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En argot

les hommes appellent les oreilles
des feuilles

c’est dire comme ils sentent

gue les arbres connaissent la musique

Mais la langue verte des arbres

est un argot bien plus ancien
qui peut savoir ce gu’ils disent
lorsqu’ils parlent des humains

Les arbres parlent arbre
comme les enfants parlent enfant

Quand un enfant
de femme et d’homme
adresse la parole a un arbre
I'arbre répond
I'enfant entend
Plus tard
I'enfant parle arboriculture
avec ses maitres et ses parents
Il n"'entend plus la voix des arbres
il n'entend plus
leur chanson dans le vent ...

Jacques Prévert (Arbres)
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INTRODUCTION GENERALE






1. Les réseaux trophiques dans les agrosystemes

Au sein d'une communauté écologique, un réseau trophique définit comresent le
especes sont reliées entre elles par des interactions dproyps-prédateurs. L'organisation
des communautés en réseaux trophiques permet alors de comprendréderfernent d’'un
eécosysteme a travers plusieurs notions liées a I'équilibre dilieu biologique €.g.
résistance, résilience) (Pascual & Dunne, 2006). Bien qu’'un systémpbique puisse
comprendre un grand nombre d’espéces, il est possible de les regrofgastion des proies
et des prédateurs partagés par chaque espéece (Setgalhd 989 ; Pimmet al, 1991). Dans
le cadre des relations plantes — insectes, les résealwptrigues se composent ainsi de trois
niveaux distincts : les producteurs primaires (les plantes)olesommateurs primaires (les
herbivores) et les consommateurs secondaires (les ennemidsndésrderbivores) (Pricet
al., 1980). La structure d’'un réseau trophique et la stabilité qui enaé@splisent en grande
partie sur des équilibres dynamiques (initialement formulés\éers I'équation de Lotka-
Volterra) contrdlant les populations de chaque organisme impliqué (Gaihah 1990).
Plusieurs facteurs environnementaux influencent ces équilibres (mitbpment des
relations de prédation, de compétition ou de mutualisme) et contribuérthitecture du
systeme trophique (Jenkiesal, 1992 ; Ripeet al, 1998). Les agrosystemes sont des milieux
particuliers subissant des perturbations de maniére fréquendguéére. La simplification de
I'habitat et I'implantation de monocultures favorisent la colonisaties parcelles par les
insectes ravageurs (Meehen al, 2011). Parallelement, une rapide succession d’habitats
provoque un phénomeéne d’asynchronie ou la colonisation de la parcelle pardiesres en
début de saison a lieu en I'absence de leurs ennemis naturelsw@aadt 1977). Dans les
deux cas, les dégats occasionnés par les herbivores proviennent ddidéssquisein de la
structure des systemes trophiques. Dans les agrosystemesdasismes intervenant dans
les équilibres des réseaux tri-trophiques et la régulation des popsld’herbivores ont donc

suscité beaucoup d’intérét.

Tout d’abord, le développement des phytophages dépend des ressources aulgquelle
ont acces et les populations sont donc régulées par la quaktaisponibilité des plantes
présentes dans l'environnement. Le controle des herbivores s'effaniied'un niveau

trophique inférieur vers un niveau supérieur (contréle « bottom-up »)t@New al, 2009;



Blake et al, 2010). Les populations de phytophages sont également régulées par leurs
ennemis naturels. Le contrdle des herbivores s'effectue cedtei fdiun niveau trophique
supérieur vers un niveau inférieur (contréle « top-down ») (Gomez &Zgrh994 ; Halaj &
Wise, 2001). Ces deux mécanismes de controle des populations dherbive@s pas
nécessairement exclusifs et peuvent tous les deux étre mtias les systemes de défenses
mis en place par les plantes contre leurs agresseurs, qeitd doects (« bottom-up ») ou
indirects (« top-down ») (Ode, 2006). Ces deux types de controle somiginé des deux
hypotheéses écologiques proposées par Root (1973) pour expliquer pourquoi lesopspulat
d'herbivores sont plus importantes dans les monocultures que dans des nakurels plus
diversifiés. Dans un habitat diversifié ou les ressources sont momtentrées, les insectes
phytophages ont plus de difficultés a trouver une plante hote, ce quileédaitsité de leurs
populations via un effet de type « bottom-up » (hypothese de la conimenttes ressources).
Par ailleurs, I'effet « top-down » exercé par les ennemis elateera plus important dans un
habitat complexe capable de les accueillir et de favorserdction (hypothése des ennemis

naturels).

De maniére générale, ces mécanismes de régulation des tipmguldherbivores
reposent sur des connections entre deux ou plusieurs niveaux trophiquesodié des
communauteés est longtemps resté le seul cadre scientifignéeédur duquel les chercheurs
ont essayé de comprendre ces connections. Plus récemmenhscautdurs ont souligné
I'intérét d’une approche centrée sur les comportements individueéckerche de nourriture
(Krivan & Schmitz, 2003, Mc Canet al, 2005). En effet, la capacité des organismes
impliqués dans un réseau trophique a localiser des ressources aféfiaittie leurs régimes
alimentaires. Ces traits comportementaux sont donc a la baserdesctions entre niveaux
trophiques et contribuent ainsi a caractériser la structure d’'un rése&erfBanet al, 2006).
L’écologie chimique est une discipline qui étudie le réle desasig chimiques dans les
communications entre des individus émetteurs et récepteurs d’'itilmmsiaCette discipline
représente ainsi un moyen d’appréhender l'organisation des résemaghiques (et les
équilibres sous-jacents) ou les espéces de chaque niveau peuventda tble émettre un
message ou le recevoir avant d’adapter leur réponse. L'utilisati@m@sieonnaissances en

agriculture pourrait permettre de développer de nouveaux moyens de protectioutes. cul



2. L'organisation des réseaux trophigues repose sur
I'’échange d’information

Un réseau trophique est un réseau ou circulent des informationgestilgar les
organismes pour communiquer entre eux. Une communication biologique implique un
organisme émettant une information et un organisme récepteuradéteetie information au
niveau du systeme nerveux périphérique avant de la transformernah aig niveau du
systéme nerveux central (processus de traduction). L’organégepteur déclenche alors une
réponse lui permettant d’adapter son comportement. La définition adomenunication
biologique peut ainsi se référer a une approche adaptative ou @pprache centrée sur
I'échange d’information (Scott-Phillips, 2008). Bien qu’une information puéee véhiculée
sous différentes forme®.Q.visuel, sonore), celles de nature chimique sont certainement les
plus répandues (Steiget al, 2011). Dans le cadre des communications inter-spécifiques, les
substances sémiochimiques transportant I'information peuvent étgosées en fonction
de l'effet dU a la réponse de I'organisme récepteur sur lesatgarismes impliqués dans la
communication : (i) les allomones sont favorables uniquement a I'ongarémetteur (i) les
kairomones sont favorables uniquement a I'organisme récepteure§iisyinomones sont

favorables a I'organisme émetteur et a 'organisme récepteur (Nordlledvis, 1976).

2.1. Les herbivores utilisent un ensemble de signaux pour
sélectionner une plante hote

Loin d’étre une exception, la spécialisation des insectes herbisenekle étre une
généralité : moins de 10% d’entre eux se nourrissent sur pla®idefamilles de plantes
(Benays & Graham, 1988). Cette spécialisation nécessitsalaetion efficace de la plante
héte. La séquence comportementale impliquée dans cette sékefilrise en trois grandes
phases : la localisation, la reconnaissance et I'acceptatianlarite hote. Afin d’optimiser
une ou plusieurs de ces étapes, l'insecte utilise principalementypes de stimuli d’origine
végétale : olfactifs, visuels et gustatifs. La plupart des ségaaaomportementales font appel
a ces trois stimuli bien que plusieurs caractéristiques gpéesf de I'herbivoreg.g. rythme
circadien, mode de locomotion et degré de spécialisation) puisseritemiedirs importances
relatives (Schoonhovest al, 2005).



A distance, I'herbivore utilise des stimuli visuels et oifagbour localiser une plante
héte. Les stimuli visuels permettent la caractérisation d’umeegokaplusieurs niveaux. Ainsi
la couleur, la forme et la surface foliaire ou encore la baute la plante et son isolement par
rapport aux plantes voisines peuvent étre utilisés par l'insectenemource d’'information
(Prokopy & Owens, 1983). Les stimuli visuels sont fortement directisriine. ils permettent
de s’orienter trés précisément) mais relativement peu infdisngatant a I'espéce végétale. A
I'inverse, les signaux olfactifs peuvent étre peu directionméianfement de direction du
vent, de sa vitesse) mais beaucoup plus spécifiques (cf. 1.2.2.2.). Riae ghimiotaxie soit
difficile & maintenir dans une atmosphére turbulente, une anémgiasittve conditionnée
par des odeurs de plantes hétes permet a l'insecte de s’affrpatiéetiement des contraintes
dues a ce milieu de diffusion (Visser, 1986; Schoonh@teal, 2005). Pour déchiffrer les
signaux chimiques qui abondent dans leur environnement, les insectes sasitd@&un
récepteurs olfactifs qui leur permettent de percevoir les oéeniges par leur plante hotd:. (
1.2.2.2). Des composés de plantes non hétes peuvent également étre défegetdettre a
I'herbivore d’éviter des plantes inappropriées (Nottingtedral, 1991 ; Pickett et al., 2012).
Ainsi chez certains herbivores comme les scolytes, une utilisaéquentielle d’un ratio de
stimuli olfactifs issus de plantes hotes et de plantes non-hateetpee localiser un habitat
convenable, une espece hoéte et enfin une plante héte de bonne qualité (Z8ahlyli&r,
2004).

La phase de localisation prend fin dés l'atterrissage de ténsec la plante. Au
contact de la plante, I'herbivore a alors accés a d'auimagligbour reconnaitre et accepter
une plante héte. Plusieurs facteurs physiques comme la téRieesingh & Stadler, 1990)
et la présence de trichomes (Calatagtdl, 2008; Firdau®t al, 2012) peuvent influencer la
décision de rester sur la plante et moduler l'oviposition. Cependagt atierrissage la
majorité de l'information spécifique se trouve, la encore, sous fdargignaux chimiques
bien gu’elle soit cette fois-ci constituée de stimuli gustgtéscus par des récepteurs de
contact. La grande diversité des métabolites secondaires présentudace des feuilles
permet en effet de reconnaitre efficacement une plante h&terais biochimiques détectés
par l'insecte forment une « empreinte » composée de stimubitisigiositif (stimulants) et
négatifs (inhibiteurs) au sein de lagquelle de légeres différences peuvefiemadiutrition et
'oviposition (Jermy, 1984, Stadleet al, 2002). Plusieurs métabolites tels que les
glucosinolates, les flavonoides et les alcaloides peuvent par exstimpliler ou inhiber ces

comportements en fonction du degré de spécialisation de I'herbivore (Schaormtosle
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2005). La reconnaissance de la plante héte repose donc principalamesdssstimuli
gustatifs méme si plusieurs exemples montrent que I'ovipositiongeuimodulée par des
effets synergiques entre des stimuli gustatifs, olfactifguetque fois visuels (Roessingh &
Stéadler, 1990 ; Justus & Mitchell, 1996 ; de Jong & Stadler, 1999 ; @éaaln2011).

2.2. Fonctions écologiques des odeurs de plantes au sein des
reseaux tri-trophiques

Toutes les plantes libérent dans leur environnement un mélange de ésmpos
organiques volatils (COVs) a travers plusieurs organes commédeias, fles feuilles, les
racines et certains tissus spécialiség.frichomes) (Holopainen & Blande, 2012). A ce jour
plus de 1700 COVs ont été identifiés et ce chiffre devrait augmawec les progres réalisés
dans les méthodes analytiques (Dudaedva., 2006). Il est possible de regrouper I'ensemble
de ces COVs en quatre grandes familles en fonction de leurssnahingiques et de leurs
voies de biosynthésef( figure 1). La complexité d’'un bouquet d’odeurs constitué de
plusieurs centaines de COVs émis simultanément par une plamger(Bt al, 2003 ;
Gaquerelet al, 2009) est a l'origine d'une grande diversité d’informations pouvaet étr
percues par les insectes (Brteal, 2005 ; Bruce & Pickett, 2011). Les différentes fonctions
écologiques assurées par les COVs a chacun des niveaux daam téistrophique sont

présentées dans la partie suivante ; elles sont également résumeées dgares2a fi

Terpénoides Composeés verts \
Voies de l'acide mevalonique (cytosol) \oie de l'acide Iinoléique (chloroplaste)
et du méthylérythritol phosphate (chloroplaste)
%‘ ﬁf‘; w 2 hexenal ?g‘i‘
Limangne Carvune & acaryophyliene J-3- acetate dhexenyl }-3- hexénal
Phénylpropanoides et Benzénoides Composeés soufrés
Voie de la phénylalanine (cytosol) Voies de biosynthéses spécifiques
3. y < Cgt
® L
Salicylate de d g . Isothiocyanate Disulfure de
méthyle Benzaldéhyde Acétophénone d'allyle diméthyle

—/

Figure 1 : Les quatre grandes familles de composés organigasls et leurs voies de biosynthése
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Figure 2 : Fonctions écologiques des composés organiquesls¢ladVs) et des composés volatils ind
(HIPVs) au sein d'un réseau tri-trophique

2.2.1. Communication plante — plante

En raison de leur enracinement, les plantes sont caractéraéese vie fixée ou les
signaux volatils sont cruciaux pour communiquer entre elles. Le r8léiseis conducteurs
dans l'induction systémique des défenses suite a I'attaque d’'un herbavété bien décrit
(Stramann, 2003). Cependant, ce mécanisme peut étre limité paomtesintes liées a
I'architecture vasculaire de la plante.d. phyllotaxie, connections des tissus conducteurs
entre plusieurs organes). A I'échelle d’'une méme plante, IegsG&nis par une feuille
attaguée permettent de dépasser ces contraintes et d’'induireponser€.g. sécrétion de
nectar extra-floral) chez des feuilles voisines (Orians, 20051; &8ueno, 2007). Cette
communication privée au sein d'une méme plante est sans doute leseuécdes
communications entre différentes plantes (Heil & Karban 2010y&Stei al, 2011). En effet,
des plantes saines peuvent percevoir des composés volatils induigtapgue d’herbivores
(aussi appelés HIPVs pour «herbivore induced plant volatiles ») desz plantes
avoisinantes pour préparer et améliorer leur propre arsenatsdéém prévision d'une

possible attaque (Holopainen & Blande, 2012). Cette information peut&trémorisée »
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sous forme de méthylation génétique et accélérer par exemginthése d’inhibiteur de
protéases lorsque l'attaque est effective @lal, 2013). De telles communications peuvent
avoir lieu entre des plantes appartenant ou non a la méme espErenettre a la plante
induite de limiter les dégats occasionnés par I'’herbivore au maedrdttaque (Engelberth
et al, 2004; Kessleet al, 2006; Toret al, 2006).

2.2.2. Communication plante — herbivore

Plusieurs hypotheses ont été proposées pour expliquer la détection et la remocmaiss
d'un signal olfactif par un insecte herbivore. Ces différentes hypeshée sont pas
nécessairement exclusives et plusieurs scénarios sont obserdabhkeda nature. Deux
premieres hypothéses ont été formulées a la fin des annéds l&0reconnaissance d’un
signal peut reposer sur la détection de COVs spécifiques d’on t@xii/ sur celle d’'un
mélange de COVs ubiquistes émis dans des proportions spécifafuéigure 3) (Visser,
1986). Bien que la premiere hypothése soit longtemps restée prédtendaas la littérature,
de plus en plus d’exemples viennent renforcer la seconde. Des éfadates ont d’ailleurs
permis d’affiner I'hypothése de la reconnaissance d'un signgaréir d’'un mélange de
composés communs compris entre 3 et 10 COVs (Betied, 2005). La co-localisation de
plusieurs récepteurs au sein d’'une méme sensille permet unatiodsspatio-temporelle ;
I'insecte est ainsi capable de distinguer un mélange appré&mig par une seule et méme
plante héte (et transporté sous forme d'un paquet d’odeurs homogéne), d’un mélange
approprié résultant d’'une combinaison de COVs émis par plusieurs ptamdstes (Bruce
et al, 2005). En constatant de |égeres différences au sein des profil®©\de &nis par
plusieurs plantes appartenant au méme génotype, une étude & gl systeme olfactif
des insectes herbivores présente une certaine plasticité lewsti@et de s’accommoder de
telles variations sans pour autant perdre leur capacité andiseriune plante héte d’'une
plante non-hote (Bruce & Pickett, 2011 ; Riffell, 2012). Au sein d’'un bouquet ufsde
complexe, un signal olfactif est alors constitué d’'un ou plusieurssd@dispensables et de

composes volatils pouvant étre substitués par d’autres COVs émis par la plante hote
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Plante Systéme nerveux périphérique Systéme nerveux central

Une plante émet un bouquet Au niveau des sensilles de linsecte,  Lareconnaissance d'un signal olfactif repose sur
d'odeurs complexe : seulement  des récepteurs olfactifs détectentun  une information qualitative {mélange approprié) et
une partie est detectee mélange de 3 4 10 COVs quantitative (proportions adéquates)
{Bruce af af, 2005) {Bruce & Pickett, 2011}
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- / i D * Mélange de 5 COVs appropriés Reconnaissance d'un signal \
hote v (- : A ¢ : dans des proportions adéquates‘ émis par une plante hote {07
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Figure 3 : Reconnaissance d’'un signal olfactif par un inskerbivore & partir de composés organiques
volatils (COVs) communs
Les différents COVs détectés et leurs proportiespectives sont schématisés par des lettres ditlies différentes.

