigated thiece of essential oils from non-
host plants on behavior &. superciliosus (unpublished data). In this study we selected
two essential oils, eucalyptus and fennel, whiabved to be attractive towards adults of
this weevil. Both oils are well known by exhibitgubsticides properties against many
insects (Batish et al., 2008; Cosimi et al., 200@n & Ahn, 2001). However, there are a
few reports in the literature on their attractaffié@s. Some evidences links the attraction
behavior of weevilGonipterus scutellatus Gyllenhaal (Coleoptera: Curculionidae) with
eucalyptus essential oils (Tooke, 1953). On theesrotrand, Robacker (2007) conducted
experiments to evaluate the attractiveness of a6tmssential oils, including eucalyptus
and fennel oils on Mexican fruit flyAnastrepha ludens Loew (Diptera: Tephritidae).
Additionally, attractant properties of the main gmwunds described for these oils have
been well documented. Eucalyptol, the main coratitwf eucalyptus essential oil has been
reported as attractant tOxyops vitiosa Pascoe (Wheeler, 2015Xyleborus glabratus
Eichhoff (Kuhns et al., 2014) an@osmopolites sordidus Germar (Ndiege et al., 1996)
(Coleoptera: Curculionidae). Similarly, anethohee tain constituent of fennel essential oil
has shown attractive activity oBpicometis (Tropinota) hirta, Cetonia aurata aurata,
Oxythyrea funesta Poda (Toth et al.,, 2003)Anomala marginata Robinson and

Trigonopeltastes delta Foster (Cherry et al., 1996) (Coleoptera: Scaidbag.

Due to the interest for natural product like essgmils, it is important to develop a

better understanding of their mode of biologicaicacfor new application in agriculture,
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specifically in controlling pest such Assuperciliosus. Thus, mass trapping of adults using
natural attractant compound could be an efficidtetr@ative for reducing pest populations
through trapping system, more security for the huim@alth and the environment (Aguilera
et al., 2011; Schmera et al., 2004). Thereforéhimstudy we investigated: 1) the attractant
effect of eucalyptus and fennel essential oils #redr main compounds, eucalyptol and
anethole on raspberry weevils, 2) their electrojiggically activities, and 3) the

metabolite profile of both oils by gas chromatodmagoupled to mass spectrometry (GC-

MS) associated with this behavior.
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Materials and methods

Experimental insects.The populations of aduli. superciliosus were collected manually
from blueberry Y. corymbosum) plantation in the commune of Collipulli (37°Sduth,
72°08 West), Region de La Araucania, Chile, between Ninex and December of the
periods 2012, 2013 and 2014. The acclimatizatiothefinsects was performed according
to methodology described by Tampe et al. (2015ngimy feeding by blueberry plant
shoots. Before the olfactometric bioassay (24 Hoeech insect was maintained separately
according to its sex in individual Petri dishes atdrved. Only those insects that were
walking and active 10 min before each bioassay welected. Each insect was a replica of

the experiment and used only once (Parra et @920

Essential oils.The Eucalyptus spp. and~oeniculum vulgare essential oils were purchased

from Campestre Company, Temuco, Chile (100% purity)

Essential oil analysis.The chemical composition dEucalyptus spp. andF. wulgare
essential oils was determined by GC-MS using a &$oB$5Q, Thermo Electron
Corporation. A 1 pL aliquot of the essential oilsigtd in dichloromethane was injected at
a concentration of fig/uL separately in a capillary column BP-1 (30 m x2m@m x 0.25
pm) with helium as carrier gas (1.5 mL/min).Thelgieal conditions were programmed
to remain at 40°C, which increased in a gradieri°@f min up to 280°C, remaining at this
temperature for 5 min. The temperatures of botlectgr and interface were 250°C;
detector temperature was fixed at 200°C and tratreteimpact ionization was 70 eV, with

mass spectra from 30 to 360z. Compounds identified in both samples were corddrby
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comparison of their Kovats indices (KI) obtained ibjecting an alkene series 4Cyg).
The experimental Kils were compared with theoreti€hlcompounds reported in the
database “NIST” (NIST ver. 2.0, Thermo) (Babushak ak, 2007). In addition, a
comparison of their mass spectra with availableTNi&ass spectral library according to
reverse search technique described by Tapia €Q07) was carried out. Quantification of
essential oil components was expressed in relapeecentage on total area of
chromatogram and was carried out by peak area tiaahan measurements. In addition,
calibration curves based on peak area ratio wersstaeted using the standards at
disposition for quantification of volatile compoundentified, which were expressed in

(ng/uL) (Mutis et al., 2010).

Synthetic chemicals Eighteen compounds identified from the essentd$ were
purchased from commercial sourcespinene (Sigma Aldrich, 97%), camphene (Sigma
Aldrich 95%), (-)#-pinene (Fluka> 98.5%),-myrcene (Fluka> 95.0%),a-phellandrene
(Aldrich 95%), cymene (Fluka 99.5%), limonene (Sigma Aldrich 97%), eucalyptsaic
99%), y-terpinene (Fluka 98.5%), camphor (Fluka 95.0%), 4-terpineol (Fluka 98.5%),
terpineol (Sigma Aldrich 95%), anethole (Fluka99.5%), terpinyl acetate (Safc 95%),
aromadendrene (Aldrich 97%), globulol (Sigma Aldrig8.5%), palmitic acid (Cayman
chemical company > 98%), oleic acid (Cayman cheintcempany> 98%). Standard
solutions of 1, 10, 50, 100 and 200 ng of all coomuts were diluted in hexane for the
guantification of each essential oil componentadidition, standard solutions of 5, 50 and
500 ng from eucalyptol and anethole were dilutedarane (GC grade; Merck, Darmstadt,