Par ailleurs, les variations des profils de COVs émis par @maerplante peuvent
également représenter pour l'insecte herbivore une source d’'atformadditionnelle lui
permettant d’améliorer ses prises de décisions. Le profil@és@mis par une plante est en
effet susceptible de se modifier au cours de son développementli&evariations sont
utilisées par certains herbivores se nourrissant sur un stade qafiénel particulier pour
optimiser la localisation d’une plante héte appropriée (Bengtstsah 2001; Szendredt al,
2009; Magalhaest al, 2012). Les composeés volatils produits par une plante sont également
sous l'influence de nombreux stress biotiques et abiotiques suscepggbiesdifier 'odeur
réellement émise (Holopainen & Gershenzon, 2010). Ces variations peunf@mer
I’herbivore sur la qualité de la plante et lui permettre d’ajusta comportement (Pintt al,
2010; Piesiket al, 2013). Les odeurs émises par des plantes attaquées peuventrainssi se
eviter des plantes accueillant déja d’autres herbivores, polem@sit compétiteurs, ou des
prédateurs (Sabelit al, 2001 ; Choh & Takabayashi, 2007). Au-dela d’'un site de nutrition
ou d’oviposition, une plante héte peut également constituer un site de rentardégection
de COVs permet ainsi d'optimiser ['utilisation de signaux phérommonzhez plusieurs
herbivores (Saidt al, 2005 ; Dickens, 2006; von Aet al, 2012).
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2.2.3. Communication plante - ennemis naturels

Les plantes percoivent trés rapidement l'attaque d’'un herbivore, gseitdersqu’il
se nourrit ou au moment ou il pond (Hilker & Meiners, 2010). Dans de nombesules
plantes répondent par I'’émission d’HIPVs pouvant étre synthétesdémvoou étre issus de
composés membranaires ayant été dégradés suite a l'attaquoeurghet al, 2005). La
découverte du réle de ces composés volatils dans le recrutement dd¢eym® ou de
parasitoides remonte a une vingtaine d’années (Dicke & Sab888 ; Turling®t al, 1990).
Ce mécanisme de défense indirecte a fait I'objet de nomlsréigdes (principalement sur
des plantes d’intérét agronomique) jusqu’a aujourd’hui. Récemment, Murihcki&, 2010
ont recensé pres de 50 especes de plantes capables de recrugemetass naturels
appartenant a 5 ordres différents: Hymenoptera, Neuroptera, Dipfedaoptera et
Heteroptera. Dans certains cas, I'émission d’'HIPVs peut rédigre90% le nombre
d’herbivores présents sur une plante en agissant a la fois secridement des ennemis
naturels et en réduisant l'oviposition du phytophage (Kessler & BaJd2d01). Dans un
contexte écologique, une méme plante est souvent attaquée simahargan plusieurs
especes d’herbivores. Lors de I'attaque combinée de plusieurs hesblesrprofils d’'HIPVs
émis par la plante sont différents de ceux libérés suiteagrebsion d'un seul de ces
herbivores. Il a été montré que des effets synergiques peuventiemoil’attraction d’'un
prédateur généraliste est par exemple renforcée lorsqu'unes @ahtattaquée par deux
especes d’herbivores (Moayet al, 2007). Cependant, un parasitoide spécialiste peut quant
a lui estimer que son hote est de moins bonne qualité lorsquéhesbmpétition avec une
autre espece d’herbivore présente sur la méme plante. Ceateptpmr d’'une compétition
possible est liée a I'altération du signal attractif origewlcas de multi-herbivorie (Piere¢
al., 2011).

3. Utilisation des COVs en protection des cultures

Les multiples fonctions écologiques des COVs peuvent étre coresdénénme des
leviers comportementaux intéressants dans le développementtdgiasrale protection des
cultures contre les insectes ravageurs. Deux revues récentsernit les différentes
applications agronomiques utilisant des COVs de synthése pour endeliilomportement de
I'nerbivore, de ses ennemis naturels ou des deux (Rodriguez-Saocein&k§t2009 ; Reddy
& Guerrero, 2010).
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3.1. Apercu général de trois stratégies utilisant des COVs de
synthese

3.1.1. Piegeage

Les COVs émis par des plantes hotes sont utilisés pour piégeradageurs de
différents types de cultures. Au sein de verger de pommiergiélgss diffusant un ester
permettent par exemple de capturer autant de carpoc&psia pomonellaque les piéges a
phéromone habituellement utilisés et présentent 'avantage de auiskgrbien les méales que
les femelles (Lightt al, 2001). D’autres pieges contenant cette fois-ci un mélange de trois
COVs (linalol, cynnamaldéhyde et alcool cynamique) permet@ntapture de bruches
(Bruchus rufimanuss’attaquant aux cultures de pois et aboutissent a I'élaborationlsl’out
d’aide a la décision (Brucet al, 2011). Les piéges attractifs utilisant des kairomones de
plantes hotes peuvent aussi étre combinés avec un insecticide damselan place
d’ « attracticides ». Aprés la découverte de composés volatileant les doryphores
(Leptinotarsa decemlinedtala combinaison de trois de ces COVs avec un pyréthrinoide a
montré des résultats encourageants pour protéger les cultures de genenes (Dickens,
2000 ; Martelet al, 2007). Une équipe de recherche australienne a récemment corfiséercia
un « attracticide » pour lutter contre des noctuelles du coton. Learcléenest détaillée dans
une série de trois articles présentant les avantages d'un «sélage » de COVs ne
cherchant pas a imiter un bouquet d’odeur naturellement émis paplame hoéte mais
combinant des odeurs caractéristiques de sites de ponte esdbesitgtrition (del Soccoret
al., 2010 a ; Gregagt al, 2010 ; del Soccoret al, 2010 b)

3.1.2 Synergie avec des phéromones

L'utilisation de phéromones pour protéger les cultures est relaivenédpandue a
travers le monde, que ce soit pour détecter la présence d’herbivatye en place des
pieges limitant les populations ou en confusion sexuelle (Witegadll, 2010). Plusieurs
études font état de résultats prometteurs dans la combinaison denphés et de COVs.
Tandis que quelques exemples indiquent que la présence de COVs peutlinhdpemse
d’'un herbivore a un signal phéromonald. Morewoodet al, 2003), des effets additifs ou
synergiques entre odeurs de plantes et phéromones sont observésrurabréex insectes.

Un composé commun a de nombreuses plantes comme le (Z2)-3- ath&tényl peut
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favoriser la réponse de plusieurs herbivores a leurs phéromonedeseresbectives comme
chez certaines noctuelleddlivoverpa zeaHeliothis virescens le carpocapsed; pomonella

et la teigne des cruciféreBl(tella xylostella (Reddy & Guerreo, 2004 ; Rodriguez-Saona &
Stelinsky, 2009). Les odeurs de plantes permettent également dw@néleffet de
phéromones agrégatives. Le (E)-2-hexenol multiplie ainsi par ldenambre de charangons

du coton Anthonomus grandjscapturés comparé a un piége contenant seulement la

phéromone agrégative (Aldrigt al, 2003).

3.1.3 Controle biologique

La grande majorité des études s'étant intéressé au potdegelCOVs dans la
protection des cultures s’est concentrée sur l'effet de tghesk dans le recrutement des
ennemis naturels et sur le contréle biologique des ravageurs. Lenpdrémal’asynchronie
observé dans la colonisation des parcelles par les herbivomgsthnemis naturels permet
aux premiers de pulluler en début de saison sans subir d’effgisdetvn ». L'utilisation de
COVs synthétiques permettant de recruter plus rapidement les isnmanrels peut limiter
ce phénoméne et améliorer la protection de la parcelle (Kd04g). Les premieres études
ayant démontré l'attraction d’ennemis naturels grace a la diffu® COVs synthétiques en
plein champ ont été menées aux Etats-Unis par le groupe de Remabs.JLa diffusion
d’odeurs comme le salicylate de méthyle, le (2)-3-hexendke ebenzaldehyde ont par
exemple permis d’augmenter la densité de coccinelles, ghesyou de chrysopes dans des
vignobles ou des vergers de houblon (James, 2003 ; James & Price, 2004 20854 e
salicylate de méthyle est sans doute le COV ayant @lédeétudié. A partir de l'influence de
ce composeé sur le comportement d’ennemis naturels, une syntrexsmseér 14 publications
menées dans 9 cultures différentes. Sur I'ensemble des 91 obserobhteEmses, les auteurs
ont compté 41 cas d'attraction de prédateurs ou de parasitoides (lRaeBigoneet al,
2011). Bien que l'utilisation de diffuseurs commerciaux ou expérimers@itipprédominante,
certains auteurs ont préféré pulvériser des COVs sur leseteulippliqués sous cette forme
dans des cultures de brocoli, de vigne et de mais, difféerents @D/$anthranilate de
méthyle, le jasmonate de méthyle (MeJA) ou (Z2)-3- aeéddtexényl permettent d’attirer
plusieurs familles de parasitoides comme les Trichogramreatida Braconidae ou les
Scelionidae (Simpsoet al, 2011).
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3.2. La stratégie « Push-Pull » ou le détournement stimulo -
dissuasif

3.2.1. Principes

Le concept d’'une stratégie « Push-Pull » apparait a la fin dessaBfélorsque des
chercheurs imaginent pour la premiere fois qu’'une combinaisstirdeli positifs et négatifs
puisse étre efficace pour lutter contre les noctuellesagiaint aux cultures de coton
australien (Pyket al, 1987 cité par Cookt al, 2007). Quelques années plus tard, Miller &
Cowles, 1990 profitent de leurs travaux sur la mouche de l'oigBeha( antiqug pour
reprendre ce concept et définir ce qu’ils appellent alorgdéégie de détournement stimulo-
dissuasif. Cette nouvelle méthode de protection des cultures repose madification
comportementale du ravageur grace a une utilisation simultanéiendé kmitant les dégats
occasionnés sur une culture d’'intérét et concentrant I'herbivore swroneerestreinte de la
parcelle. Dans une revue publiée en 2007, Samantha Cook et ses conitteyrghétisé
'ensemble des travaux ayant contribué au développement de sisatéBiush-Pull » en
répertoriant les différents types de stimuli pouvant étre égilet en soulignant les principaux
avantages de ce type de contrdle (Ceblal, 2007). La modification du comportement du
ravageur peut se faire a travers une modification de I'habitaie da diversité végétale
présente sur la parcelle ou par l'utilisation de substances gemiques. Le tableau 1
présente les sept stratégies de «Push-Pull » mises en plaasirade stimuli d’origine

végétale, qu’ils soient naturellement émis ou issus de produits de synthése.

Tableau 1: Stratégies de « Push-Pull » utilisant des stimoliigine végétale

- Stimuli utilisés Stimuli utilisés ”
Plante protégée Ravageur dans la composante "Push" dans la composante "Pull" Reéférences
Coton Helicoverpa extrait de neem plante pieége Pyke et al., 1987
(Gossypium hirsutum) armigera (Azadirachta indica) (mais et pois d'’Angole ) cité par Cook et al., 2007
Oignon . . . . plante piége .
(Allium cepa) Delia antiqua cinnamaldéhyde (bulbe d'oignons) Miller & Cowles, 1990
Feve Sitona extrait de neem héromone aarégative Smart et al., 1994
(Vicia faba) lineatus (Azadirachta indica) P greg cité par Cook et al., 2007
Chrysanthéme Frankliniella plante répulsive plante piége assisté par la .
(Chrysanthemum sp.) occidentalis (COVs non identifiés) diffusion de (E)-B-farnéséne Bennison et al., 2001
Pomme de terre Leptinotarsa extrait de neem (1) (2)-3- acétate d'hexényl Martel et al., 2005 a (1)
(Solanum tuberosum)  decemlineata (Azadirachta indica) linalol, salicylate de méthyle (2)  Martel et al., 2005 b (2)
. phéromone anti-agrégative . .
. Pins Dendroctonus et mélange COVs de plantes pheromong, myrcene et Giellette & Munson, 2007
(Pinus spp.) ponderosae " terpinoléne
non-hotes
Colza Meligethes . . plante piége (2) Mauchline et al., 2013 (1)
(Brassica hapus) aeneus huile essentielle de lavande (1) (navet) Cook et al., 2007 a (2)
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La composante « Push » visant a repousser ou a dissuader le rgpageyrar
exemple faire appel & des plantes d’interculture perturbamgrtation de I'herbivore, a des
réducteurs d’appétence ou a des phéromones anti-agrégatiygshéromone d’alarme). La
composante « Pull » ayant pour objectif de concentrer ou de stittudebivore peut
s’'appuyer sur des plantes piéges attractives, des phéromoneBeseasuedes stimulants
nutritionnels. Les COVs sont, quant a eux, de bons candidats pour I'unautre lde ces
composantes ; ils peuvent en effet repousser I'herbivore de la aliintexét ou au contraire
I'attirer en périphérie de la parcelle mais ils permetsistsi de recruter des ennemis naturels
pour limiter les populations de ravageurs. La combinaison d’'une compas&ueh » et
d’'une composante « Pull » offre trois avantages: (i) il est pesdidlréduire les risques de
résistances et d’adaptations développés par I'insecte en propd$embi&ore une situation
de choix (ii) l'utilisation simultanée des deux composantes ab&wtds effets synergiques
plutbt qu’additifs (iii) la concentration du ravageur dans une zoneeastrde la parcelle
améliore l'efficacité de son contrdle, que ce soit a l'aide ditisides de synthése dans le

cadre d’une lutte intégrée ou par I'action d’ennemis naturels en lutte biologique.

3.2.2. L'exemple africain pour protéger les cudtude céréales : des stimuli
naturellement émis

La seule stratégie de « Push-Pull » utilisée pour lutter cdefseinsectes ravageurs
des cultures est celle mise en place en Afrique de I'Estppotéger les cultures de mais et de
sorgho contre plusieurs Iépidopteregy(Busseola fusga&ldana saccharinaChilo partellus
Sesamia calamisiis Les premieres recherches ont débuté au milieu des années 90 par
l'observation au champ du comportementBdduscaet C. partellussur différentes plantes.
L'une d'entre elles, I'herbe a éléph@ddnnisetum purpureungtait nettement plus infestée
que le mais tandis qu'une légumineuse fourragéere appartenant aDeamiediunrepoussait
les ravageurs. Des études complémentaires ont ensuite moptssikilité d'augmenter les
rendements de céréales en combinant cette légumineuse en imter¢ulPush ») et en
déployant une ceinture d'herbe a éléphant (« Pull ») autour defigzafEdanet al, 2000).

Le r6le deDesmodiunspp. dans le contréle d'une herbe paraSitegaspp.) a ultérieurement
été mis en évidence. La relative simplicité de mise en mlaceette stratégie explique son
succes. Les 30000 petits agriculteurs ayant adopté ce « Pushdptilbs multiplier leurs
productions de mais par trois et celles de sorgho par deux @reln 2011). Au fur et a
mesure de l'implantation de cette méthode, les chercheamtetéressés aux mecanismes
ecologiques sous-jacents. Il apparait que les odeurs émises par chacuaetdesiflisées
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PULL PUSH

Les composés organiques volatils (COVs) Les COVs émis par les plantes dinter-
émis par les plantes pieges attirent les culture repoussent les noctuelles et facilitent
noctuelles le recrutement des ennemis naturels
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Figure 4 : L'exemple du « Push-Pull » utilisé en Afrique dest

modifient le comportement des insectes a plusieurs nivehuig(re 4). Six COVs émis par

Desmodiunspp. repoussent les ravageurs qui sont alors redirigés veramésspbieges. En

effet, les taux d'émissions de quatre COVs attractifs, dof#)i8- acétate d'hexenyl, sont

plus élevés chez I'herbe a éléphant que chez les céréalesbi@@lznet al, 2006 ; Kharet

al., 2010).

Il a de plus été montrée qiesmodiumspp. émet des COVs facilitant le

recrutement de parasitoides (Midegiaal, 2009) et que les flavonoides synthétisés par cette

plante sont de puissants agents allélopathiques contre les heragitepatu genr&triga
(Khanet al, 2010).
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3.2.3. Utilisation de COVs synthétiques

L'utilisation de COVs synthétiques dans le cadre de stemtégfimulo-dissuasives
peut étre bénéfique dans les deux composantes et conduire a un « PushsBisté. Il est
par exemple possible de renforcer la composante « Pull » eneatant I'efficacité de
plantes pieges grace a une odeur synthétigue comme peféE)ésene ou un mélange de
trois COVs (Bennisoet al, 2001 ; Martekt al, 2005 b). L'augmentation de I'efficacité de la
composante « Pull » peut permettre de réduire sa superficie |pmuer glus d’espace a la
culture d'intérét. L'émission de COVs attirant des ennemis natastlégalement intéressante
pour contrbler le ravageur au sein des zones ou il a été concentré éCabk2007).
Plusieurs études ont démontré le potentiel de COVs émis par adssphon-hotes dans la
composante « Push ». La protection de coniferes contre certaingeseoliaide de stratégies
« Push-Pull » se base parfois sur I'’émission de phéromones poer lattiavageur et sur la
diffusion de COVs de synthése semblables a ceux émis par desspmrgies pour le
repousser (Gillette & Munson, 2007). L'utilisation d’huiles essentietemme celle de
lavande protege des navets contre le méligéthe et est ervsagedévelopper une méthode

« Push-Pull » adaptée a ce modéle (Maucldirad, 2013).

4. Contexte de la these, modeles biologiques et
objectifs

Cette these s’est focalisée sur le réle des COVs dastautauration d’'un réseau tri-
trophique pour étudier la possibilité de modifier les interactionsgdansectes au sein d’'un
agrosysteme. Au cours de cette étude, nous nous sommes intérdeséglantes cultivées
d’'importance régionale (les brassicacées) et un insectgewayda mouche du cholDélia
radicum), causant d'importants dégats agronomiques sur les cultures des glppggtenant a
cette famille végétale. A travers la présentation du mdulelegique sur lequel nous avons
travaillé au cours de cette these, nous avons répertorié legnliff@©tudes s’intéressant aux
réles joués par les COVs sur le comportement de l'insectagyear ciblé et de ses ennemis

naturels.
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4.1. Modeles biologiques
4.1.1. Laplante

Les cultures du genmBrassicaoccupent prés de 3,4 millions d’hectares a travers le
monde et constituent un marché de 26 milliards US$ (Fuetiad, 2013). Trois especes du
genreBrassicaprésentent un intérét économique majddrassica napugle colza),B. rapa
(le navet) etB. oleraceacomprenant des variétés comme le chou-frisé @eephald, le
chou-fleur (varbotrytis), le chou cabus (vacapitatd, le chou de Bruxelles (vagemmifera
et le brocoli (var.italica) (cf. figure 5). La culture de brassicacées occupe une grande
importance dans l'agriculture francaise et européechetgbleau 2). La Bretagne est la
premiere région francaise de production de brassicacées |legueti@@ncentre par exemple
73% de la production nationale de chou-fleur (DRAAF, 2008).

Tableau 2 :(a) Superficie des cultures de brassicacées damisii européenne (U.E.) et en France (2011). (b)
Production de brassicacées dans I'U.E. et en Fr@@del). Source: FAOSTAT (2013)

Chou-fleur Autres

(a) et brocoli brassicacées

U.E. 112 277 ha 168 043 ha

France 19 569 ha 4 247 ha

Chou-fleur Autres

(b) et brocoli brassicacées
U.E. 1952 001 tonnes 5 338 886 tonnes
France 364 558 tonnes 113 174 tonnes

Figure 5 : Photo de brocoliBrassica oleraceaear.italica)
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4.1.2. L’herbivore et ses ennemis naturels : cgaéogique et rle des COVs
La mouche du chouDelia radicum (L. 1758) (Diptera; Anthomyiidae) est un
ravageur causant d'importants dégats dans les cultures de dréassiae tout 'hémisphére
Nord (Biron et al, 2000). Cet insecte oligophage spécialiste de la famille desiGaasae
S’attaque par exemple aux cultures de navet, de rutabaga, dedmlmdis, de choux de
Bruxelles, de choux fleurs et de brocoli (Doane & Chapman, 1962 ; Datdaill] 2000 ;
Ahuja et al, 2010). L'infestation d’une culture d&rassicapar la mouche du chou entraine
une mortalité moyenne de 25% des plants et jusqu’a 90% dans desscatinrerotégées
(Finch, 1989). L’interdiction en 2007 du principal insecticide utilisé eanée, le
chlorfenvinphos et I'absence de solution chimique alternative depuisssite la mise en
place de nouvelles méthodes de protection des cultures. Au cours dibiolmigque de la
mouche du chouct. figure 6), plusieurs ennemis naturels interviennent dans le coledl.

radicum(cf. figure 7).

Accouplement

merger:%/

Pénétration dans
la racine

Migration des L3
avant nymphose

Figure 6 : Cycle biologique de la mouche du chdelia radicum(L. 1758)

Figure 7 : Contréle deDelia radicumpar les ennemis naturels a trois étapes du cyalegique

(a). Prédateurs des ceufs
(b). Parasitoide larvaire
(c). Parasitoide des pupes
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Figure 8 : Femelle deDelia radicum

Localisation d’une plante hote par I'herbivore Au printemps, les adultes d2 radicum
(cf. figure 8) émergent des pupes qui ont passé I'hiver dans le s@s Apcouplement, les
femelles viennent pondre en agrégats leurs ceufs au collet dessptétes. Une femelle vit
entre 30 et 60 jours et peut pondre jusqu’a 400 ceufs (Capinera, 2001)., Lesribtrigeets
d’odeurs émis par les plantes dans I'orientation des femelletagck, a été démontré des la
fin des années 60 (Traynier, 1967 ; Finch 1978 ; Hawkes & Coaker, 1979).shtidifi de
pieges diffusant de I'isothiocyanate d'allyle permet ainsiajgwrer en plein champ un grand
nombre de femelles (Wallbank & Wheatley, 1979 ; Twdtlal, 1988). La distance a laquelle
les stimuli olfactifs sont percus reste cependant incertaine. ggemiere étude de terrain
laisse penser que les COVs sont détectés a une distance de 5d& PAisource d’odeurs
(Finch & Skinner, 1982) alors qu’'une seconde étude suggére que les CQUntmEercus
gu’au moment ou la mouche du chou survole une plante héte et ne fortinquiersson
atterrissage (Finch & Collier, 2000).

Reconnaissance d’une plante hote par I'herbivore  Une fois queD. radicum est au
contact d'une plante, la reconnaissance de cette plante etisdodéde pondre reposent
principalement sur des stimuli gustatifs comme les glucosewlat certains dérivés de

phytoalexines (Stadlest al, 2002). Il a cependant été montré que des stimuli olfactifs percus

apres atterrissage peuvent influencer le nombre d’ceufs
pondus ¢f. figure 9) (de Jong & Stéadler, 1999). Des
travaux de laboratoire utilisant des femelles isolées en
présence d’un site de ponte ont ainsi mis en évidence le
réle d’'un COV, le disulfure de diméthyle (DMDS), dans

la réduction du nombre d’ceufs pondus par la mouche du

chou (Ferry2007). Ce composé émis par des racines de
Figure 9 : (Eufs deDelia radicum ( y ) P P

brassicacées fortement infestées par des congéneres est
sans doute synonyme de compétition et de sites de ponte offrant peu de ressourges.nutrit
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Prédateurs généralistes des ceufdlusieurs coléopteres appartenant a la famille des
Carabidae ou des Staphylinidagf. (figure 10) consomment les ceufs Be radicum et
participent au controle naturel de ce ravageur. En condition de laiberatin adulte
d’Aleocharasp. consomme environ 60 ceufs de mouche du chou par jour (Langlet, 1997).
Deux études de terrains démontrent l'influence des stimuli dfadans la localisation
d’hétes chez plusieurs de ces ennemis naturels que ce soit via desdmlplantes infestées
(Goubertet al, 2013) ou via des COVs de synthése (Fetrgl, 2007).

(b)

Figure 10 : Quelques prédateurs des ceufeda radicum

(a). Aleochara bilineatgColeoptera : Staphylinidae)
(b). Aleochara bipustulatéColeoptera : Staphylinidae)
(c). Metallina lamprog(Coleoptera : Carabidae)

Développement larvaire  En I'absence de prédation, les ceufs pondus par la mouche du
chou éclosent cing a six jours aprés l'oviposition. Les larves s’eafdrpour aller creuser

des galeries dans le systéme racinaire ou elles se nentr{ss figure 11). Sur une période

de vingt a trente jours, trois stades larvaires se succedetdusant d’importants dégats
agronomiques. En début de saison, cing a dix larves de mouches du cremntsaffuer une
jeune plante (Capinera, 2001). Aprés trois semaines d’infestatidh padicum la biomasse

racinaire peut ainsi étre réduite de 47% (Blossey & Hunt-Joshi, 2003).
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Figure 11 : Développement larvaire dgelia radicum

(a). Larve isolée
(b). Dégats occasionnés par des larves se nourrigsamhe racine de navet

Recherche de I'habitat de I'hote
et localisation des patches

; o Exploitation des patches :
g g g ‘g Localisation et sélection

/ 9% % i& \ de Ihote

Accouplement

Emergence de
l'adulte

N

Développement

(a) (b)

Figure 12 : Parasitoide larvaireTrybliographa rapagHymenoptera : Figitidae)

(a). Femelle prospectant un site de ponte a I'aidendeosipositeur
(b). Cycle de développement et localisation de plarfestées pabelia radicum

23




Parasitoide larvaire A ce stade, un hyménoptére parasitofagbliographa rapa€(cf. figure

12), parasite les larves de. radicum Les taux de parasitisme observés sur différentes
parcelles peuvent varier entre 40 et 86 % (Lahmar 1982 ; LangBtu&el, 1996). Les
composes volatils émis par une plante infestée par la mouche dwsehbutilisés pail.
rapae pour localiser des hétes (Neveual, 2002). Arrivé a proximité d’'une plante infestée,
le parasitoide profite des anfractuosités du sol autour des rgmoespénétrer dans une
galerie creusée par une larve de la mouche du chou avant depweedire ses ceufs a

I'intérieur de celle-ci.

Nymphose Parasitées ou non par rapae les larves deéD. radicum s’éloignent de la

racine une fois quelles se sont suffisamment nourries et vont se

Q nymphoser dans le sol. En fonction du génotype de la plante héte et des

performances larvaires, entre 45% et 78% des larves

Figure 13 : Pupe déDelia radicum

forment une pupect. figure 13) (Hopkinst al, 1999).

Parasitoides des pupes Les pupes d®. radicumpeuvent étre parasitées par les larves
d’A. bipustulataet d’A. bilineata En effet, alors que les adultes de ces deux espéces de
staphylins consomment les ceufs de la mouche du éhobipustulataet A. bilineata font
eégalement partie des rares coléopteres a présenter un stpauasigoide df. figure 14). En

plein champ, le taux de parasitisme des pupes de la mouche du choes garves
d’Aleocharasp. varie autour d’'une moyenne estimée a 20% (Fournet, 2000 ; Bemnahll
2004).

Adulte
Accouplement

N

Ponte & distance
de I'hote

Emergence

& §. Dourlot / SVE-Univ Rennes1

Recherche et pénétration de I'héte

@) (b)

Figure 14 : Parasitoide des pupeAleochara bilineatat A. bipustulata(Coleoptera : Staphylinidae)

(a). Larved’Aleocharasp. cherchant a pénétrer une pupe de mouche du cho
(b). Cycle de développement
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Emergences A partir du stade de pupe, il faudra une vingtaine de jour & une mqocn
émerger, une trentaine de jour pour un adultdedicharasp. et une soixantaine de jour pour
un adulte deT. rapae Sur le terrain, il est possible d’observer sur une méme samsn t
générations chevauchantes de mouches du chou. Un premier pic d’émergjencentre les
mois de mars, avril et mai. Les pupes du dernier pic entrent erugseapa passent I'hiver
dans le sol. Elles n’émergeront qu’aprés vingt-deux semaineéegass dessous de 6°C
(Capinera, 2001).

4.2.0bjectifs de la these et présentation des articles

Les odeurs de plantes jouent un réle a plusieurs niveaux au seintenesytsi-
trophigue étudié, que ce soit sur le comportement de I'herb¥oradicumou sur celui de
ses ennemis naturels, orientant notamment leurs choix d’'une ressoyshique ou d’un
substrat de ponte. Cependant, trés peu de stimuli olfactifs ont été idgnsifj@s maintenant
et leurs intéréts en tant que leviers comportementaux dans urtecageonomique nécessite
de vérifier leurs potentiels en plein champ avant d’étudier leuoid@pent a I'intérieur de

parcelles. Le travail effectué au cours de cette these a donc deuxX®pjaatipaux :

(i) explorer le registre de stimuli olfactifs impliqués ddasstructuration du systeme tri-
trophiqgue brassicacées — mouche du chou — ennemis naturels. De stdidances
sémiochimiques pourraient servir a la mise en place d’une méthgatetdetion des cultures

basée sur la modification comportementale du deuxieme et/ou du troisiemetrypdaque.

(i) étudier la mise en place de leviers comportementaux audseparcelles cultivées. Dans
le cadre d'une stratégie stimulo-dissuasive, des stimuli fegadiurraient permettre le
développement d’'une composante « push » alors que des stimuli pesdiens utiles a la

composante « pull ».

Nous avons été ameneés au cours de cette these a développer unbaelgareécale
combinant des études en laboratoire et des études en plein champl'iddntifier des
plantes intéressantes dans le développement des composantes « pushpulle,
I'observation du comportement de I'herbivore en plein champ permet de gpremarompte
des parameétres environnementagel (qualité de la plante face aux conditions climatiques ou

aux autres herbivores présents) pouvant déterminer le succés datégistde lutte contre le
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ravageur ciblé. Cependant, en incluant de nombreux facteurs non nteldype
d’expérimentation rend difficile I'identification de stimuli respahks du comportement
observé. Les plantes sélectionnées sur le terrain en fonction salégres d’'infestation ont
donc fait I'objet d’expérimentations en laboratoire ayant pour butleterminer a l'aide
d’études olfactométriques linfluence des odeurs végétales swortgortement deD.
radicum Une analyse en chromatographie gazeuse a partir des pofi©Vs émis par les
plantes ainsi sélectionnées nous a permis d’identifier des comypaaéits potentiellement
impliqués dans les prises de décisions de la mouche du chou. Alorsggaleda majorité des
études portant sur les interactions plantes — insectes sonéegadis laboratoire, nous avons
essayé de modifier au sein de cultures le comportement du uavetgeu de ses ennemis
naturels a I'aide de différentes especes végétales ou de §@Wetiques. Dans un contexte
appliqué, des études de plein champ permettent d’étudier le comporieseimsectes au
sein de leurs réseaux trophiques complets et donc de prendre en casrgffetdeon ciblés
(e.g.répulsion des ennemis naturels et altération des effetsdotap») qui sont difficiles a
prédire au laboratoire. Cette démarche générale permet @aterés these sous la forme de

cing articles en cours de préparation ou déja publiés.

Article 1. L’objectif de ce premier article est double. Nous souhaitons tabbd] identifier
des plantes permettant la mise en place d’'une stratégie #RBlisha l'aide de variétés de
brassicacées. Une étude menée en plein champ a permis dersg&ectes plantes présentant
différents degrés d’infestation vis-a-vis de la mouche du chou. En combetsmtpremiére
sélection de plantes avec des observations comportementales éonadfae nous voulons

ensuite identifier des COVs impliqués dans les prises de décisingadicum

Article 2. Dans un deuxieme temps, nous avons élargi le nombre dobservations
olfactométriques pour (i) confirmer le réle des COVs dans leseprde décisions de.
radicum (ii) obtenir des plantes contrastées vis-a-vis de leur atftéctCes observations
comportementales ont été associées a une analyse en chromagogaaghise des profils de
COVs émis par les difféerentes plantes testées. Nous espé&rlmusiopner au sein des
bouquets d'odeurs d'origine végétale des substances sémiochimiques pouweant &t

intéressantes dans le cadre d’un « Push-Pull » assisté.

Article 3. L'objectif de cette expérimentation de terrain est de verégotentiel des COVs

dans un contexte agronomique. Nous avons donc mis en place des diffuseutssd’ode
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synthétiques au sein d’'une parcelle. Les résultats montrent qu’ossible de modifier
localement le comportement de ponte de la mouche du chou et I'ackvis&s ennemis

naturels a I'aide de stimuli olfactifs.

Article 4. Les résultats précédents étant encourageants, nous avons étutigele de
déployer efficacement des diffuseurs de COVs synthétiquastérieur d’une parcelle. Pour
cela, nous avons observé linfluence des diffuseurs a differentemals de la source
d’odeurs synthétique sur (i) le comportement de ponte de la mouche dixcleonombre de
pupes retrouvées en fin de saison et (iii) les taux d’émergences de la mouche eldehses
parasitoides.

Article 5. En parallele, nous avons également étudié l'infestation de plantsodelibr
entourés par trois ceintures végétales différentes pour estiuwer potentiels dans une
stratégie « Push-Pull ». Parmi les trois ceintures ®st@elis avons sélectionné deux especes
végeétales préalablement décrites comme pouvant représenteranies gieges efficaces et
une espece vegetale présentant des faibles taux d’infestatmuns.ellpérons ainsi comparer
I'efficacité de ceintures « Pull » et « Push » dans la piotecles cultures de brassicacées

contreDelia radicum

Ce manuscrit se termine par une discussion générale reprenprint@paux résultats
obtenus dans chacun des cing articles pour les mettre en persplestives avec les autres.
La discussion générale sera également I'occasion d’ouvrirflexign sur les prochaines
étapes a mettre en place pour compléter le travail initié datte thése avant de penser a
développer une stratégie « Push-Pull » combinant des ceintureslegget des COVs de
synthese.
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ARTICLE N°1 : Sélection en plein
champ de plantes modulant la ponte de
Delia radicum pour développer une
stratégie “Push-Pull” contre ce ravageur

Article en préparation
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Field selection of brassicaceous plants that differentially
affect oviposition levels by the cabbage root fly and could
be used in a ‘push-pull’ strategy.