Germany) for EAG and two-arm olfactometer assays.
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Behavioral BioassaysA four-arm olfactometer was used to determine bemalvresponse
of both male and femal&. superciliosus produced by each essential oil. The olfactometer
is formed by 3 acrylic plates (40 by 40 by 2.5 dmejl together by metal screws. Five
sections, divided in four arms (two arms for thiengti and two for the control) and one
central square zone named as decision zone, congptise olfactometer (Parra et al.,
2009b). In each extreme of the arm, there is a Whlere it connects the glass tubes (7 cm
long x 1.5 cm i.d.) containing the Whatman NC°lefilpaper (0.5 cm wide by 3.5 cm long).
In the center of the top plate there is a holecfumnecting the vacuum adapter with an air
flow of 800 mL/min that generates an entrainmentalétile stimuli into the olfactometer.
The methodology used was according to those desthly Tapia et al. (2005), consisting
of observing the movements of the insect into tfi@ctometer arena during 20 min. The
data obtained were processed by EthoVision 3..soé (Noldus et al., 2002). Each oil
was evaluated independently at one concentratio® 1(§) according to reported by Tampe
et al. (2015) and twenty replicates for each egseanit and sexes were conducted.

For evaluating the behavioral response to the reampounds identified from eucalyptus
and fennel essential oils was used a two-arm alfaeter described by Rojas et al. (2002).
The olfactometer consisted of a Y-shaped glass; ttie base and each arm of the
olfactometer were 16 cm long and 3.0 cm i.d. Thenection of the vacuum pump was
performed in the tube base which produced air lowugh the arm and stem of the tube at
a rate of 800 mL/min. Olfactometry was conductecbating to the methodology described
by Mutis et al. (2010), which consists of introdugione male or female &f superciliosus
into the base of the Y-tube giving the insect 5 toinvalk freely toward the end of one of
the arms of the olfactometer, being considereduasessful when the weevil walked 3 cm

past the Y-junction and remained there for at 1@@ss. After each assay, the Y-tubes were
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cleaned and exchanged to avoid positional biash Famibe arm end was connected with a
Pasteur pipette containing 50 pL of eucalyptol methole diluted in hexane and the other
arm containing 50 pL hexane as control, both agpdie paper Whatman N° 1 (1.75%3m

Eucalyptol and anethole were evaluated independantthree different doses (5, 50 and

500 ng) (N> 25/dose/sex).

Electroantennography (EAG). Electrophysiological responses of both sexes Aof
superciliosus adults to eucalyptol and anethole was determine&8AG, according to the
methodology described by Mutis et al. (2010) cdirggsin excised the antennae from the
head of the weevil (base until distal part of thartinal segment) and mounted between
two glass capillary electrodes. Each capillary ¥iled with Dicardio-gel (Difem Pharma)
into which gold wires were inserted. The stimulastéd 1 s and was released into a
purified airstream for 500 mL mih The signal originated by the antenna was conducte
through a high impedance amplifier (10 X) (Syntekliyersum, The Netherlands) and
displayed onto a monitor using Syntech version 8dfaware for processing EAG signals.
Each standard was prepared in hexane to three ®sB6 and 500 ng). A volume of 50
L of the stimuli was placed on strips of filterpea (1.75 crf) and exposed to air for 20 s
to allow solvent evaporation. Then, it was poskidrinside the Pasteur pipette. As control
50 puL hexane were used also impregnated on filep The puffs series were stimuli
followed by hexane, repeating three times the sdéaeeach antenna. Then, interval of 40 s
between each puffs were waited to ensure anteenalery. The EAG response provoked
by hexane was subtracted to the responses obtaynéa stimuli in order to normalize the
responses and obtain the net response to each wochpBach dose was tested on 10

different antennae according to sexes and one @ateas used per weevil.
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Statistical Analysis. Data obtained from behavioral bioassays in four-atfactometer
were expressed as average of the time spent (mi®ach arm of the olfactometer *
standard error and were analyzed by the non-parentetedman testR < 0.05) followed
by Conover test. Simultaneously, the comparisonvéet sexes was analyzed by non-
parametric Wilcoxon testP(< 0.05). The data obtained from the two-arm olfactten
were analyzed by the significance obtained fi¢ftest, where (*)P < 0.1 (**) P < 0.05
and (***) P < 0.01. The data obtained from the EAG response \wasyzed by non-
parametric Kruskal-Wallis test followed by Conoveman test P < 0.05) and the

comparison between sexes was analyzed by non-pramMécoxon test P < 0.05).
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Results

Essential oils analysisThe constituents of eucalyptus and fennel essailsa percentage
composition and retention index are shown in Tdble Eucalyptus spp. essential oil, 17
compounds were identified (92.2%). The major coustits were eucalyptol (63.6%);
pinene (18.9%) and cymene (2.9%). Other minor comapts did not exceed 1%. In
addition, 1 unidentified compound was present emgample, representing 7.8% of the total
components. Their mass spectral data are obsenv@@dble 2. The GC-MS analyses of
fennel essential oil indicate the presence of llatite constituents, representing 100% of
the total components. The main constituents weerthafe (50.8%), estragole (19.5%),
fenchone (11.1%),a-pinene (7.16%),a-phellandrene (4.4%), cymene (1.81%) and

limonene (1.82%). Other compounds with percenthgésv 1% were also identified.
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Table 1 Constituents of essential oils Bfical yptus spp. and~oeniculum vulgare.