Alan Kergunteuil, Anne Marie Cortesero, Valérie Chaminade, Sonial@pGhrystelle Paty,
Anne Le Ralec & Sébastien Dugravot.

UMR IGEPP (Institut de Génétique, EnvironnementPedtection des Plantes), Université de Rennes 1 —
Agrocampus Ouest — INRA, 35042 Rennes Cedex, France

UEB. Université Européenne de Bretagne, 35000 Reifrance.

ABSTRACT

Several plant traits control plant-insect interactions and shaperdogé of herbivorous
insects according to their degree of dietary specialization. rstasheling how host-plant
diversity influences herbivore infestations is of interest for dbeelopment of alternative
crop protection strategies. In a pest management context, an dgergetection of plants
can modify pest repartition at the field scale. In order to devaldpush-pull” strategy
against the cabbage root flpelia radicum we conducted a field study to select plants
exhibiting contrasted pest infestation levels and evaluate théuemtfe on egg-predation
activity. Our field experiment reveals that infestation Ieva brassicaceous plants by the
cabbage root fly in the field can vary considerably according tot glanotype and species,
while number of predated eggs is only slightly affected by gpaties. Olfactometry studies
carried out in laboratory conditions revealed that plants harboringighest number of eggs
in the field were also the most attractive ones, suggestinglfaatory stimuli influence the
differential infestation levels observed in the field. In a “ppshl* context, the present study
demonstrates the possibility to select plants that could be usedistribute cabbage root
flies in broccoli crops without compromising herbivore control by natersemies. In
addition, the importance of plant volatiles in infestation levels sigga potential for
developing a semiochemically assisted ‘push-pull’ wheap plants would be enhanced by
synthetic release of attractive VOCs.

Key words: Plant preference, cabbage root fly, egg predator, infestatieh) &tractiveness,

olfactory stimuli.
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INTRODUCTION

Several plant traits, such as chemistry, physiology or morphotogyrol plant-insect
interactions and shape host range of herbivorous insects accordivrtdeigree of dietary
specialization (Schoonhovegt al, 2005). Even insects specialized on a particular plant
family, such as the Brassicaceae, display different degifepsef@rence at both inter- and
intra-specific levels (Griffithset al, 2001; Stadleret al, 2002; Poelmaret al, 2009).
Understanding how host-plant diversity influences herbivore infestaison$ interest not
only from an ecological point of view but also for the developmenal@native crop
protection strategies (Ratnadassl, 2012). All pests show distinct preferences for particular
plant species, cultivars or growth stages. In a pest manageioetext, an appropriate
selection of plants can modify pest repartition at the fieldes@dle ‘push-pull’ strategy uses
plant diversification to combine a commercial crop with both repelants (‘push’) in
inter-culture and trap plants (‘pull’) surrounding the field (Hak&n, 1991; Shleton &
Badenes-Perez, 2006; Coekal, 2007). This strategy aims at reducing pest density in the
commercial crop while concentrating its populations in limited sanghere they can be

controlled.

The ‘push-pull’ strategy relies essentially on antixenotic anibiatit resistances of
plants. Antixenosis is the ability of a plant to repel or detsects, causing a reduction in
oviposition or feeding. Volatile organic compounds (VOCs) reledsedlants play an
important role in antixenotic resistance of plants (Schoonhetea, 2005; Smithet al,
2005). These volatiles convey different information to herbivores subbsaglant location,
plant phenology and presence of both competitors and natural enemigsy,(Y8386; Sabelis
et al, 2001; Szendrest al, 2009; Bruce & Pickett, 2011) and thereby greatly influence crop
colonization. Antibiosis is the ability of a plant to reduce the satviyrowth, or reproduction
of insects that feed on it. The selection of plants simultane@xsiipiting low degrees of
antixenosis and high degrees of antibiosis can lead to ‘dead-endrogpng. In this case
trap crops can be transformed in pest sinks where disseminatiomtéesi in either space
(from the trap to the commercial field) or time (over thesega) (Shleton & Badenes-Perez,
2006). In a multi-trophic context, herbivore control through antibiotic meamanfbottom-
up control) can be reinforced by natural enemies (top-down conHoBt foraging by
predators also often involves plant VOCs (Dickens, 1999; Dicke & Bal|d2010; Hare,
2011). Therefore, the selection of a plant for developing a ‘push-pudtegly should also

focus on the influence of host plant diversity on pest attack rate by natural enemies
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The cabbage root flyDelia radicum (Diptera: Anthomyiidae), is a worldwide pest
specialized in brassicaeous plants and reducing yields in many sumopsas cauliflower,
turnip, rutabaga and broccoli (Finch, 1989; Meyliegal, 2013). Western Europe is an
important area of brassica production where broccoli is usuatigpgi@anted in the field early
in the season (March, April) thereby being exposed to wint@rging generations of the
cabbage root fly at a highly vulnerable stage. The recent liontaf insecticides toward.
radicum in Europerequires the development of alternative crop protection methods and
behavioural manipulation appears like a promising apprd2ela radicumfemales lay eggs
in the soil close to plant stem and larva cause agronomic darbgdesding on the roots.
Ground dwelling egg predators including carabidae and staphylirag@aeparticularly
important for natural control of the fly (Coaker & Williams, 19€3asad & Snyder, 2004).
The host plant finding behaviour of the cabbage root fly is divided inreiiffesequences
involving various stimuli although their relative importance has beentetbh&inch &
Collier, 2000). At a distance ranging from 5m to 24m, VOCs are ingdlveabbage root fly
attraction (Finch & Skinner, 1982). The landing sequence is then nwdigteisual cues
(Roessingh & Stadler, 1990). Finally, host plant acceptance relies esg@mntiehemocontact
stimuli (Stadleret al, 2002) although synergistic effects between plant odours and on-ground
stimuli have been suggested (de Jong & Stadler, 1999). Due to the wdr@gnt stimuli
involved in host plant recognition, plant diversity could strongly affedibage root fly

behaviour.

The objective of the present study is to identify, under field camditibrassicaceous
plants which differentially affect infestation by the cabbaw# fly and can later be used in a
‘push-pull’ approach to protect broccolBr@ssica oleracegecrops against this pest. We
assessed oviposition Bf. radicumon plants that were previously described as resistant to the
cabbage root flySinapis albaandB. junceaor particularly susceptibld3. rapa(Dosdallet
al., 1994). Two genotypes of oilseed raje,napus‘Yudal’ and ‘Darmor-bzh’, were also
retained due to the variability of susceptibility witlBn napusspecies (Dosdaét al, 2000)
and the contrasted responses of these two plants to different petl{dtanzanares-Dauleux
et al., 2000; Delourmeet al, 2008). In addition to the assessment of cabbage root fly
oviposition, we monitored egg predation levels in plots of these diffptamnts. Furthermore,
we investigated whether or not VOCs played an important part idiffieeential infestation
levels of these plants by the pest through olfactometer testducted in laboratory

conditions.
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MATERIALS AND METHODS

Field experiment

Field setup The field experiment was performed during spring 2011 in broceatisf
(Brassica oleraceaé. var. Italica cv. ‘Marathon’) located at the experimental station of “La
Motte” (INRA Center), Le Rheu, Brittany, France (48°06°'36” N, 1°48'0WV). Broccoli
seeds were sown individually in peat soil cylinders and grown foeeksvin a plastic tunnel
(commercial provider: Thomas Plants, Ploubazlanec, France). Theasofertilized at 63.5
kg nitrogen per ha before plantation. One week later, the broccolirggediere transplanted
in the field (6 and 7 April). The field was cultivated accordingigaal agricultural practices
and no pesticides were applied. We used a randomized block designimgrefigt blocks
(29x29 plants, 502f with 9 experimental plots (5x5 plants, 10%rim each block (Fig. 15)
Blocks were separated from each other by 2.5m of bare soil wbile ipl the blocks were
separated by broccoli strips of 4m. In all plots except controlsctliosas replaced on the
7" and &' of April with the different plants tested.
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Figure 15 : Experimental field setup

(a) Four blocks (light grey) of broccolBrassica oleraceagar. Italica cv. ‘Marathon’, were planted in bare soil (hatching).
Each block contained 9 randomized plots (dark godyifferent plants. One control plot was planteith broccoli and the
five other plots kept for the analysis were plantéth Indian mustardR. junceag turnip B. rapg, two genotypes of oilseed
rape B. napus ‘Yudal’ and ‘Darmor-bzh’ genotypes) and white rtard Sinapis albg

(b) Each plot consisted of a square of 5x5 plantsp@sition ofDelia radicumwas monitored with felt traps (open circle
placed on 4 different plants while predator acyiwitas estimated with artificial patches of cabbaggt fly eggs (hatched
diamond) placed on the soil next to 4 other plants.

=
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Genotypes tested Eight plant genotypes were tested: two genotypes of oilseed(Bape
napus- ‘Yudal’ and ‘Darmor-bzh’ genotypes), two genotypes of turdpr@pacv. ‘Nancy’
and cv. ‘Chicon’), two genotypes of broccdl.(oleraceaev. ‘Hdem’ and cv. ‘CB-151") and
two mustard specied( junceaeand Sinapis alba Three plant genotypes were drastically
affected by drought and were excluded from the analy®esléraceaecv. ‘Hdem’ and cv.
‘CB-151’, B. rapacv. ‘Chicon’). HereafterB. oleraceaerefers to the ‘Marathon’ cultivar
while B. raparefers to the cultivar ‘Nancy’. Plants tested were sowther8" of February in
compost soil cylinders (60cinblond peat/vermiculite/perlite), were grown in a greenhouse
(14h:10h L:D, 20°C:17°C L:D) and were watered twice a week with denutsolution
(N:P:K:Mg 2.5:5:2.5:0.75 and oligo-elements). Plants with 3-4 fully adgesl leaves were
stored in a cold chamber (8h:16h L:D, 5+1°C) until plantation.

Cabbage root fly oviposition Egg laying byD. radicumwas monitored using felt traps
(for a description, seBligaard et al, 1999) positioned around the stem of the plants, where
flies deposit their eggs. Felt traps were placed on four plants in each plot (Fifrals) were
collected every week and the eggs found inside were counted andecnEmptied traps
were then replaced on the same plants (or on the nearest planthihghant had died).
Cabbage root fly infestation was monitored from April 12 to May 10.

Egg predation Egg predation in the plots was assessed using sentinel patagpgsof
These patches consisted of a 1° piece of black paper pinned down to the soil surface and
protected from the rain using a small plastic cover. Fifeeradicumeggs collected in our
rearing facility were glued onto the paper with gum arabicr patches were placed next to
the stem of four plants in each elementary plot and maintained ipldtefor 48 h, after
which the number of predated egg was recorded. This experimenepezted three different
weeks (27 April, 11 and 20 May). The presence of predafdencharaspp. and Carabidae)

in the experimental field was assessed using two pitfall tp@sed in each block and
monitored weekly. Predation tests were carried out when more thaaultS were found per
trap.

Olfactometer bioassays

Plants Three genotypes of plants exhibiting contrasted levels of inf@stetwardD.

radicum in the field were retained for olfactometer bioassagsassica oleraceacv.
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‘Marathon’, B. napus‘Yudal’ genotype and. napus‘Darmor-bzh’ genotype. Plants were
grown as previously described and after three weeks, were aatexplin 9x9x10 cm pots
filled with compost soil (blond peat/ black peat/ perlite) and \edtdwice a week with a
nutrient solution (N:P:K:Mg 2.5:5:2.5:0.75 and oligo-elements). Plants asezkperiments

were five weeks old corresponding to 6-8 leaves.

Insects Females oDelia radicumused for the experiments originated from a colony
started in July 2012 from field collected flies (Le Rheu, BmigtaFrance, 4807°16” N, 01°
47'41” W). The fly colony was fed with a milk powder:yeasgau (1:1:1) mixture and kept
in a climatic chamber at 16h:8h L:D, 20€2and 55+5% RH. The rearing procedure was
adapted from Neveu Bernard-Griffiths, 1998. Three days after enwrgéemales were
considered as mated and were used for experiments until they were 10dd&\ktests were
conducted in a lighted room maintained at 20+2°C and 60+10% RH. Flied teste

isolated and placed in the test room at least 15 min before assays for atidimat

Behavioral tests Behavioural responses bf radicumto control {.e. pure air) or odours
emitted by the three plants tested were monitored using aatutlédctometer (60cm x 5cm
ID) artificially divided into six notional sections of 10 cm. Lighs supplied by one neon
light (36W) placed above the tube. The airflow was provided witlotde of synthetic air
(N:0 / 80:20) moistened before reaching a plant enclosed in a PETbage(polyethylene
terephthalate). Airflow in the olfactometer was maintained at 46@im'. All connections
were made with PTFE tubing (polytetrafluorethylene). Female® wlaced individually in
the tube and their behaviour was recorded during 10 minutes. The tubutéorolter was

placed in a white box in order to avoid any visual stimuli from the plant.

For each treatment 3 or 4 distinct plants were used and 28 to a@$ewere tested (between
4 and 12 per plant). Olfactometer tests were carried out duringeksm(November 2012).
Treatments (including control) were randomized during this period.ehtiee device was
washed with ethanol, dried and purged during fifteen minutes with eledrefore starting

new observations.
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Statistical analysis

Statistical tests were performed with R software, version 2.R[0efrelopment Core
Team, 2011). Analyses about cabbage root fly oviposition in the fieldriexqpe were
conducted on the cumulative number of eggs laid per plant over the foplirgpmveeks.
Cabbage root fly oviposition and number of eggs predated in the artpmiehes were
analyzed through generalized linear mixed models (GLMM, pachaggl®) for Poisson data
(linking function: ‘log’). One random factor (‘block’) was retained for the madslessing the
cabbage root fly oviposition while two random factors were includedenrodel about egg
predation (‘block’ and ‘sampling date’). For both, GLMM, comparisbatveen treatments
were carried out using analyses of contrast (package ‘doBy’) anldgswaere adjusted by a
false discovery rate correction method.

The package ‘TraMineR’ was used to visualize behavioural sequenceasedbia
olfactometer tests (Gabadinted al, 2011). Mean time (S) spent in each section of the
olfactometer was assessed with a generalized linear mod&ll,(ackage ‘Ime4’). The
goodness-of-fit of each model tested was estimated by grapb®atvations of (i) the model
residuals plotted against the fitted values (ii) the quantidamized residuals plotted against
the normal distribution quantiles. A GLM with ‘quasipoisson’ distribufflanking function:
‘log’) was finally retained to take account of over-dispersionaMéme differences were
estimated by contrasts methods applied to GLM (package ‘doBy’p.&atlies were adjusted

by a false discovery rate correction method.

RESULTS

Field experiment

Cabbage root fly oviposition Number of eggs laid bfp. radicumvaried according to
the plant tested (GLMM for Poisson data, likelihood ratio tgst 933.42, 5 d.f., P<0.001).
Over the four sampling weeks, the infestation levaBrafssica napusyudal' genotype anB.
oleraceaeexceeded the threshold of 7 eggs.weplant' used by farmers to decide whether
or not to spray against the pest (Fig. 16). One oilseed rape gen&yp®pus'Yudal
genotype) was more infested Wy. radicum than broccoli while the four other plant

genotypes harboured fewer eggs.
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Figure 16 : Mean (= SE) cumulative number DElia radicumeggs

Number of eggs found per felt trap was cumulatedoom sampling dates (19 and 2
April, 3 and 10 May). The dashed line correspordthe threshold of 28 eggs per fe
trap per month, which is habitually used by farmersiecide whether or not to spra
against the pest. Means with different letters significantly different: GLMM
‘poisson’, analysis of contrast and P.value coioe (false discovery rate), P<0.
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Figure 17 : Mean (+ SE) number of predatBelia radicumeggs

The mean number of predated eggs was assessetificrebegg patches exposed for
48h to predators. Experiments were repeated tlmeest(27 April, 11 and 20 May),
Means with different letters are significantly @iféent: GLMM ‘poisson’, analysis of]
contrast and P.value correction (false discoveig)s&<0.05
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Egg predation Among the 268 artificial eggs patches tested over the thesdksvof
predation experiments, the proportion of patches with predatedieggss(ted by predators)
fluctuated between 4298( rapg and 60% B. napus'Darmor-bzh' genotype) but was not
significantly different among plant genotypes € 3.60, 5 d.f., P = 0.61). The mean number
of predated eggs per patches differed slightly with treatsnéGLMM for Poisson data,
likelihood ratio testy? = 12.21, 5 d.f., P = 0.032). The number of predated eggs in both turnip

and Indian mustard plots was lower than in broccoli plots (Fig. 17).