No  Component Retention Eucalyptusspp. F. vulgare Method of
index Area Concentration Area  Concentration identification
(%) (ng/ul) (%) (ng/ul)
1 a-Pinene 8.66 18.9 70.4 7.1 39.8 S, MS, Kl
2 Camphene 8.99 0.2 1.8 S, MS, Kl
3 Monoterpene 9.71 0.2 - L
4 (-)4-Pinene 9.78 0.5 1.9 0.6 3.7 S, MS, KI
5 [-Myrcene 10.30 0.9 7.2 S, MS, Kl
6 a-Phellandrene 10.64 4.4 74.9 S, MS, Kl
7 Cymene 11.13 29 22.3 1.8 20.7 S, MS, KI
8 Limonene 11.38 1.8 9.2 S, MS, Kl
9 Eucalyptol 11.40 63.6 176 S, MS, Kl
10  y-Terpinene 12.22 0.5 1.7 0.5 2.6 S, MS, Kl
11 Monoterpene 13.10 0.16 - L
12 Fenchone 12.80 11.1 - MS, Kl
13 Isopentyl isovalerate 13.52 0.4 - MS, KI
14 Camphor 14.26 0.4 4.5 S, MS, Kl
15 Pinocarveol 14.39 0.4 - MS, KI
16 Pinocarvone 14.80 0.1 - MS, Kl
17 4-Terpineol 15.54 0.2 0.5 S, MS, Kl
18 Terpineol 15.90 0.7 4.0 S, MS, Kl
19 Estragole 16.05 19.5 - MS, KI
20 Fenchyl acetate 16.79 0.06 - MS, KI
21 Anethole 18.56 50.8 583.11 S, MS, Kl
22 Terpinyl acetate 20.22 1.1 4.8 S, MS, Kl
23 Sesquiterpene 22.09 0.2 - L
24 Aromadendrene 22.78 0.8 3.1 S, MS, Kl
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Table 1 Continuation

No Component Retention Eucalyptusspp. F. vulgare Method of

index Area Concentration Area Concentration identification
(%) (ng/pl) (%) (ng/pl)

25 Sesquiterpene 23.74 0.06 - L

26 p-Cadinene 24.71 0.04 - MS, K

27 Globulol 26.09 0.4 4.6 S, MS, Kl

28 Palmitic acid 34.15 0.4 21.1 S, MS, Kl

29 Oleic Acid 37.32 0.6 2.4 S, MS, Kl

S: standard, MS: mass spectra, Kl: Kovats indexlardterature, both matched with
NIST data (2015).

Table 1.1IUPAC names of the compounds frdfacalyptus spp. and~. vulgare EO

Common Name

IUPAC Name

a-Pinene
Camphene
(-)-p-Pinene
[-Myrcene
a-Phellandrene
Cymene
Limonene
Eucalyptol
y-Terpinene
Fenchone
Isopentyl isovalerate
Camphor
Pinocarveol

Pinocarvone

2,6,6-trimethyl-bicyclo [3.1.1] hept 2-ene
2,2-dimethyl-3-methylene-bicyclo [2.2 dptane
$)-6,6-dimethyl-2-methylenebicyclo [3.1.1] heptane
7-methyl-3-methylene-1,6-octadiene
2-methyl-5-(1-methylethyl)-1,3-cy@ahdiene
1-methyl-4-(1-methylethyl)-benzene
1-methyl-4-(1-methylethenyl)-cyclohexene
1,3,3-trimethyl-2-Oxabicyclo[2.2.2]octan
1-methyl-4-(1-methylethyl)-1,4-Cyclohdiene
1,3,3-trimethyl-bicyclo[2.2.1]heptan-2-one
3-methyl-3-methylbutyl estartanoic acid
1,7,7-trimethyl-bicyclo[2.2.1]heptan-2-one
6,6-dimethyl-2-methylene-bicyclo[3]hdptan-3-ol

6,6-Dimethyl-2-methylenebicyclo[3.1€3tan-3-one

68



Table 1.1Continuation

4-Terpineol 4-methyl-1-(1-methylethyl)-3-Cyclohexérol

Estragole 1-Allyl-4-methoxybenzene

Fenchyl acetate 1,3,3-trimethyl-acetate-bicyclo[Pt2eptan-2-ol

Anethole €)-1-Methoxy-4(1-propenyl)benzene

Terpenyl acetate a, a, 4-trimethyl- acetate-3-Cyclohexene-1-methanol
Aromadendrene dR-(laa,d0a, 70,70, 76a)]-1H-Cycloprop[e]azulene,decahydro-1,1,7-

trimethyl-4-methylene

p-Cadinene [ (1a,40p,8aa)]-1-1sopropyl-4,7-dimethyl-1,245,8,8:-
hexahydronaphthalene
Globulol (loa, 40,400, 7a, 708, 760)-1,1,4,7-Tetramethyldecahydro-1H-

cyclopropale]azulen-4-ol
Palmitic acid n-Hexadecanoic acid

Oleic Acid ©)-9-Octadecenoic acid

Table 2 Mass spectral data of unknown volatile compounais Eucalyptus spp. EO.

Rt Compound (%) m/z

47.45  unknown 3 7.8 386(100), 275(67.22), 301(64.9213(53.04), 145(52.85), 368(50.81),
107(46.39), 105(45.50), 95(41.94), 353(38.46), 3BR4), 255(37.61),
161(36.64), 81(36.44), 163(36.01)

Rt = Retention timey/z = mass-to-charge ratio
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Behavioral bioassays with essential oils.

In four-arm olfactometer test, both females andesabf A. superciliosus were more
significantly attracted to eucalyptus essential ®00 ng) than the control (Fig. 1A).
Females remained 12.62 min + 0.72 in the stimulre® v/s 6.21 min + 0.61 in the control
(F = 50.72; df = 2.02P = 0.01) whereas males remained 10.82 min % 1.Zhenstimuli
v/s 7.8 min £ 1.18 in the contrdF (= 41.40; df = 2.02P = 0.04). There was no significant
difference between sexes in any evaluated zongs 1R). For the second oil in study, only
females were attracted to fennel essential oil (&0 with a permanency time of 12.19 +
1.29 min in the stimuli v/s 6.63 = 1.23 min in tbentrol & = 18.81; df = 2.02P = 0.02).
Moreover, difference between both sexes were fanrgtimulus sourceR = 0.02) (Fig.

1B).
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Fig. 1 Average time spent (min) (£ SE) by both sexeg@gorhinus superciliosus on (A)
Eucalyptus spp. and (BJFoeniculum vulgare essential oil (500 ng) in four-arm olfactometer
bioassay. Different letters indicate statisticdtedence among zones (stimulus, control and
decision zone)R < 0.05) based on the non-parametric Friedman tésied by Conover

test, letters in square correspond to statisticanafes and (*) = indicate statistical
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difference between sexes in the same zdPe<(0.05) based on the non-parametric

Wilcoxon test. N=20 per sex.

Behavioral Bioassays with standards.

The responses of both sexes of the weevil expressegercentages in two-arm
olfactometer are shown in Figure 2. At evaluatingatyptol, females of. superciliosus
showed attraction at the dose of 500 X@ {5 P = 0.03). Lower doses were not significant
(P> 0.05). There were no significant differences inenasponses at any tested dose (5, 50
and 500 ng)R > 0.05) (Fig. 2A). In the case of anethole, only &&s were attracted at the
dose of 50 and 500 n&%.13 P = 0.07;X%s3 P = 0.005). Males showed no preference for

this monoterpene at any evaluated dose (5, 50 @da@) P > 0.05) (Fig. 2B).
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Fig. 2 Response (%) of both sexesAfsuperciliosus to three doses (5, 50 and 500 ng) of
eucalyptol (A) and anethole (B) in a two-arm oltaoeter. One, two and three asterisks
indicate statistical significance accordingXofor (*) p < 0.1 (**) p < 0.05 and (***)p <

0.01, respectively, with ¥ 25.
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EAG response.

Male and female antennae Af superciliosus were sensitive to both monoterpenes in the
three evaluated doses (5, 50 and 500 ng) (Fig=6jale electroantennographic responses
to eucalyptol were significative between the twghuast doses, with a mean intensity of
0.75 mV % 0.17 (50 ng) v/s 1.70 mV+£ 0.34 (500 n§)« 5.3; df = 2.05;P = 0.02).
Similarly, male electroantennographic responsey wdre statistically different between
the highest and the lowest dose, with a mean regponl.31 mV £ 0.16 (500 ng) v/s 0.84
mV £ 0.15 (5 ng) T = 7.06; df = 2.05P = 0.006) There were no differences between male
and female antennal response to any tested d&ses0(05) (Fig. 3A). In the case of
anethole, there was a dose effect on the femattredetennographic response, observing
significant difference between the highest and loweer doses. The mean intensities were
2.19 mV + 0.35 (500 ng) v/s 1.04 mV + 0.20 (50 (x 13.32; df = 2.05P = 0.0047) and
0.64 mV+ 0.10 (5 ng) P< 0.0001). Male antennae showed a similar respahsge three
tested doses (5, 50 and 500 ng)>(0.05). Differences between sexes were found only a

500 ng P = 0.02) (Fig. 3B).
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Fig. 3 EAG dose-response curves of the antennalegbrhinus superciliosus adults to
three concentrations (5, 50 and 500 ng) of eucalyf®) and anethole (B). The EAG
amplitudes were adjusted to the control (hexand)veere given as means + SE. Different
letters indicate statistical difference among dgges 0.05) based on the non-parametric

Kruskal-Wallis test followed by Conover-Inman telgtters in square correspond to the
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statistics of the males and (*) = indicates statidtdifference between sexes at the same
dose P < 0.05) based on the non-parametric Wilcoxon teathEdose was tested on ten

individuals.

Discussion

The chemical analysis of thucalyptus spp. essential oil by GC-MS showed that
eucalyptol was the major component identified foka bya-pinene and cymene (Table
1). These compounds have been reported by Macadl €010), Cheng et al. (2009) and
Pagula et al. (2000) as the main components inlyptca species essential oils, such as
Eucalyptus globulus, E. camaldulensis andE. urophylla obtained from Brazil, Taiwan and
Mozambique, in the following proportions: eucalyip{83.9% - 58.3% - 40%)z-pinene
(4.1% - 6.25% - 4.6%) and cymene (2.9% - 0.4% 96}, respectively. Moreover, our
results differ from Gilles et al. (2010) who repattthat the main constituent Béical yptus
olida obtained from Australia wasEf-methyl cinnamate in absence of eucalyptol.
Therefore, we suggest that there is a variatioth@oil compositions of the same genus
associated with species as well as to biotic andtiabconditions of growing in each
country (Regnault-Roger et al., 201E). vulgare essential oil presented 14 compounds,
mainly terpenes. Anethole, an oxygenated monoterpeas found as the main component
of oil with a rate of 50.8%, followed by estrag¢l9%) and fenchone (11%). Barazani et
al. (2002) and Miraldi (1999) indicated that anéthand estragole were often the main
components in the fennel essential oil, which agre@h our study. Though the main
compounds identified in our sample are consistetiit thhose previously reported, there is a

guantitative difference in its proportion. Anethaentent was lower in our study (50.8%
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v/s < 69%), whereas that estragole content wasehigjtan previous records (19% v/s 5%).
Similar proportions of fenchone (11%) and highemteats ofa-pinene (7.16% v/s 2.7%)
anda-phellandrene (4.4% vis1%) were observed in our sample (Anwar et al. 920@Ici

et al., 2009; Mimica-Dukié et al., 2003). Moreoveuy results differ from those obtained
by Ozcan et al. (2006) who studied the oil compasiof fennel from Turkey, in which
estragole (> 50%) following by fenchone (> 13% an@d4%) revealed to be dominant in
absence of anethole. Comparison between our reanlisthe results of other reports
showed differences, probably due to the plant tiaseor sites, as well as the time of

harvesting.

Currently, the most attractive aspect of the stoflyhe essential oils and their
constituents are their biological properties maiglyided to the crop protection, as an
alternative to conventional insecticides (Batishakt 2008). The results from bioassays
showed that non-host plants essential oils carcteftdy interfere with the behavior &.
superciliosus. Both sexes of raspberry weevil were attractetheoodor emanating from
eucalyptus essential oil (500 ng) and only femadewils were attracted to fennel oil (500
ng) (Fig. 1). There are few studies that reportdtieactant effect of these oils. However,
Tooke (1953) reported that the curculiorid scutellatus showed preference to essential
oils of different eucalyptus species and associakesl behavior with the presence of
eucalyptol in its composition. Moreover, Roback&0Qq7) showed that fennel and
eucalyptus essential oils were attractive to teghA. ludens, but they were much less
attractive than AFF luresAfastrepha fruit fly). We suggest that the attraction obseros
A. superciliosus could be influenced by any compounds present th bds, such as-f

pinene, limonene and eucalyptol, which have begiorted as constituents of the
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Vaccinium corymbosum L. host-plant during population peak of the ins@earra et al.,
2009b), besides anethole, main compound of fenssgrgial oil. Even though the males
were no attracted by the fennel oil, the femalesevatracted by both essential oIl <
0.05) (Fig. 2). It is of greater importance to agohtthe females within a pest control
strategy, as they cause a more severe damage baxfamsposition. The attractant activity
observed with both essential oils is apparentlgtesl to its terpene type components since
there is a relationship between the chemical sirastof the most abundant compounds

and their attractant activities (Silvério et aD13).