Olfactometer bioassays

The time spent in the first section of the olfactometer angbakierns of movements
of flies in the other sections provide interesting information abobaweural responses.
While the time spent in the first section corresponds to laten@bsence of response, the
pattern of movements in the other sections reflects planttatéaess. In a control airflow,
I.e. without any plant odour, about 30% of flies stayed in the firstsect the olfactometer

over the ten minutes of recording (Fig. 18). This proportion decreased to B.On#pls

Pure air (n=28) Brassica napus (Darmor-bzh genotype) (n=30)

Proportion of flies in each section

0 60 120 180 240 300 360 420 480 540 600 0 60 120 180 240 300 360 420 480 540 0
seconds

601
seconds

Brassica oleraceae (n=29) Brassica napus (Yudal genotype) (n=30)

Proportion of flies in each section

L) T T T T T T T T T 1 L) T T T T T T T T T 1
0 60 120 180 240 300 360 420 480 540 600 0 60 120 180 240 300 360 420 480 540 600
seconds seconds

- Section nl - Section n2 - Section n3 |:|Section n4 |:|Secti0n nS D Section n®
[0-10cm] [10-20cm] [20-30cm] [30-40cm] [40-50cm] [50-60cm]

Figure 18 : Sequential responsesBf radicumfemales exposed to various brassicaceous pladtsgiure
air in a tubular olfactometer artificially dividex 6 notional sections (section n°1: fly entransegtion n°6:
entrance of airflow in the tube)

Movements between sections were recorded durinmieates (600 seconds)
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‘Darmor-bzh' genotype) or less than 10Bo ¢leraceaeandB. napusYudal' genotype) when
flies were exposed to plant volatiles. The mean time spent infidtesection of the
olfactometer was higher than in the last section of the olfatemvhen flies where exposed
to pure air andB. napusDarmor-bzh' while they were similar with plant volatitegeased by
broccoli and the 'Yudal' oilseed rape genotype indicating a highectatity (Table 3).
However, two different patterns of movements can be distinguishadddsroccoli and the
"Yudal' genotype. Flies exposed to broccoli volatiles spent as nmelirtisections 3-4 of the
olfactometer as in sections 1-2 while flies exposed to "Yugdafitsmore time in sections 3-4

suggesting that it is the most attractive plant tested.

Tableau 3 :Mean time in second (x SE) spentbyradicumfemales exposed to various
brassicaceous plants and to pure air in a tublfiactometer artificially divided in 6 notional
sections (section n°1: fly entrance; section nfiramce of airflow in the tube)

Brassica napus Brassica napus

Pure air Brassica oleracea

'‘Darmor-bzh' genotype "Yudal' genotype
section n°L 236 +46 a A 154 + 31 ab AB 93 +27 abBC 39+8acC
[0-10 cm]
section n2 100 +26 b AB 57 +14cd A 117+29abB 54+10a A
[10-20 cm]
section n3 64+16bA 97 +15 ac AB 120 + 24 ab AB 146 +21 bc B
[20-30 cm]
section n4 82+23b A 193 +25b B 172+27bB 195+22 b B
[30-40 cm]
section nS 64 +20b NS 72+11cNS 62 + 14 ac NS 104 + 15 cd NS
[40-50 cm]
section G 54 +22 b NS 28+9dNS 35+14cNS 63 +17 ad NS
[50-60 cm]

Mean times were calculated after ten minute (6G8f spservation. Significant differences in meanes are represented
with different letters: GLM ‘quasipoisson’, conttasmethod and P.value correction (false discovetg)rP<0.05.
Minuscule letters compare mean times spent in saction for a same treatment while capital lettengipare mean
times between treatments for a same section aflfaetometer

DISCUSSION

Our field experiment confirms that infestation levels of bragsous plants by the
cabbage root fly in the field can vary considerably according tat glenotype and species.
Over the four weeks of monitoring, number of eggs laid on the ‘“Ywilaked rape genotype
was tenfold higher than on white must&d alba Plants harboring the highest number of
eggs in the field were also the most attractive ones in thetatf@ter. Confronting field
experiment and behavioral observations in the olfactometer sugbastelfactory stimuli

may influence the infestation rates in the field.
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Relatively to broccol(B. oleraceag egg laying ofD. radicumwas reduced on four
plants 6. alba B. napusDarmor-bzh’ genotypeB. junceaandB. rapg while one plantB.
napus‘Yudal’ genotype) increased oviposition. The high degree of infestatidmameoli fits
well with the susceptibility of this crop towards the cabbage fly. An intermediate level of
infestation forB. junceaewas previously recorded under field conditions and Dosdal,
1994 recommended to canola growers to seed it ratherBtheapa in regions where high
damages of the cabbage root fly were observed. The white m&tatapresents strong
resistant traits through both antixenosis and antibiosis and hasi$egim plant breeding to
confer protection t@. napusagainst the cabbage root fly (Dosdatllal, 1994; Ekueret al,
2005). In addition to previous studies demonstrating the role of chemocstitaati in
oviposition choices iD. radicum(Stadleret al, 2002), physical factors and morphological
traits .g9. surface cover, colours, and tissue tenderness) can also influence tmnposi
behaviour (Hardman & Ellis, 1978; Roessingh & Stédler, 1990). The whitard&s albais
the only plant tested to harbour trichomes on the stem and it has uggested that such
physical barriers may reduce egg laying of the cabbage go@lyibti et al, 2001). Although
we cannot exclude that volatiles releasedSyalbaalso play a role, this plant was not
retained for olfactometer bioassays due to the probable influenceysit@hstimuli such as
trichomes. One genotype of oilseed raBerfapusDarmor-bzh’), harboured few eggs while
the other,(*Yudal’), was the one where the highest numbers of eggdousd among all the
plants tested. The ‘Darmor-bzh’ genotype is a dwarf mutant (obtain&®dRA, Rennes by
Foissetet al, 1995)with a shorter stem than the “Yudal' genotype. After landing on a host
plant, the oviposition oD. radicumis preceded by a complex behaviour pattern involving
different sequences with two phases occurring on the stem (Zohren, clig@@8 by
Schoonhoveret al, 2005). The informational uptake by the cabbage root fly could be
disrupted on dwarf mutants with short stems resulting in a reductidmreaiumber of eggs
laid (Roessingh & Stadler, 1990). Also, volatiles emitted by thegarmtypes seem to play
an important role as suggested by our olfactometric testsb@@ew). In the present study,
turnip B. rapg presents a low infestation level although it has been showngoseeptible
to the cabbage root fly in previous studies (Doane & Chapman; D@&2lallet al, 2000. It
has even been proposed as a possible trap crop to protect broccolgaopsD. radicum
(Rousseet al, 2003). In our field study, we observed a strikingly high attack sétseveral
herbivores such adlieris spp. (Lepidoptera: Pieridae) and flea beetles (Coleoptera:

Chrysomelidae) on the turnip cultivar tested compared to the othes péated. This high
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level of infestation by other herbivores may have altered thetgualithe plant for the
cabbage root fly and could be responsible for the low infestation levels observed.

The influence of the different plants tested on egg predator gcsegms to be
relatively weak in comparison to its influence on the cabbage fipobehaviour. No
differences in the proportion of patches visited by egg predators eleserved between
experimental plots although the number of predated eggs differedlyslaghbng plants
tested. Despite important differences Df radicum infestation, the broccoli, the white
mustard and the “Yudal’ oilseed rape genotype presented thersamieer of predated eggs.
Our initial hypothesize that plant habitat may influence the poesef natural enemies and
consequently affect the number of predated eggs could be level offeblyost searching
behaviour of predatory ground beetles. Indeed, in agricultural landspegmetory ground
beetles generally overcome the high variability of food resourgebidh dispersal rates
(Woodcock et al, 2010). Thus, the repartition of natural enemies should tend to be
homogeneous into our field experiment. Moreover, the low number of egdated on the
artificial egg patches could be due to the low quality of eggsnmparison to natural cabbage
root fly eggs. In a ‘push-pull’ context, our results suggest the passitnl select plants
modifying cabbage root fly infestation levels (i.e. white mustand ‘Yudal'oilseed rape)
without altering their control by egg predators.

Cabbage root maggots cannot disperse over large distances thereforati@vipos
decisions of adult flies are essential for the development ofgregeny. As many insects, if
not all, the host-plant selection I} radicumrely on a combination of signals integrating
chemocontact, visual and olfactory cues (Schoonh@&teml, 2005). Chemical compounds
present on the leaf surface represent undoubtedly the final sgghbyD. radicumfor host
plant acceptance (Stadler al, 2002) although plant odours could be involved in synergistic
effects (de Jong & Stadler, 1999). Nevertheless, medium/largge nmformation detected
whilst insects are in flight play a key role to locate suégilants in complex environments.
Among the phytochemicals involved in antixenotic resistance ofIa@Cs play a critical
role: plants emitting attractive blend of volatiles are meleg resistant to pests than plant
releasing deterrent/arrestant signals (Srettlal, 2005; Padmajat al, 2010;Hegdeet al,
2012). Different studies have demonstrated the role of visual (RokesiStadler, 1990) and
olfactory cues (Finch & Skinner, 1982) in the cabbage root fly behavitwugh their
relative importance is still debated (Finch & Collier, 2000). Hoaveit seems unlikely that
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herbivorous insects exclusively use only one of these three signaits @cological context
(Schoonhoveret al, 2005).

Our olfactometer experiments indicate that VOCs releasepldnts can effectively
influence D. radicum behaviour. In comparison with pure air, the proportion of flies
remaining in the first section of the olfactometer was drdsticeduced wherD. radicum
were exposed tB. oleraceaB. napusYudal’ or ‘Darmor-bzh’ genotypes indicating that the
three plants tested emitted attractive volatiles. Neverthaldésrent levels of attractiveness
can be distinguished according to the pattern of movements in the etkiens. When flies
were exposed to VOCs released by the ‘Darmor-bzh’ genotypend¢ae time spent in the
first section of the olfactometer was not significantly defgrthan the time spent in the last
section suggesting that this plant presents the lowest atifyac@ontrary to broccoli, the
time spent in section 3-4 was higher than the time spent irosett? when flies were
exposed to volatiles emitted by the ‘Yudal' genotype indicativad this plant is the most
attractive. The rank of plant attractiveness found in the olfaceyn{Bt napus—"Yudal’
genotype >B. oleraceae> B. napus—'Darmor-bzh’ genotype) is similar to the infestation
rank observed for these three plants in the field experiment suggestiimportant role of
VOCs in plant colonization. Although host-plant selection may relyaatombination of
stimuli, VOCs determine the ability of herbivorous insects to nglant and consequently
affect its colonization. Indeed, previous experiments carried outeld @onditions have
shown the possibility of modifying plant infestation through releasfesynthetic VOCs
(Kergunteuilet al, 2012).

The present study demonstrates the possibility to select phaitsould be used to
redistribute cabbage root flies in broccoli crops without compromisingvaoee control by
natural enemies. In a ‘push-pull’ context, the white mustrdalbarepresents a good
candidate for the ‘pull’ component while the ‘Yudal’ genotype of odsege is interesting to
develop the ‘pull’ component. According to the literatiBerapawas a promising species to
attractD. radicuminto trap areas but our results highlight the necessity tadsmspact of
other herbivores on plant acceptability. Obviously, additional field expats would be
required to (i) test how trap crops or intercultural plantsehtor be deployed and (ii)
investigate whether such plant combination can effectively rechldgage root fly infestation
in broccoli fields. Our results indicate that volatiles reldasg plants could influence their
infestation levels by the cabbage root fly. The identificatiorhefWOCs blends emitted by

the plants tested in the present study could allow the developrhentsemiochemically
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assisted ‘push-pull’ whergap plants would be enhanced by synthetic release of attractive

VOCs in order to reduce surfaces devoted to pest control versus harvest.
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ABSTRACT

Volatiles organic compounds (VOCSs) released by plants are invalvedrious orientation
processes of herbivorous insects and consequently play a caleiah rtheir reproductive
success. In the context of developing new strategy for crop pooteseveral studies have
previously demonstrated the possibility to limit insect density oopsc using VOCs
originating either from host or non host-plants. The cabbage roobdéia radicum is an
important pest of brassicaceous crops for which control methods hédee itoplemented.
Several studies have shown that plant odors influence the cabbadjg bmdtavior but only
few VOCs have been identified so far. The present study dirsslecting both plants and
olfactory stimuli that could be used in the development of a “push-pulitegy against the
cabbage root fly. Our olfactometer results revealed that plaldadoeg to the same family
exhibited different levels of attractiveness towddd radicum Combining behavioral
observations with results from gas chromatographic analyses of e@atfiles indicated that
attractive plants emitted quantitatively more VOCs while thedtatile blends were
qualitatively characterized by the presence of sesquiterpemes aso-farnesene om-
caryophyllene. This study represents a first step to identify ditactive plants of agronomic
interest and additional volatiles that could be used in trap crops tecptwbccoli fields

against the cabbage root fly.

Key words: Delia radicum tubular olfactometer, plant attractiveness, volatile organic
compounds, terpenoidssfarnesenep-caryophyllene, behaviour-modifying strategies, “push-

pull”.
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INTRODUCTION

Herbivorous insects evolve in complex environments where orientation gpescese
essential for their reproductive success. Plant secondary metali®lan important source of
information for several steps in the insect life cycle, sucthasselection of feeding sites,
shelter, mates and host plants (Visser, 1$8ioonhovert al, 2005). Although short range
visual cues and chemocontact stimuli originating from plants havedtesvn to play a role,
long range cues conveyed by plant odours present the advantage thaarthegtimize
behavioural responses over large distances (Schoonlev\an 2005). The complex blends
of volatile organic compounds (VOCSs) released by plants may camtam200 compounds,
but only a subset of these volatiles is detected by phytophagoussifBeuceet al, 2005;
Bruce & Pickett, 2011). Plant derived VOCs serve various ecolofications in plant-
herbivore interactions. Herbivores can be both attracted or repeligldityodours according
to the suitability of plants and insect experiences (Visser, 198fhg et al, 2008). In
addition to host plant localization, VOCs are also used by ingeetstitnate resource quality
(Bengtssoret al, 2001; Magalhaest al, 2012; Piesiket al, 2013). Even in a multitrophic
context, plant odours can inform herbivores about the presence of comspetitnatural
enemies (Sabelist al, 2001; Dicke & Baldwin, 2010). This diversity in ecological functions
of VOCs emphasizes the potential to manipulate communication betpleats and
phytophagous insects in integrated pest management strategias. dgricultural context
these semiochemical compounds can be practically applied to rdtkiaese of common
pesticides in integrated pest management strategies (Shravastal, 2010; Szendrei &
Rodriguez-Saona, 2010).

During the last decade, several studies have demonstrated th®lippssilimit insect
density on crops with VOCs originating either from host or non hostpl@irkettet al,
2000 ; Vallat & Dorn, 2005 ; Togrt al.,2010). The ‘push-pull’ strategy combines deterrent
and attractant stimuli simultaneously to both deter pests frogettasrops and attract
herbivores into trap crops surrounding the culture (Gudad, 2007). Today, this strategy has
been adopted by over 30,000 smallholder farmers to protect sub-saleseahccops against
stem borers (Hassanadt al, 2008; Khanet al, 2011). Successful control of stem borer
populations is achieved by its response to VOCs released by iplanitged in the strategy,
i.e. the repelling inter-culture and the trap crop (Khanal, 2010). Understanding insect
response to complex VOCs mixtures emitted by host and non host iglastsential for the
development of new environmentally sound crop protection strategies (Picke2012).
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The main purpose of the present study is to contribute to the devetopfree‘push-
pull’ method against the cabbage root f@elia radicum (Diptera: Anthomyiidae). The
cabbage root fly is a worldwide oligophagous pest specialized onidaeessus plants.
Females lay eggs on plant stems and larva develop by feeding snTrbist pest can cause
severe damage in different brassicaceous crops such as bracog, tutabaga, cabbage or
cauliflower. Cabbage root fly infestations may cause al yoss up to 90% in untreated fields
(Finch, 1989), so, the recent limitation of insecticides tovzardhdicumurgently requires the
development of alternative crop protections. The behavioural sequencdeds to
oviposition on a plant involves several stimuli. The role of proxiraateuli (e.g.visual cues
and chemocontact stimuli) has been very well documented (Eatde 1988; Roessingh &
Stadler, 1990; de Jorej al, 2000; Finch & Collier, 2000; Griffithst al, 2001) while only a
few olfactory stimuli have been identified so far, even if théadise at which they are used
by D. radicumremains unclear and could range from 5m to 24m (Finch & Skinner, 1982).
Among host plant volatiles, one compound, allyl-isothiocyanate was shownrtedbeed in
the long distance orientation of flies (Hawkes & Coaker, 1979; Wallbank & Wheatl8lég)
while another compound, dimethyl-disulfide was shown to reduce oviposites (fGerryet
al., 2009). Also, salicylaldehyde, a common volatile emitted by varioast gpecies, has
been shown to repel flies and reduce oviposition (den Oetdlah 1997). The identification
of new volatile stimuli could help developing control strategies dase pest behavior

manipulations.