A. superciliosus is frequently found to be clustered in blueberryubls during the
blue pink phenological stage. This behavior hasla#ibuted to volatile compound blend
released in this stage, which contains eucaly@éb)(in its composition (Parra et al.,
2009b). Our results show an attractant responsdemifales A. superciliosus to this
compound at the highest dose tested (500Prg0.05) in two-arm olfactometer bioassays.
This is consistent with the report by Parra et(2009b) who also observed that only the
females were attracted to eucalyptol at 50 ng. dfbee, we can suggest that the female
weevils are capable of perceiving this compound nange from 50 to 500 ng. Moreover,
the electroantennographic results indicated thah Isexes ofA. superciliosus antennae
have receptors for the eucalyptol with significdifference among dose® & 0.05). The
mean responses of the females ranged from 0.75#t0.1.70 + 0.34 mV, while the male
responses ranged from 0.84 £ 0.15 to 1.31 £ 0.16 $ilarly, eucalyptol mean response
in eucalyptus woodbord?horacantha semipunctata (Coleoptera: Cerambycidae) has been
greater than 0.8 mV (Barata et al., 2000). Ndiggd.€1996) and Wheeler (2015) reported

to eucalyptol as an electrophysiologically activenpound acting as an attractant for the
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banana weeviCosmopolites sordidus Germar and foOxyops vitiosa Pascoe (Coleoptera:
Curculionidae) in laboratory bioassays. Furthermdhe antennal olfactory system of
Thyrinteina arnobia (Stoll) (Lepidoptera: Geometridae) showed sengjtivo this
monoterpene obtained from essential oils of sevealgptus species (Batista-Pereira et al.,
2006). Eucalyptol was also electrophysiologicallgtivge in female Gonipterus spp.
(Bouwer et al., 2014) and cabbage seed we@&saltorhynchus assimilis Paykull
(Coleoptera: Curculionidae) (Blight et al., 1995)daacted as attractant for the weevil
Xyleborus glabratus Eichhoff (Coleoptera: Curculionidae), suggestihig tmay be useful

for managing this insect (Kuhns et al., 2014).

Similar results were obtained with anethole, whigve-arm olfactometer signals,
showed that this component elicited an attractiesponse in the adult females of this
weevil at the highest tested dose (500fg,0.05). Additionally, olfactory system of both
sexes OfA. superciliosus can perceive this compound electrophysiologicaflydose-
dependent EAG response was obtained in female i8eeamging from 0.64 + 0.10 to 2.19
+ 0.35 mV, whereas male response was similar aetbvaluated doses (0.90 £ 0.14 to 1.23
+ 0.22 mV). Differences between sexes were obseavétk highest dose tested of anethole
(500 ng) and in general terms, it has been denatestthat females showed greater EAG
response than males, but this was not always ggnif(EAG-eucalyptol). An EAG higher
response of bruchid femat&allosobruchus maculatus (Fabricius) than males was observed
at being stimulated with the seed-extractVbfna unguiculata (L.) Walp., it could be
explained by the fact that the cowpea seed belajetheir eggs on the external surface of
dry seed in Fabaceae species (Adhikari et al., 2008s behavior may be found in the

females which need find a suitable host that prewitbod and safety for the progeny
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(Paukku & Kotiaho, 2008). According to our resulisethole produced a dose-dependent
EAG (0.6 to 4.4 mV) and attractant behavioral resgo on Proagopertha lucidula
(Faldermann) (Coleoptera: Scarabaeidae) at the dbd® pg/uL, concentration higher
than the three used in our study (Chang-Kuan e2@09) and it was electrophysiologically
active in the antennae of both sexe©gythyrea funesta (Coleoptera: Scarabaeidae) (Vuts
et al., 2008). Likewise, anethole is known to deaative to scarab&etonia aurata aurata
and Oxythyrea funesta (Coleoptera: Scarabaeidae) in seasonal monit¢g8ogmera et al.,
2004; Toth et al., 2003), for the weeWlylobius pales (Coleoptera: Curculionidae)
(Thomas & Hertell, 1969) and for the mofingyresthia conjugella Zeller (Lepidoptera:
Argyresthiidae) (Bengtsson et al., 2006). On theepthand, evidences of field trapping
systems showed that traps baited with anethole e#eetive to capture adults scarab of
Anomala marginata Robinson, Trigonopeltastes delta Foster (Cherry et al.,, 1996) and
Epicometis (Tropinota) hirta (Toth et al., 2003) (Coleoptera: Scarabaeidae)e@®as these
reports, we must guide our future trapping systéonsvaluate anethole and eucalyptol

individually and in combination for a possible skgistic effect between them.

Odor perceptions in the raspberry weevil involve noterpenes, in particular
eucalyptol and anethole. These oxygenated monatespare most probably attractive,
since they are associated with susceptible hostafyea & Birgersson, 1987). According
to chemical nature of these compounds, our ressudiggest that both sexes &{
superciliosus are generalist neuron receptors able to detecttieolaompounds from
essential oils (Boeckh, 1984), which could be adersd as foraging kairomones for the
species, contributing to host-selection and ovipmsibehavior (Parra et al., 2009b; Ruther

et al., 2002). The identification of semiochemidatsn non-host plants o&. superciliosus
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could be used to develop monitoring systems owte them into traps in the field test.
Some studies showed the effectiveness of kairomase®ols potential of capture for
insect pest (Brockerhoff et al., 2006; Light et &001; Lingren, 2000). However, more
studies are needed to evaluate the effect of tbeswounds or combinations of them at
different doses on the behavior of our insect. Ttigdy is a starting point to develop
efficient kairomones to be used in monitoring antegrated Pest Management (IPM)

programs for raspberry weevil.

In conclusion, it was possible to identify fifteeamd fourteen compounds from
Eucalyptus spp. and F. wulgare essential oils respectively, which were mainly
monoterpenes hydrocarbons and oxygenated. Althbathessential oils showed capacity
to attract weevils, mainly females, the resultsgasg that eucalyptol and anethole might be
a more viable alternative and effectiveness foritisect control, according to the results
obtained in EAG and behavioral bioassays. In amlujtithe biological activity of the
essential oils is directly related to their cherhmamposition and if this varies, it can alter
the effect produced. Future studies should be guideassess the effectiveness of these
monoterpenes under field conditions as possiblag®rkairomones for monitoring and

controlling this curculionid.
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General discussion

In the last decades, the study and use of esseil8glEOSs) derived from aromatic
plants as low-risk insecticides, have increasedsidenably owing to their popularity
among organic growers and environmentally conscamursumers (Regnault-Roger et al.,
2012). The EOs are a major source of highly actwe potent metabolites, affecting
biology, behavior and physiology of insects (Ism&nMachial, 2006). Plant oils are
generally considered broad-spectrum and safe #retivironment because the array of
compounds they contain quickly biodegrade in theaswl are safer for humans (Rajendran
& Sriranjini, 2008; Devi & Maji, 2011; Sendi & Ebatlahi, 2014). They can be constituted
by complex natural mixtures of about 20 to 60 coumus at different concentrations, and
they are characterized commonly by two or threeomaomponents at fairly high
concentrations compared with other components ptesetrace amounts. Generally, the
major constituents determine the biological activof EOs (Sendi & Ebadollahi, 2014),
which is agrees to results obtained in this reseavtoreover, it is important to emphasize
the intraspecific variability of EOs chemical corsfimn, because their bioactivity is
directly related to their composition. This facterdetermined by the rind of the extracted
plant organ, phenological state, time of year awdhtion method used as well as climatic
and soil conditions (Masotti et al., 2003; Angi@tial., 2006; Isman & Machial, 2006). At
this respect, we evaluated twa millefolium EOs from different localities and with
different chemical compositions. We observed tAanodipennis showed a differential
behavior depending on the EO. Specifically, yarroly whose main component was
thujone, elicited repellency in the insect, whergasow oil, whose main component was

chamazulene, was not repellent (See Appendix mil&ly, Tabanca et al. (2011) reported
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the same effect when fivi biebersteinii samples collected from different zones of Central
Turkey were evaluated. In their study, they coutdeyve than only the sample obtained
from Ankara showed a notable larvicidal effect Anaegypti, which was attributed to
different chemical composition among samples. Theselts showed the importance of
knowing the chemical composition of the EO assedatith a biological activity, which

could be affected qualitative and quantitativelgading to factors mentioned above.

EOs and their derivatives show a broad spectruactiwity against harmful insects
and are considered as an alternative for pestaofiillmoor et al., 1993). In this aspect,
several studies have documented the ability of E@stheir repellent and attractant
properties against pest insects (Landolt et aR919ripathi et al., 2000; Papachristos &
Stamopoulos, 2002; Wang et al., 2006; Kendra et 20011). According to thisA.
millefolium andR. chalepensis EOs were repellents f&. nodipennis andA. superciliosus
respectively in our research, where the repelletvity was dependent on the applied
concentration. Commonly, EOs can be inhaled, imgkst absorbed through the cuticle by
insects (Regnault-Roger, 1997). In our study, thesre perceived by inhalation in
olfactometer bioassays acting as a blend of diffesenall-volatile molecules that interfere
with the insect physiology. As the active compoubd®ng to monoterpene family, we can
assume that their mode of action is indicative afearotoxic action associated with the
inhibition of the acetylcholinesterase activity @@® et al., 1991; Abdelgaleil et al., 2009).
These kinds of compounds were the first inhibitabtained from plants with
anticholinesterasic properties described in studieshemical interactions between plant
volatiles and insects (Houghton et al., 2006). didigon, their symptoms are similar to

those produced by organophosphate and carbamaetiades (Isman, 2000). Ryan and
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Byrne (1988) reported that some terpenoids aréitang of acetylcholinesterase (AChE),
provoking paralysis and death in insects. Thesdss evidence that monoterpenes interfere
with the neuromodulator octopamine (Kostyukovskglet2002; Enan, 2005; Isman et al.,
2007) and with GABA-gated chloride channels (Phegset al., 2003). In the chapter 1I, we
suggest that thujone monoterpene affect the GABstesy (Hld et al., 2000) as a
neurotoxic insecticide (Ratra et al., 2001; Duk@04), and according to literature, the
tested EOs in this study may cause, repellent iactna one or more of these modes of
action. Its use as volatile allelochemicals fromsE@ay be more effective with a better

understanding of these mechanisms.