In the present paper, we aim at selecting both plants and olfactory shiatudould be
used in the development of a “push-pull” strategy against the cabbaigityrwhether with
trap crops or synthetic VOCs. First, we tested the attractegeofefive brassicaceous plants
belonging to the host plant range of the fly. Based on previous statigsd out under field
conditions (Kergunteuilet al, in prep), three plants of agricultural intereg@rassica
oleraceae B. rapa pekinensjsSinapis albd and two genotypes of experimental oilseed rape
(B. napusYudal’ and ‘Darmor-bzh’). The two genotypes Bf napuswere chosen because of
their contrasting resistances to different pathogens, ‘Yudal’ bgergrally less resistant
(Manzanares-Dauleuwet al., 2000; Delourmeet al, 2008; Jestinet al, 2011). We
subsequently characterized their VOCs blends in order to idewtifypaunds that could be
involved in the long distance orientation of the fly and be used to tatiiesc in trap crop

areas.
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MATERIALS AND METHODS

Plants The experiments were conducted on four different plant species:obrocc

(Brassica oleracern oilseed rape (two genotypeB. napus‘Yudal and ‘Darmor-bzh’),
Chinese cabbagdB( rapa pekinensjsand white mustardSinapis alby Single seeds were
directly sown in a 9x9x11 cm pot filled with a peat: sand mixtamié (Lentse Potgrond n°2,
Horticoop, Bleiswijk, The Netherlands) containing nutrients with 2ofrdlean river sand on
top. Plants were grown in a glasshouse (Nijmegen, Netherland$pha8h (L:D) and
21°C:19.5°C (L:D). Daylight was supplemented with sodium lamps (600 K¢nhwnatural
light was lower than 250 micromoled.s%. Plants were watered twice a week. Plants used
for experiments were 5 weeks old, corresponding to 7-8 leaves faohrand oilseed rape,
and 10-12 leaves for Chinese cabbage. The white mustard plantfagtewand were used
when they were 3 weeks old and had 7-8 leaves. All plants used for b@tcd@ction and

behavioural experiments grew in the same conditions.

Behavioural experiments

Insects Females oDelia radicumused for the experiments originated from a colony
started in July 2012 from field collected flies (Le Rheu, BmigtaFrance, 4807°16” N, 01°
47'41” W). The fly colony was fed with a milk powder: yeastigar (1:1:1) mixture and kept
in a climatic chamber at 16h:8h (L:D), 2f£and 60+10% RH. Rearing conditions were
adapted from Neveu Bernard-Griffiths, 1998. Pupae from this colonyseeteveekly to the
Netherlands, where all the experiments took place, and kept ineangdgwater and food
under similar conditions. Three days after emergence, femakesooeasidered as fertilized
and were used for experiments until they were 12 days old. Ad weste conducted in a
room maintained at 21+2°C and 60+10% RH with artificial lights. Tdiraetize the flies
before the experiments, they were isolated and placed in thedestat least 15 min before

the assays started.

Olfactometer tests Behavioural responses Df radicumto control (.e. pure air) or odours
emitted by the five test plants were monitored using a tubuiactometer (60cm x 5cm ID)
artificially divided into six notional sections of 10 cm. Light veagplied by four neon lights
(Phillips, Master TL-D Reflex 36W/ 840) placed above the tube. Tflevaiwas provided by
a bottle of normal compressed air (N:0 / 80:20) moistened by bubblingirthtbrough a
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washing bottle filled with water before reaching a plant enclase@a PET oven bag
(polyethylene terephthalate25x40cm, Dumil, ITH Complast BV, the Netherlands). Airflow
in the olfactometer was maintained at 400ml:miAll connections were made with PTFE
(polytetrafluorethylene) tubing. Females were placed individuallythe tube and their
behaviour was recorded during 10 minutes. The tubular olfactometer a@eiph a white
box in order to avoid any visual stimuli from the plant. For each geanbtypes, 3 or 4
individual plants per genotype and 29 to 38 females were used (beivaeehl6 per plant).
Olfactometer tests were carried out over a period of thwasecutive weeks. The testing of
the different plant genotypes (including the control) were randomizedtiogeperiod. The
entire device was washed with ethanol, dried and purged during fifteetes with clean air

before starting new observations.

VOC analyses

Volatile collection Volatile compounds were collected in a climate chamber (Snijder-
scientific) maintained at 21°C and 50% RH using a push—pull systeesasbed by Thokt

al. (2006). The shoots were enclosed in PET oven bags connected with PTigEttutwo
pumps. A continuous air stream into the bag was generated wiinsttiump at 9L.H. The
passed an activated charcoal filter before reaching the edqghtesats while a second pump
maintained the outgoing airflow at 8[:hVolatiles were trapped during 24h on 30 mg of
filters packed with 30 mg Porapak Q (60:80 mesh). Collection tubescleamreed with 500 pl

of gc-grade dichloromethane and dried before use. One plant of eactypgetested was
sampled on the same day. Volatiles were collected from twetigidual plants for each

genotype, except for the *Yudal’ genotype where eleven plants were sampled.

Gas chromatography and VOC identification Collected volatiles were desorbed eluting
the filters with 150 pl dichloromethane containing nonyl acetatanasnternal standard
(10ng.p1). The solutions were stored at -20°C until GC-MS analysis. @tiaé and relative
guantitative determination of VOCs was conducted using an Agi890 Series gas
chromatograph (injector temp.: 250° C, injection volume: 1ul, splitiesde) coupled to a
JEOL accurate mass TOF instrument (JMS T100-GCV, interéawop.t 250 °C; ion chamber
temp.: 200 °C, ionizing voltage: 70 eV) recording spectra every 4leirange from 30-
500 amu. VOCs were separated with a DB-5MS column (Agilent, &data, CA, USA, 30

m, 0.25 mm, 0.25 um) using He as carrier gas. The oven temperatsirprogrgamed as
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follows: 40°C raised to 95°C (3°C.mth then raised to 165°C (2°C.ni) finally raised to
250°C (15°C.mift) and held at this temperature for 15min. After deconvolution with AMDIS
(version 2.7.1), compounds were identified by comparison of retention times asidprasa

to those of authentic standardsginene, hexyl acetate, limonene, linalool, (Z)-3-hexenaol,
(2)-3-hexenyl acetate) obtained from Sigma (St. Louis, MQAWJSr by reference spectra in
the National Institute of Standards and Technology libraries (204d) carresponding

retention indices in the literature (RIs obtained on DB-5 column).

Data analysis of chromatographic peaksThe centroided data from GC-MS were processed
using the Bioconductor package XCMS (Snethal, 2006) implemented in the R software
(R Development Core Team, 2011). Peaks were detected with th&V@&ezitalgorithm (30
ppm, peak width from 2 to 20 s, s/n threshold of 3:1). Retention timectiom was
performed with a ‘symmetric’ method (bandwidth set to 20 secoAdsjifferent metabolites
can co-elute, the Bioconductor package CAMERA was used to grougpenggs according

to their original compound (perfwhm parameter set to 0.6). Finallyteardatrix containing
mass to charge features (m/z), retention times, mass sijeasities and peak correlation
groups (e. pseudo-spectra) was generated and exported to Microsoft Excel®. VOC
identification carried out previously (see above) was reported sndtita table according to
mass spectra and retention time. For each pseudo-spectrum, theignabksvith the highest
intensity was then used as quantifier ion. In order to avoid variatiaietector sensitivity,

peaks were normalized to the peak are of the internal standard (quantifier ion: 126 m/z

Statistical analysis Al statistical tests were performed using the softiyreersion
2.12.2 (R Development Core Team, 2011). Mean time (S) spent in eaabn settihe

olfactometer was assessed with a generalized linear mGddN)( (package ‘Ime4’). The
goodness-of-fit of each model tested was estimated by grapbatvations of (i) the model
residuals plotted against the fitted values (ii) the quantiidamized residuals plotted against
the normal distribution quantiles. A GLM with ‘quasipoisson’ distribufflamking function:
‘log’) was finally retained to take account of over-dispersionaMéme differences were
estimated by contrasts methods applied to GLM (package ‘doBijfer&nces in the relative
amounts of VOCs between treatments were analysed using nonepacatasts: Kruskal-
Walllis one-way analysis and pairwise Wilcoxon rank sum tesallires were adjusted with a
false discovery rateorrection method). A principal component analysis (packages ‘ade4’)
was performed from the whole set of relative amounts of VOCsifieéenand presented in
the Table 1.
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Mean time (s) spent in each section

RESULTS

Behavioral experiments In a tubular olfactometer such as the one used here, time
spent by females in the first and the last section provideestteg behavioural information:
while time spent in section 1 corresponds to latency or absencspainge, time spent in
section 6 reflects attractiveness. In pureiat,without any plant VOCs, female flies mostly
remained in the first section of the olfactometer during the gesbd (about 5 minutes;
Fig.19). Two plant genotypes showed a similar response patteleaasagr: white mustar8.

alba and oilseed rapB. napusDarmor-bzh’. The time spent in the first ten centimeters of the
olfactometer was not significantly different among these ttiez¢ments. However, these two
plants triggered a slight upwind response as flies spent significamore time in section 5

and/or 6 than in pure air (Fig .19).

360 = j‘__
330 I:l Pure air n=30 - Brassica oleracea n=30
a
300 =1 I I:l Sinapis alba n=30 k\\ B. napus (cv. Yudal) n=29
- B. .D =38 Brassi kinensis  n=30
270 I:l napus (cv. Darmor) n - rassica rapa pekinensis  n c
240 =
a
210 = :l_
b
b
180 =1 P=0.07
150 =1 be b b
b b
120 = ab ac b
b ac b
90 = b
b

60 =1 a

N |J__| |i-||£ |J_-|

0 - LI 1A L

Section n°L Section n2 Section n3 Section n4 Section Section n6
[0-10cm] [10-20cm] [20-30cm] [30-40cm] [40- 50cm] [50-60c m]

Figure 19 : Mean time in second (+ SE) spent By radicum females exposed to various undama
brassicaceous plants and to pure air in a tubufactometer artificially divided in 6 notional séms
(section n°1: fly entrance; section n°6: entranicaidlow in the tube)

Mean times were calculated after ten minute (6G8f spservation. Significant differences in meanes are represented with differen
letters: GLM ‘quasipcsson’, contrasts mhod, P<0.0

=3
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The time spent in the first section of the olfactometer wgrgfgiantly shorter than in pure air

for three other genotypesB. oleraceaB. napus'Yudal' and B. rapa pekinensisvolatiles

from these genotypes triggered an upwind movement and flies quickjsepsed towards the
upwind end of the olfactometer (Fig.19). Two patterns of movement couldehéfied for

these three attractive plant genotypes. Females exposed to bxatatles spent more time

in sections 3-4 than in the proximate sections 1-2 or in the u#fis@ttions 5-6 (GLM,
contrasts method, respectively: t=2.98, df=174, P<0.01 / t=2.58, df=174, P=0.01). &emale
exposed to Chinese cabbage and ‘Yudal' oilseed rape genotype volagitesrsore time in
section 6 than in the others (GLM, contrasts method, respectivebyO®+ df=174, P<0.001 /
t=-4.84, df=168, P<0.001).

VOC analyses Table 4 reports the 15 compounds, mainly terpenoids, found across the
five plant genotypes. In addition to linalo®)( the three VOCs common to all the samples,
a.pinene B), B.myrcene %) and limonene®) were authentically identified with standards.
Brassica napusDarmor-bzh’ genotype an8. alba emitted less terpenoids than the others
(Fig.21). These differences between plants were due to differémcgsantities of both
monoterpenoids and sesquiterpenes (Kruskal-Wallis one-way anedggisctivelyx?=34.34,

df=4, P<0.001 42=49.45, df=4, P<0.001). Only one compound, limonéjewas emitted in

the same proportion by the five plant genotypes

Tableau 4 :Relative amounts of VOCs (mean + SE) released kipmmaged shoots of five brassicaeous plants dudhg 2

Sinapis B. napus Brassica B. napus Brassica rapa
Compounds ? Class RI® LRI © alba 'Darmor-bzh’ oleracea "Yudal' pekinensis
(n=12) (n=12) (n=12) (n=11) (n=12)
1 1-hexanol alcool 865.6 865 - - - 0.16 +0.04
2 a-thujene monoterpene 927.9 929 - 0.14+0.03a 0.07+£0.01b
3 a-pinene monoterpene 935.0 936 0.20+0.05a 0.43+0.07b 1.11+0.13¢c 0.33+0.06 ab 0.22+0.06 a
4 a-phellandrene monoterpene 974.1 971 - 0.46 £0.09 a 1.85+0.32b
5 B-myrcene monoterpene 993.3 992 0.13+0.02a 0.66 +0.06 b 0.25+0.04c 0.22 £0.05 ac 1.91+0.18d
6 hexyl acetate ester 1017.7 1017 - - - 0.27+0.14
7 limonene monoterpene 1030.0 1029 1.65+0.66 ns 1.88+£0.59 ns 3.18+0.60 ns 1.64+0.51ns 1.79+0.74 ns
8 1,8-cineole monoterpene 1032.5 1032 - - 2.96+1.14
9 linalool monoterpenoid  1105.0 1105 - - 0.17+0.04a - 6.05+0.46b
10 nonaldehyde aldehyde 1106.5 1107 - 0.14 +£0.03 ns - 0.15+0.04 ns
11 a-copaene sesquiterpene 1367.2 1367 - - - 1.03+0.11
12 B-elemene sesquiterpene 1383.5 1384 - 0.21+0.04
13 B-caryophyllene sesquiterpene 1407.7 1409 0.37+0.17a - - 26.18+0.12b 209+041c
14 humulene sesquiterpene 1434.8 1432 - - - 7.15+0.12a 0.53+0.12b
15 o-farnesene sesquiterpene 1482.7 1484 - - 741+152a - 0.24+0.04b

For each compound, significant differences in VG@sssions are represented with different letteadrwise Wilcoxon rank sum
tests, p.value correction (false discovery rate}).85

a. Compounds are listed in order of their elutiomfra DB-5ms column and identified by mass spectmparison of Rl from those

of the literature and standard injection for compdsiin bold.

b. RI, retention indices as determined on DB-5msrmolu

c. LRI, literature retention indices on DB-5ms coluthttp://webbook.nist.gQv 57



The overall difference between VOCs profiles was explored throygimeipal component
analysis (Fig.21). Chemical differences in volatile blends weortant both between the
four species and between the two genotypeB. afapus The two PCA axis explained 32%
and 14% of the variance. The differences between the two genotyd®s nafpuswere
pronounced on both axis of the analysis. The volatile profil8.obleraceaewas slightly

separated from the other plants wiBlerapa pekinensiandS. albawere relatively close.

40 M

35 =

30 = sesquiterpenes

% monoterpenoids

25 =

Relative amounts of terpenoids
N
o
1

20
o
aaupp aI

5 = 0
_ D
% 4% 57
o ), T i i wnith
Brassica napus B. oleracea B. rapa pekinensis B. napus Sinapis alba
(cv. Yudal) n=12 n=12 (cv. Darmor) n=12
n=11 n=12

Figure 21 : Relative amounts of terpenoids (mean + SE) relebagathdamaged shoots of five brassicaeous plant
during 24h
Significant differences in terpenoid emissions r@@resented with different letters: pairwise Wilonxank sum tests, p.value correction (false

discovery rate), P<0.05. Monoterpenoids incladbujene 2), a-pinene 8), a-phellandrene4), B-myrcene §), limonene 7), 1,8-cineole §),
linalool (9). Sesquiterpenes includecopaeneX1), B-elemene 12), B-caryophyllene 13), humulene 14) anda-farnesenel(5)

o

(14 %)

B. napus (cv. Darmor)

B. napus (cv. Yudal)

Brassica oleraceae A
B. rapa|pekinensis

(32 %)

Figure 20 : Multivariate analysis of volatiles collected fromdamaged shoots of five brassicaceous plants

(a). Principal component analysis (PCA) of VOCs reldadaring 24h. The percentage of explained varidoceach axis of the PCA
appears in parentheses

(b). Correlation circle of the PCA. The correlationctérrepresents the direction and intensity of dati@n of original variables with
the two axis of the PCA. The numbers presentedhengraphic correspond to: 1.hexand), (u-thujene ), a-pinene 8), a-
phellandrene4), -myrcene §), hexyl acetate6), limonene ), 1,8-cineole §), linalool 9), nonaldehydel(0), a-copaene 1), -
elemene 12), B-caryophyllene 13), humulene 14) anda-farnesenel(5)
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DISCUSSION

Previous studies have shown that cabbage root fly orientation iallyabased on
plant VOCs (Hawkes & Coaker, 1979; Wallbank & Wheathley, 1979) althouglolbeof
contact cues and visual stimuli in the fly egg-laying decisioalss important (Finch &
Collier, 2000). The present study reveals important differences in theiattratthe cabbage
root fly, a phytophagous insect specializing on brassicaceous @amiag plants belonging
to the same family as well as between plant genotypelseo$dme species. In comparison
with control, three levels of attractiveness can be distinguisinigte five plants tested in our
olfactometer bioassay. The attractivenes$.oélbaandB. napus'Darmor-bzh’ genotype is
limited despite the slight attraction observed in section @ajoéy due to common plant
odours). The three other plants are more stimuBntleraceaeshows an intermediate level
of attraction whileB. napus'Yudal’ and B. rapapekinensisare the most attractive ones for

the females.

Combining the behavioural observations in the olfactometer and then@igsia
indicates that flies are generally more attracted by plamigting the highest amounts of
terpenoidsB. napusYudal’ genotypeB. oleraceaeandB. rapa pekinens)sin an ecological
context, high amounts of VOCs may increase plant apparency to botlalrettemies and
phytophagous insects sometimes resulting in an overall increasglaof infestation
(Halitschkeet al, 2008). Parallel experiments that we conducted in the field witlsahes
brassicaceous plants support this hypothesis: the plants that wadentthe present study
as being the most attractive also harboured the highest numfbBrsradicumeggs under
natural conditions (Kergunteu#ét al, in prep). However, broccoli and Chinese cabbage
trigger contrasted behavioural responses despite equal amountspehotds emitted,
indicating a putative role of qualitative differences for the fly response.