Terpenoids also play a vital role in plant-plartenactions and serve as attractants
for some insects such as pollinators (Sendi & Ebaldip 2014). Attraction activity on
insects by EOs and specific components is demdedtia many studies, mainly oriented
to development lure for trapping systems (Hamma&®6; Gorski, 2004; Katerinopoulos
et al., 2005) indicating that they can be usedoimtml pest. In the present study, EOs with
attractant properties foA. nodipennis were not found (See Appendix 2). However, two
EOs with attractant properties were identified Aosuperciliosus (See Appendix 3 and 4).
In Chapter 5, we showed that eucalyptus EO was taactant for both sexes oA
superciliosus, whereas their main component, eucalyptol, onlys vaétractant for the
females of the species. Moreover, the fennel EO iendhain compound anethole were
attractant only for the female weevils. Based ogs¢hlaboratory results, both EOs were
evaluated under field conditions in an orchard afdpean hazelnut. Despite the caught
insect number was small (11 insects), the eucadypiluvas able to attract and capture both

sexes of insect with a higher female proportiomthale (3 females/1 males), whereas the
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fennel oil only captured females (4 females), suppg the laboratory assay data (See
Appendix 5). We suggest that the attraction produoe both EOs is strongly influenced
by their main constituents, in this case, eucalyptad anethole. The effectiveness of
attractant EOs under field conditions has also lmeiuated by other authors. Hanula &
Sullivan (2008) showed thateptospermum scoparium (Myrtaceae) (manuka) arféhoebe
porosa (Lauraceae) (phoebe) EOs were attractive baitsiétd monitoring ofXyleborus
glabratus (Coleoptera: Curculionidae) in South Carolinawdaily catch mean of 1.3 and
3.5 insects per day, respectively. In additionythgpothesized that the main components
of these oils, two sesquiterpenesgopaene and calamenene, were probably the primary
attractants for this insect. Similarly, Kendra &t(2011) indicated that traps baited with
phoebe oil lures captured maxe glabratus beetles than those with manuka oil lures and
according to published chemical analyses of marmikdnave shown a high degree of
variability among extracts from trees of differeggographic regions in New Zealand
(Porter & Wilkins, 1998), which may contribute tanability in attraction ofX. glabratus.
Other evidences showed that EOs can act synergairggtraction, aguniperus oxycedrus

EO that enhances the attraction @fionol to male Bactrocera latifrons (Diptera:
Tephritidae) (McQuate & Peck, 2001). Moreover, E€Gs mask attractant lures and
disrupt the olfaction of the insects, as wintergread peppermint EOs that produced the
reductions in Japanese beeRepillia japonica (Coleoptera: Scarabaeidae) trap counts
relative to commercial attractant (phenethyl propie: eugenol: geraniol, 3:7:3 by

volume) (PEG) - baited traps (Youssef et al., 2009)
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EOs based commercial products are being develapeddWide range of human and
animal uses, including pest control. Some Amerimampanies have developed EOs based
pesticides in a far shorter time period than wawdmally be required for a conventional
pesticide. For example, Mycotech Corporation predu¢aleroTM, as a miticide/fungicide
for use in grapes, berry crops, citrus and nuts ddthnamiteTM, as an
aphidicide/miticide/fungicide for greenhouse andticaltural crops. Both products are
based on cinnamon oil, with cinnamaldehyde (30%6imulations) as the active ingredient
(Tripathi et al., 2009). Moreover, EOs based regedl are designed as topical preparations
or combustible products that are able to proteet uker or environment from harmful
insects (Oyedele et al., 2000). Many commerciabpets like Buzz Away® (containing
oils of citronella, cedarwood, eucalyptus and legrass), Green Ban® (containing oils of
citronella, cajuput, lavender, safrole free sassafr peppermint and bergaptene free

bergamot oil) and Si8o-Soft® (containing various oils and stearates).

Concerning to the pesticide activity, the creatsyergistic combinations is to
reduce the dose of polluting substances and retheeisk of developing resistance. A
broad array of pest-repellent products, includiegol teas, plant extracts and fermentation
products and industrial clay and rock powder presl¢e.g. kaolin) are authorized for use in
organic agriculture. Nevertheless, the use of th@educts has declined in recent years
because of the commercialization of standardizedustrial products (Isman, 2006).
Sinzogan et al. (2006) reported that damage tooradty the bollworm,Helicopverpa
armigera (Hubner) (Lepidoptera: Noctuidae) can be minimizég mixtures of
conventional insecticides at one half the recomradmdte by combining extracts of three

local plants Azadirachta indica, Khya senegalensis andHyptis suaveolens) which provided
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greater efficacy than the conventional productsealat their recommended rate. Moreover,
essential oils also showed some usefulness fodihgilmaterials. A wood preservative
solution mixed eucalyptus EOs with pyrethroids @odax (Urabe, 1992). However, none
of the plant extracts alone provided adequate ptiote (Isman, 2008). The synergistic
rationale for using combination products is orienie producing a dynamic product which
acts through multiple modes of action, respecting principle that the action of the

combined product is greater than the sum total wbwn and unknown chemical

components. Both positive and negative synergism axur between the EO or their

components and the other ingredients present itotaeformulation (Tripathi et al., 2009).

Nowadays the combination of EOs and active molecue attracting special
attention of the scientific in order to optimizesthctivity of natural products as new tools
for the agriculture. The application and using ainy bioactive EOs against pest insects
has been limited in the agriculture and food pati@gindustries because their
susceptibility to oxygen, light, and easy volayilat high temperatures (Asbahani et al.,
2015; Chung et al., 2013). An alternative is theroencapsulation technology that has
been applied to improve the sustained release tefééabilization from environmental
damage and for easy handling through solidificatbressential oil (Chung et al., 2013).
Controlled released formulations allow deliver deratjuantities of a substance to be used
more effectively over a given period of time (Kydeus, 1980). It can maintain constant
concentration of active compounds at target (Lgk&B907). In initial stage, the amount of
released oil is large and then slowly become cobngt@hang & Dobashi, 2003; Chang et
al., 2006). Encapsulation process is suitable neetfoy entrapping EOs of different

chemical composition. This method reduces losshefdctive principles, leading to high
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loaded microparticles that offer protection agagrstironmental agents and also offers the
possibility of controlled substance release (Morettal., 2002). Microcapsules are small
particles with a size between 1 and 1000 um commgrian active agent surrounded by a
natural or synthetic polymeric membrane. Microcdgsuare composed by two parts,
namely the core (the internal part) contains theva@gent (e.g., an essential oil) and the
shell (the external part) protects the core fromdhter environment (Ghosh, 2008here
are numerous possibilities to use microencapsulaoa technique to obtain products with
high added value. However, only the 2% of applaais used in the agriculture (Martins
et al., 2014). Some EOs formulations describedheyr fpotentiality for insect pest control
are the microencapsulation &osmarinus officinalis and Thymus herba-barona EOs,
where the microcapsules had toxic effectd_onantria dispar (Lepidoptera: Lymantridae,
gypsy moth) larvae (Moretti et al., 2002); nanojgtes coated with polyethylene glycol
(PEG) and loaded with garlic EO with insecticidatiety against adulfT. castaneum
(Yang et al., 2009) and microcapsules wRhofficinalis and Thymus vulgaris EOs were
insecticidal onPlodia interpunctella larvae (Sanna-Passino et al., 2004). In addition,
microencapsulated thyme EO had long-lasting repeji¢over 90% for 4 wk) on larvae of
P. interpunctella, showing their great potential in the applicatiminfood packaging and
processing (Chung et al., 2013). Moreover, monetgp with insecticide activity also
have been encapsulated because it's rapid vo#didiz, pointing out remarkable
differences in the release behavior of linalool efepng on matrix composition and the

method of encapsulation (Lopez et al., 2012).

Finally, it should be mentioned that certain EOd #reir constituents are effective

attractants for some insects. An attractant substaould be oriented to develop trapping
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systems (Katerinopoulos et al., 2005; Copping & &UX007). For example, geraniol and
eugenol are used as lures in traps for the Japdeedke, and methyl eugenol was used to
trap Oriental fruit flyDacus dorsalis (Diptera: Tephritidae) (Vargas et al., 2000). Thes
substances can be applied as attractant adhelsngeviith EOs prepared for the control of
agriculture and horticulture pest (Klerk, 1990)kewise, the repellent substances could be
oriented to development of natural insecticidesemellents to prevent insect infestation,
representing another potential use of EOs. It igoirtant to point out that repellents could
be useful tools in integrated pest management atwdtural crops, particularly in the
context of a stimulus deterrent diversionary sgatéSDDS) or push-pull strategy (Miller

& Cowles, 1990).
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Concluding remarks

From the selection of non-host plants essentialenbluated in this thesis it was possible to
identify essential oils and pure compounds withezitrepellent or attractant properties on

Aegorhinus spp. in laboratory bioassays.

Essential oil extracted fromchillea millefolium and its main compound thujone elicited a
repellent effect orAegorhinus nodipennis in olfactometric bioassay. Similarly, volatile
compounds emitted frorRuta chalepensis essential oil were repellent to both sexes of
Aegorhinus superciliosus. On the other hand, both sexes of this weevil vatracted to the
odor released froriucalyptus spp. essential oil and only female weevils weteeted to
Foeniculum wulgare oil, while eucalyptol and anethole were only ataat for A.

superciliosus females.

The chemical identification carried out for the exdgal oils in a GC-MS allowed know

gualitative and quantitative composition of eachsciepancies were found with those
reported in the literature for all oils, which haween attributed to agronomic management,
techniques used during their extraction as welbiatic and abiotic variations associated

with growing plants.

The electroantennographic bioassays allowed eskalitiatA. nodipennis antennae have
olfactory receptors for thujone, whereas antenrfaeoth sexes ofA. superciliosus have
olfactory receptors for eucalyptol and anetholeadidition, we suggest that the bioactivity

produced in the weevils is associated with compeumd terpene type, mainly
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monoterpenes. Therefore, we suggest that thesdisrdsave practical implications for
management oAegorhinus spp. associated with behavioral manipulation ef weevils,

accepting the hypothesis of this thesis.

Future directions

The knowledge given in this Doctoral Thesis candoentated to the development of
attractant lure foA. superciliosus females or it could be the basis for the develagnoé

natural origin pesticides againAt nodipennis and A. superciliosus, where both strategies
based on essential oils and their derivatives cdwddapplied in an integrated pest

management system for these weevils.

Under this context, future studies of essentiad @ihd their compounds with attractant
properties should be focused on optimizing trapgiegheir number and allocation in the
crop fields (height, position, and density), adjugtthe dosage of chemicals used and

determining a possible synergic effect among them.

In the case of essential oils and their main comgdsuwith repellent properties, future
studies should be focused on evaluating the modetain of thujone using molecular and
biological techniques o. nodipennis and evaluating the effects of 2-nonanone and 2-
undecanone in behavioral bioassays, determiningléistrophysiological effect and mode

of action onA. superciliosus.
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Figure 1. Average time spent (min) (x SE) egorhinus nodipennis on two Achillea
millefolium essential oils of different chemical composition olfactometer bioassays.
Different letters indicate statistical differencB £ 0.05) based on the non-parametric

Friedman test followed by Conover-Inman test, NO> 2
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Appendix 2
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Figure 2. Average time spent (min) (z SE) ®egorhinus nodipennis on non-host plants
essential oils (500 ng) in olfactometer bioassdysgferent letters indicate statistical
difference among zones (stimulus, control and d&tizone) P < 0.05) based on the non-

parametric Friedman test followed by Conover-Inrtest, N = 30.
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Appendix 3
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Figure 3. Average time spent (min) (x SE) Byegorhinus superciliosus males on non-host
essential oils (500 ng) in four-arm olfactometeodsisay. Different letters indicate
statistical difference among zones (stimulus, adrand decision zoneP(< 0.05) based on

the non-parametric Friedman test followed by Condsst, N=20 per sex.
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Appendix 4
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Figure 4. Average time spent (min) (x SE) &egorhinus superciliosus females on non-
host essential oils (500 ng) in four-arm olfactoendbioassay. Different letters indicate
statistical difference among zones (stimulus, adrand decision zoneP(< 0.05) based on

the non-parametric Friedman test followed by Condsst, N=20 per sex.
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Appendix 5
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Figure 5. Percentage of insects captured in the field erpeErt according to sex in each
treatment baited with 200 ul of eucalyptus, feressdential oil and control. Different letters
indicate statistical differenceP(< 0.05) based on the non-parametric Friedman test
followed by Conover-Inman test and asterisk (*)igates significant differences between

sexes based off test P < 0.05, N=11).
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