As shown by the principal component analysis (PCA), VOCs blendgeentiy the
different plants are relatively distinct. However, the threeliof attractiveness observed in
the olfactometer tests are not coupled to three distinct group®GE\profiles. Surprisingly,
the VOCs blends emitted by the two plants triggering the higtw#rasts in behavioural
responsesS. albaandB. rapa pekinensjsare closely projected on the PCPae quality of a
volatile signal can depend on compounds released at trace lewdt{Biral, 2004) and we
cannot exclude that females respond to undetected compounds. Neverthelssspf VOCs

identified allows a good separation of the volatile blends emiitye. oleraceaand by the
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two genotypes ofB. napus These plants exhibit differences for herbivaatraction
suggesting that the present study allows the identificatiori ofitiall at least some, volatile

compounds involved in the cabbage root fly long distance orientation.

In our analysis, volatile blends released by undamaged plantdoansated by
terpenoids. This class of compounds is certainly the largest grosgcohdary metabolites
synthesized by plants and many olfactory receptor neurons tunetpémdels have been
identified in herbivorous insects (de Bruyne & Baker, 2008; Degenbtadt 2009). To our
knowledge, all the compounds identified in the present study have been pseraposted in
the literature as being emitted by brassicaceous plantqtexcepaene which is released by
other plant families (Tollsten & Bergstrém, 1988; Ibrahetnal, 2005; Abelet al, 2009;
Schiestl, 2010; van Daset al, 2010; Pierreet al, 2011; Golst al, 2012).

The less attractive plantS, albaand the ‘Darmor-bzh’ oilseed rape genotype, share
only three compounds:-pinene 8), B-myrcene %) and limonene®). These three VOCs are
also released by the other plants suggesting that no repellepbeods are released by the
brassicaceous plants tested in our study. Although plants mayerdleadreds of different
compounds, it seems that herbivores generally use only a few of leéneén three and ten
detectable compounds) with particular ratios in the blend to recognsteplant (Bruce &
Pickett, 2011). Therefore, VOCs profiles released by the l#ssctave plants could be
characterized by an inappropriate ratio of volatiles or byldlk of specific compounds

particularly important in the attraction of the cabbage root fly.

Two monoterpenoids are specifically emitted by the pladBtsleraceaandB. rapa
pekinensis that were found attractive in the olfactometer: 1,8-cine8jeatid linalool 9).
Linalool plays a role in the sub-saharian ‘push-pull’ strateggigied against stem borers.
Released by host-plants and trap crops, linalool is detectetlelbg pests and stimulates
oviposition (Khanet al, 2000; Birkettet al, 2006). 1,8-cineole is described as toxic or
repellent for various insects but it is involved in thrips attoac{Katerinopoulo®t al, 2005;
Hosseiniet al, 2013). The contrasts observed for monoterpene and sesquiterperiensmiss
between attractive and non-attractive plants suggest thatteepgques play a critical role. As
indicated by the discriminant analysis only one sesquiterfealemene 12), is emitted by
the less attractive plants we tested while four sesquitergéhed3, 14, 1pare emitted by

the more attractive plants. Released constitutively or inducied bhérbivore attacksq-

copaene 11), B-caryophyllene 13), a-humulene 14) and a-farnesene 15) have been
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previously described as compounds potentially involved in attraction tdgiggous insects
to different plants (Magalhdest al, 2012; Robertet al, 2013). Among these four
sesquiterpeneg$-caryophyllene could play an important role in attraction of the gabbzot
fly. This compound is emitted in particularly high amount8BbyapusYudal’ genotype but
also, although in lower amounts, By rapa pekinensjghe two most attractive plants in our
olfactometer studies. Behavioural experiments with this compound wouitedessary to

confirm its attractiveness.

In the present study, two planf. (hapus'Yudal' genotype andB. rapa pekinens)s
have been identified as more attractive tlganoleraceaeand could be used in the ‘pull’
component of a ‘push-pull’ strategy. So far, only Chinese cabbagemnmercialized while
the ‘Yudal' genotype of oilseed rape remains unused by fariNexertheless, the
characterization of the VOC profiles emitted by ‘Yudal’ anéridor-bzh’ genotypes is also
interesting from applied perspectives. These two oilseed rapeypesowere recently used
for investigating correlations between genetical diversity andboéoomic profile (Wagneet
al., 2012). The identification of plant genomic regions involved in the emisgidrOCs
profiles altering herbivore decisions could be utilized by breenteorder to select efficient
cultivars for pest behavioural-manipulation strategne of the main challenges in
developing a ‘push-pull’ strategy against insect pests is to keppctop areas as small as
possible for economical reasons. For this purpose, attraction of ivppaceas could be
reinforced by dispensers of synthetic volatiles. Previous expesneantied out in broccoli
plots are encouraging as they demonstrate the possibilityodifying plant infestation
through releases of synthetic VOCs (Kerguntetibl, 2012). This study represents a first
step to identify both attractive plants of agronomic interest andi@utli volatiles that could

be used in trap crops to protect broccoli fields against the cabbage root fly.
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Abstract

Volatiles resulting from plant—herbivore interactions play an important role in the behavioral deci-
sions of phytophagous, predatory, and parasitoid insects and could be used for managing pest insects.
However, to date and after about 40 years of research, documented studies on applications in the
field remain extremely scarce. Delia radicum L. (Diptera: Anthomyiidae), the cabbage root fly, is a
major pest of brassicaceous crops for which classical control strategies are currently lacking., Our pre-
vious studies showed that dimethyl disulfide (DMDS), a compound emitted by roots heavily infested
by D. radicum larvae, was attractive for the fly’s main natural enemies and could lead to a reduction
of 60% in number of eggs laid on treated plants in the field. As a follow-up of this work, we conducted
another field study to select additional volatiles that could be used in a push—pull approach. Several
synthetic herbivore-induced plant volatiles, selected on the basis of their potential action on the
behavior of both the fly and its natural enemies, were placed in odor dispensers in experimental broc-
coli plots and their influence on oviposition by D. radicum and egg predation by ground-dwelling
predators was assessed. Our results confirmed the role of DMDS in reducing D. radicum egg num-
bers on broccoli plants and revealed that (Z)-3-hexenyl acetate, a green leaf volatile released by
recently damaged plants, strongly stimulated fly oviposition. Also, two of the compounds tested
slightly modified predation activity of ground-dwelling predators: acetophenone decreased the pro-
portion of predated patches, whereas methyl salicylate increased it. This study is a first step in design-
ing a push—pull strategy to control the cabbage root fly.

or prey and are usually considered as part of indirect

Introduction

Volatiles resulting from plant herbivore interactions play
a major role in resource foraging by predators and
parasitoids. They have been shown to be involved in orien-
tation processes, oviposition decisions, feeding site accep-
tance, or patch quality estimation by natural enemies (e.g.,
Geervliet et al., 1998; Meiners & Hilker, 2000; Dicke et al.,
2003; Turlings & Wickers, 2004; Rasmann et al., 2005;
Tentelier & Fauvergue, 2007; Fatouros et al., 2008; All-
mann & Baldwin, 2010). These volatiles can be used by
predators or parasitoids as reliable cues to find their host

*Correspondence: E-mail: anne-marie.cortesero@univ-rennes1.fr

© 2012 The Authors Entomologia Experimentalis et Applicata 1-9, 2012

defense strategies of plants (Dicke et al., 2003; Turlings &
Wiickers, 2004). However, herbivore-induced plant vola-
tiles (HIPVs) can also be used by phytophagous insects to
optimize their resource use. They can be important signals
to locate suitable host plants (Bolter et al., 1997; Reddy &
Guerrero, 2000; Turlings & Wiickers, 2004; Halitschke
et al., 2008), can stimulate oviposition (Baur et al., 1998;
Agrawal & Sherriffs, 2001; Johne et al., 2006), host accep-
tance (Landolt, 1993), or feeding by larvae (Halitschke
et al., 2004; Carroll et al., 2006), and serve as aggregation
cues for conspecifics (Loughrin et al., 1995; Johne et al.,
2006). On the other hand, as they are emitted once the
plant has been attacked, these volatiles can also give indica-
tions of poor-quality oviposition or feeding sites (because

Entomologia Experimentalis et Applicata © 2012 The Netherlands Entomological Society 1
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of high competition or natural enemy risk) and repel
herbivores (Bernasconi et al, 1998; De Moraes et al.,
2001; Kessler & Baldwin, 2001; Sanchez-Hernandez et al.,
2006).

The discovery of these multiple and important effects of
HIPVs on insect behavior (and particularly natural ene-
mies) opened new perspectives for managing pest insects
(Degenhardt et al., 2003; Pickett et al., 2006; Turlings &
Ton, 2006; Khan et al., 2008; Rodriguez-Saona & Stelinski,
2009). However, to date and after about 40 years of
research on this topic, documented studies on applications
in the field remain extremely scarce. The effect of synthetic
HIPVs on attraction of predators and parasitoids was
demonstrated in hop yards and vineyards by a series of
field studies (James, 2003a,b; James & Price, 2004; James &
Grasswitz, 2005). Furthermore, for one of the HIPVs [viz.,
methyl salicylate (MeSA)], increases in natural enemy
numbers were also associated with a reduction below
threshold levels of important pests like spider mites and
aphids (James & Price, 2004). Field application of synthetic
volatiles gave similar promising results in sweet maize,
broccoli, wine grapes, and cotton (Yu et al., 2008; Simpson
et al,, 2011). An approach which combines the use of vola-
tiles to manipulate both insect pests and their natural ene-
mies has led to real applications in the field: the push—pull
(sometimes also termed stimulo-deterrent diversion)
strategy (Cook et al., 2007; Hassanali et al., 2008; Khan
et al., 2008). This strategy is the only one practiced by
farmers and is currently used for the control of the cereal
stemborers Chilo partellus (Swinhoe) and Busseola fusca
Fuller on cereal crops in Africa (Khan et al., 2008). Tt is
based on the use of plant species that naturally release
deterring (push) volatiles for the pests, intercropped with
cereals. In addition, other plant species that release vola-
tiles attractive to the pest (pull) are placed around the crop
field. Volatiles released by plants repelling adult stem bor-
ers also appear to stimulate parasitoid foraging and result
in increased levels of parasitism in the crop (Khan et al,,
1997).

Delia radicum L. (Diptera: Anthomyiidae), the cabbage
root fly, isa major pest of brassicaceous crops in countries
of the north of the Holarctic region. Females aggregatively
lay their eggs near plant stems and the larvae crawl in the
soil to feed on the roots before pupating in the soil sur-
rounding the roots. Root damage can result in important
crop losses if pesticides are not used (e.g., Klein-Gebbinck
& Woods, 2002). Tn northern Europe, the main insecticide
against D. radicum, the organophosphorous chlorfenvin-
phos [2-chloro-1-(2,4-dichlorophenyl)vinyl diethyl phos-
phate] has been banned since 2008 due to human health
risks (e.g., Heudorf et al., 2004). Therefore, new strategies
for controlling this severe cabbage pest are needed. A

recent study by our group investigated the potential of
dimethyl disulfide (DMDS) in a control strategy against
D. radicum (Ferry et al.,, 2009). This compound is emitted
in large amounts by roots heavily infested by larvae and
has been found to be attractive to the main natural ene-
mies of the fly in the field (Ferry et al., 2007): carabids
belonging to the genus Metallina (Bembidion), which are
generalist predators of eggs and larvae of insects, and two
staphylinid beetles, Aleochara bilineata Gyllenhal and
Aleochara bipustulata (L.), which are both predators of the
eggs and larvae of the fly and parasitoids of its pupae, Fur-
thermore, DMDS was also found to lower the number of
eggs laid on treated plants in the field by 60% (Ferry et al.,
2009). These two coupled effects (i.e., repel the pest and
attract its predators) opened new perspectives for utiliza-
tion of DMDS in a push-pull strategy against the cabbage
root fly.

As a sequel to the work of Ferry et al. (2009), we con-
ducted another field study to select additional volatiles that
could be used in a push—pull approach. Several com-
pounds were selected on the basis of their potential action
on the behavior of both the fly and its natural enemies,
including (1) allyl isothiocyanate (ATTC), a breakdown
product of glucosinolates characteristic of Brassica plants
(Bones & Rossiter, 2006) and found to be attractive to
D. radicum females in wind tunnel experiments (Notting-
ham & Coaker, 1985), (2) MeSA, a volatile emitted after
herbivore attack and attracting beneficial insects in the
field in different crops, including Brassica (James & Price,
2004; James & Grasswitz, 2005; Orre et al., 2010; Simpson
et al., 2011), (3) hexenyl acetate, a compound previously
used singly or in mixtures as an attractant of herbivores
and/or their natural enemies (James & Grasswitz, 2005;
von Arx et al,, 2011; Simpson et al., 2011), and (4) ace-
tophenone (ACPH), a flower-derived compound attrac-
tive to fruit fly parasitoids (Rohrig et al., 2008a) and
emitted by flowering plants attractive to D. radicum
(Rannbick, 2008). Dimethyl disulfide, which influences
the behavior of the fly and its natural enemies as shown by
our previous studies (Ferry et al., 2007, 2009), was also
included. These volatiles were placed in experimental
broccoli plots in the field and their influence on oviposi-
tion by D. radicum and egg predation by ground-dwelling
predators was assessed.

Materials and methods

Field setup
Cultivated broccoli plants, Brassica oleracea L. var. Ttalica
(cv. Marathon) (Brassicaceae), were used in the experi-
ment. Seeds were sown individually in peat soil cylinders
and grown for 6 weeks in a plastic tunnel (Thomas Plant,
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Ploubazlanec, France). The experimental site was located
in the ‘Domaine experimental de la Motte’ (INRA Center,
Le Rheu, France; 48°06'07"N, 01°47°44”W). The soil was
fertilized at 63.5 kg nitrogen per ha before plantation. One
week later (7 April 2011), the broccoli seedlings were trans-
planted in the field at a density of 1.7 plants m™2 No insec-
ticide was used, neither as a seed coating nor as a spray in
the field.

We used a randomized block design consisting of four
blocks. Each block included nine randomized plots corre-
sponding to the treatments. A plot comprised 25 plants
(five rows of five plants each, planted on a 0.8 X 0.8 m
grid). The plots were separated from each other by four
rows (i.e, 5 m) of untreated broccoli plants. Blocks were
separated from each other by 5 m of uncultivated soil.
Treatments consisted of two controls and seven different
volatiles supplied by means of odor dispensers (Natural
Plant Protection, Pau, France) positioned at the center of
the plots (Figure 1).

Volatiles tested
Volatiles likely to play a role in the behavior of the cabbage
root fly or its natural enemies were tested: AITC, (Z)-3-
hexenyl acetate (HA), MeSA, ACPH, and DMDS. Two
additional treatments were originally planned but later
excluded from the analyses: Z-3-hexenol was out of supply
during the experiment and benzaldehyde crystallized
inside the dispensers and did not volatilize properly.
Products were obtained from Sigma-Aldrich (St Louis,
MO, USA). Pure product (2-3 ml) was deposited in the
dispensers. Depending on the product volatility dispensers
were replaced every week (ATTC, DMDS) or every other

Blocks
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week (HA, MeSA, ACPH). Two dispensers were used for
all volatiles except for MeSa, which is not very volatile and
was applied using four dispensers per plot. The quantity of
product volatilized was checked by weighing the dispenser
before it was installed in the field and after it was replaced.
The mean volatility of the compounds was 95.00 + 9.54
(ATTC), 26.43 + 2.15 (MeSa), 31.75 + 7.70 (HA), 31.75 +
3.36 (ACPH),and 234.00 + 7.76 mg perday (DMDS).

Oviposition

Egg laying by D. radicum was monitored using felt traps
(for a description, see Bligaard et al., 1999) positioned
around the stem of the plants, where flies deposit their
eggs. These traps are used by farmers as an indicator of pest
prevalence. Felt traps were placed on one plant in the mid-
dle of each plot surrounded by the odor dispensers
(Figure 1). Traps were collected every week and the eggs
found inside were counted and removed. Emptied traps
were then replaced on the same plants (or on the nearest
plant when this plant had died). Egg deposition was moni-
tored from 12 April to 10 May 201 1.

Egg predation

Egg predation in the plots was assessed using artificial
patches of eggs. These patches consisted of a 1-cm” piece
of black paper pinned down to the soil surface and pro-
tected from the rain using a small plastic cover. Five D. ra-
dicum eggs collected in our rearing facility were glued onto
the paper with gum arabic. Four patches were placed next
to the stem of four plants in each elementary plot and
maintained in the plots for 48 h, after which egg predation
was recorded. We measured the percentage of patches in

Figure 1 Schematic representation of the
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experimental field consisting of four blocks

Plots

as repetitions, each block of nine random-
ized plots corresponding with the nine
treatments. A plot comprised 25 plants (five

HEE
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rows of five plants each, planted ona
0.8 % 0.8 m grid). The plots were separated
from each other by four rows of untreated
broccoli plants. Blocks were separated from
each other by 5 m of uncultivated soil.
Treatments consisted of two controls and
seven different volatiles supplied by means
of odor dispensers. Two to four dispensers
were positioned at the centre of the plots.
felt trap; B artificial egg patch; | odor
dispenser; # broccoli plant.

N
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which predation occurred (at least one egg predated per
patch) and the mean number of predated eggs when pre-
dation occurred. This experiment was repeated in two
consecutive weeks (starting on 2 and 9 May). The presence
of Aleochara spp. in the experimental field was assessed
using two pitfall traps placed in each block and monitored
weekly. Predation tests were carried out when more than
15 adults were found per trap.

Statistical analysis

All statistical analyses were carried out with R software,
version 2.12.1 (R Development Core Team, 2010). The
number of I radicum eggs laid and the number of eggs
predated on in the artificial patches were analyzed using
generalized linear mixed models (GLMM) with a Poisson
distribution for errors and using blocks as a random factor.
Comparison between treatments was carried out using an
analysis of contrast (function ‘esticon’ of the package
‘doBy’; Hojsgaard, 2004). Egg predation was also analyzed
by comparing the proportion of artificial patches where
predation occurred with a %~ test (basic assumption: bal-
anced proportion of artificial patches predated and not
predated) followed by an exact binomial test (function
‘binom.test’, P = 0.5).

Results

Oviposition
Delia radicum colonized experimental plots soon after
plantation and the number of eggs per trap in control plots
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Figure 2 Mean (+ SE) number of Delia radicion eggs found per
felt trap on control broccoli plants on four sampling dates. Broc-
coli seedlings were transplanted in plots on 7 April. Means with
different letters are significantly different (GLMM Poisson and
analysis of contrast: P<0.05).

rapidly exceeded the threshold level of seven eggs per felt
trap per week, which is habitually used by farmers to
decide whether or not to spray against the pest (Figure 2).
The presence of two synthetic HIPVs influenced the egg
laying activity of D. radicum on broccoli plants (GLMM:
1> =46.71,d.f. = 5, P<0.001; Figure 3). (Z)-3-hexenyl ace-
tate significantly increased the number of eggs laid on
plants (GLMM: ¥? = 599, d.f = 1, P<0.05), whereas
DMDS significantly decreased it (GLMM: 3* =7.00, d.f. =
1, P<0.01). The other compounds, AITC, MeSA, and
ACPH, did not modify the number of eggs laid compared
to the control (GLMM: P>0.1 for each comparison with
control). The number of eggs was well over the threshold
of seven eggs per felt trap per week (i.e., 28 eggs per
month) forall treatments except for DMDS (Figure 3).

Egg predation

The presence of some synthetic HIPVs influenced preda-
tion activity of D. radicum eggs on artificial patches
(x* = 11.47, d.f. = 5, P<0.05; Figure 4). Acetophenone
significantly decreased the proportion of predated patches
(10 patches predated upon out of 32 in total; exact bino-
mial test: P<0.05), whereas MeSA significantly increased it
(22 patches predated upon out of 32 in total; exact bino-
mial test: P<0.05). The other compounds, AITC, DMDS,
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Figure 3 Mean (+ SE) cumulative number of Delia radicum eggs
found per felt trap on four sampling dates (19 and 26 April, 3 and
10 May) in control plots and plots where various synthetic herbi-
vore-induced plant volatiles (HIPVs) were released: allyl
isothiocyanate (AITC), methyl salicylate (M eSA ), (Z)-3-hexenyl
acetate (HA), acetophenone (ACPH), or dimethyl disulfide
(DMDS). Volatiles were supplied with odor dispensers placed in
the middle of the plots. The dashed line corresponds to the
threshold of 28 eggs per felt trap per month, which is habitually
used by farmers to decide whether or not to spray against the pest.
Means with different letters are significantly different (GLMM
Poisson and analysis of contrast: P<0.05).
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Figure 4 Mean (+ SE) percentage of Delia radicuom artificial egg
patches predated in control plots and plots to which various
HIPVs were added: allyl isothiocyanate (AITC), methyl salicylate
(MeSA), (Z)-3-hexenyl acetate (HA), acetophenone (ACPH), or
dimethyl disulfide (DMDS). Volatiles were supplied with odor
dispensers placed in the middle of the plots. *P<0.05; ns, not
significant { exact binomial test).

and HA, did not influence the proportion of predated
patches. However, none of the HIPVs significantly influ-
enced the number of eggs predated on artificial patches
(GLMM: )(_2 = 0.76, d.f. = 5, P>0.05). The mean number
of eggs predated on all plots was 2.87 + 0.14.

Discussion

The role of HIPVs in the behavioral decisions of phytopha-
gous, predatory, and parasitoid insects has been demon-
strated in many laboratory studies. However, demonstrations
of the usability of HTPVs to manipulate pest and natural
enemy behavior in the field and to reduce crop damage
remain scarce (but see Khan et al., 2008). In the present
paper we aimed at selecting volatiles that could influence
the behavior of both a pest of brassicaceous crops, D. radi-
cum, and its main natural enemies in the field. Our results
confirmed the role of DMDS in reducing egg laying by
D. radicum on broccoli plants but also revealed that HA
strongly stimulated oviposition by this fly in the field.
Moreover, some of the test compounds slightly modified
(either positively or negatively) the predation activity of
ground-dwelling predators.
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Among the HIPVs tested in our experiments, HA was
the only compound that stimulated oviposition by D. ra-
dicum. (Z)-3-hexenyl acetate is a green leaf volatile emitted
by many plants including cabbage crops (Reddy & Guerrero,
2000; Shiojiri et al., 2001, 2010) and it is attractive to other
pests of cabbage crops such as the diamondback moth,
Plutella xylostella (L.), in the field (Reddy & Guerrero,
2000; Dai etal., 2008). To our knowledge, it is the
first report of HA to have an effect on the behavior of
D. radicum.

In D. radicum, several compounds present on the sur-
face of cabbage plants are perceived by specific receptor
cells in the tarsal sensilla and they have been shown to
stimulate oviposition. These compounds include glucosin-
olates and thia-triaza-fluorenes (Roessingh et al., 1992;
Hurter et al., 1999; Gouinguené & Stidler, 2006). Host
plant acceptance by the cabbage root fly seems to result
from a synergistic response to simultaneously perceived
olfactory and contact chemostimulation (de Jong & Stid-
ler, 1999). The presence of HA could have enhanced the
effect of the contact cues, naturally present on broccoli
plants. Further laboratory experiments need to be per-
formed to determine whether this compound attracts
D. radicien or stimulates (alone or in combination with
other known compounds) its oviposition.

Surprisingly, plants surrounded by odor dispensers con-
taining ATTC did not receive more D. radicum eggs than
control plants. This volatile results from the hydrolysis of
glucosinolates and is typically released by damaged brassi-
caceous plants containing high levels of 2-propenyl gluco-
sinolate or sinigrin (Bones & Rossiter, 2006). Tt was
previously shown to be attractive to the cabbage root fly
and has been used in bait traps to monitor populations
(adults) in the field (Wallbank & Wheatley, 1979; Finch &
Skinner, 1982; Nottingham & Coaker, 1985) but has never
been shown to influence oviposition. Methyl salicylate and
ACPH did not have any effect on plant infestation levels
either. Although all these compounds could have no effect
on D. radicum oviposition behavior, it is also possible that
we applied biologically irrelevant concentrations. To avoid
differences in compound volatility using solvents, we
placed pure products in our dispensers and obtained dif-
ferent evaporation rates for each compound, but rather
stable for a given compound. Variations in concentrations
of volatile compounds have been shown to influence the
behavior of D. radicum in previous studies (Wallbank &
Wheatley, 1979; Ferry, 2007). Therefore, concentrations
other than those evaluated here might have different effects
on the behavior ofthe fly.

Consistent with our previous studies, DMDS reduced
egg laying by D. radicum, although we applied higher
doses here. This compound is emitted by brassicaceous
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roots heavily infested by D. radicum larvae for an extended
period of time (i.e., 3 weeks). Therefore, it may be an indi-
cator of a poor-quality oviposition site and play an impor-
tant role in patch quality assessment by the fly. Reducing
clutch sizes on plants emitting high amounts of DMDS
may be adaptive for D. radicum as it helps reducing
intraspecific competition among larvae and can also avoid
choosing plants providing limited food resources for the
offspring. Moreover, as it attracts the main predators of
the fly (Ferry et al., 2007), DMDS may also indicate a high
predation risk for the eggs. Our results confirm the impor-
tance of DMDS in reducing infestation levels of brassica-
ceous plants in the field.

As for natural enemy activity in the field in HIPV-
enriched broccoli plots, we were only able to demonstrate
marginal effects. Methyl salicylate tended to stimulate pre-
dation activity, whereas ACPH tended to decrease it. These
two compounds modified predator visits to artificial egg
patches but none of the compounds tested influenced the
number of eggs predated in these patches, Although some
studies demonstrated the impact of artificial HIPVs on
natural enemy recruitment in the field, studies document-
ing the effect of these compounds on predatory activity are
still scarce (Khan etal, 2008; Rodriguez-Saona et al.,
2011). Yet, predation is of outmost importance for crop
protection. Here we focused on the influence of artificial
odors on predation activity, rather than on natural enemy
presence.

Previous laboratory experiments have shown that one
of the compounds tested here, DMDS, can stimulate egg
predation by A. bilineata (Ferry, 2007). However, this
effect could not be confirmed in the field, neither here nor
in previous experiments (Ferry et al., 2009). Tt highlights
that laboratory studies conducted under controlled condi-
tions cannot always be validated under field conditions.
The absence of any effectof artificial HIPV on predation
levels in the field could be due to disruption of natural
enemy behavior because of false information: artificial
HIPVs could indicate the presence of high levels of prey
resource but actual resources present may not match the
signal perceived. Also, the artificial egg patch setup we
used may not be optimal for testing activity of ground-
dwelling predators in the field as less than 50% of D. radi-
cum eggs were eaten in all our treatments. Indeed, egg
patches were placed at some distance from odor dispensers
and they may have been difficult to find if predators first
oriented toward the artificial odor sources because the
detectability of isolated eggs may be very low. Our results
may also indicate that all the odors tested, except MeSA,
do not enhance global prey searching in the field. Methyl
salicylate is by far the most tested HIPV in field studies for
its influence on natural enemy attraction (Rodriguez-Sa-

ona et al.,, 2011). Tt has been shown to attract a wide range
of predatory and parasitic arthropods in as many as nine
crops and is considered as a broad-spectrum attractant
(Rodriguez-Saona et al., 2011). However, the influence of
MeSA on ground-dwelling predators has rarely been
tested.

Delia radicum females are synovigenic and need to feed
on carbohydrates and proteins to mature their eggs (Finch
& Coaker, 1969; Finch, 1971). These nutrients can be
found on flowering plants surrounding brassicaceous
crops and are regularly visited by females (Finch & Coaker,
1969). Acetophenone is emitted by flowering plants
including alyssum, Lobularia maritima (L.) Desv. (Rohrig
et al., 2008a), a brassicaceous species of which the flowers
are particularly attractive to D. radicum females (Rinn-
bick, 2008). In our experiments, we found no effect of
ACPH on egg laying by D. radicum but this compound
negatively affected the activity of ground-dwelling preda-
tors. Such an effect has not been described before, but this
compound has been found attractive to some parasitoid
species (Rohrig et al., 2008a) and L. maritima has been
shown to attract numerous species of parasitoids and
predators of several insect pests under field conditions
(Rohrig et al., 2008b; Sivinski et al., 2011).

This study is a first step in designing a push—pull
method to control the cabbage root fly, but many steps
need to be investigated before it can be implemented. We
have found two volatiles with opposing effects on the ovi-
position behavior of the fly in the field and one that
slightly enhanced predation activity, The next step would
be to combine them in the field in a push—pull type dis-
position — i.e., DMDS and MeSA in the target crop, hexe-
nyl acetate in neighboring field edges - to check whether
they can be used to limit crop damage in broccoli fields.
In parallel experiments (A Kergunteuil, S Dugravot &
AM Cortesero, unpubl.), we also investigated the effect of
several species and varieties of Brassicaceae on fly and
natural enemy behavior. Like for the synthetic com-
pounds tested here, we have found plants that stimulate
egg laying and others that reduce egg laying by D. radi-
cum. The addition of both specific plant species and syn-
thetic volatiles affecting the colonization of plants by the
pest would be interesting to combine in future field
experiments.
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ABSTRACT

Several studies have demonstrated the potential of volatile orgampounds (VOCS)
released by plants for developping integrated pest managemamtgss based on
behavioural modifications. However, these studies have paid verydiatitention to spatial
effects despite their importance for VOC use in the fieldeahing how distance from
volatile source influence behaviour of pests and natural enesngssential to determine how
VOCs have to be deployed in the field and optimize behavioural mangmda®ur previous
results showed that VOCs can influence the behaviour of the cabbage roulifyradicumn)
and its egg predators in the close vicinity of the dispenserkelpresent study we extended
observations to different distances around volatile point-sources arskcdsbe level of
infestation in the field. For this purpose, we monitored over threandss from the
dispensers (0.50m, 1m50 and 2m50) the effect of seven synthetic VO@sDorradicum
oviposition during the plant growing season, (ii) the number of pupae foupdapeafter the
season and (iii) the parasitization level of these pupae. Our study showde ¥&Gs tested
differentially affected cabbage root fly oviposition within broccplots depending on
distance from the dispensers and confirmed the potential of dinasiifide, (Z2)-3-hexenyl
acetate and methyl salicylate to develop a “push-pull” styadeginst the cabbage root fly.
Our investigations on the effect of synthetic VOCs along a sspaliial transect in the field
outline challenges that will need to be resolved before actual applications.

Key words: synthetic VOCs, behavioral modification, spatial effedielia radicum

dimethyl disulfide, (Z)-3-hexenyl acetate, methyl salicylate, hppsll” strategy.
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INTRODUCTION

All plants release a wide array of volatile organic compoundsQ8)Qin their
surrounding environment. Several organs such as flower, leaves, roots, bapeaiadized
tissues €.g. trichomes) emit plant volatiles (Holopainen & Blande, 2012). While 200
compounds may compose a volatile blend released by an individual plani, 7@8:VOCs
have been identified across 90 plant families (Dudaet\ad., 2006, Bruce & Pickett, 2011).

In an ecological context, this chemical diversity leads to adbdogersity of signals that are
highly involved in the architecture of food web (Heil, 2008; Hare, 2011; Kaplan, 2012 a).

Plants are characterized by a sessile life where \@gadile crucial to communicate. In
response to phytophagous attacks, plants emit herbivore-induced planesqldtPVs)
(Holopainen & Blande, 2012). Among plant-plant communication, HIPVs can beteeétby
undamaged plants neighboring the infested one to prime their own defagsest
subsequent attack of herbivores. This so-called ‘priming effect’ oczaur between both
conspecific and heterospecific plants and can reinforce antibeéssances when the attack
is effective (Engelbertbt al, 2004; Kessleet al, 2006; Toret al, 2006).

Moreover, plant volatiles can directly influence insect behavior girqulant-insect
communication. The VOCs released by plants can be used by herbivaseats to adjust
oviposition (de Jongt al, 1999) or feeding at the larval stage (Cobb, 1999) and also play a
key role in finding resources such as mates (von éiral, 2012) or host plants (Bruce &
Pickett, 2011). In addition, variations in VOC profiles can be used tMoees to estimate
resource quality according to plant phenology (Szeretral, 2009; Magalhaest al, 2012)
and previous stresses (Pimtoal, 2010; Piesilet al, 2013). In a multitrophic context, HIPVs
also inform herbivores about the presence of competitors or nateraies and consequently
modify their behaviour (Sabelet al, 2001). Also, HIPVs are involved in the recruitment of
natural enemies (Dicke & Sabelis, 1988; Turligsal, 1990) and are often considered as

part of indirect defence strategies of many different plant species(iM& Dicke, 2010).

Over the last ten years, the understanding of the ecologicdidusserved by VOCs
has resulted in a striking increase of investigations about theantpatin integrated pest
management strategies (Rodriguez-Saona & Stelinsky, 2009). kotitext, synthetic VOCs
can be used in the field with different objectives: induction of plifiénce in target crop

(Bernasconi Ockrot al, 2001; von Méret al, 2011), disruption of host plant finding by
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herbivores (Reddy & Guerrero, 2000; Mar&tlal, 2007) or recruitment of natural enemies
(James, 2005; Simpsaet al, 2011). The ‘push-pull’ strategy relies on synergistic effect
between two or more of these approaches. While the ‘push’ componendtaieasicing pest
density in the main crop, the ‘pull’ component concentrates its populatidimeited areas
facilitating control by natural enemies. For this purpose, setgres of semiochemicals can
be used including VOCs that may act over long distances (€bak, 2007). . However,
strategies based on the release of VOCs have paid verydiatitention to spatial effects
while they are likely to play a crucial role. Indeed, thepatial effects determine how
synthetic volatiles have to be deployed in the field in order to ominbehavioural
manipulation of pests and natural enemies. Spatial effects of 8grM@Cs could be due to
a simple dose-dependent functional response of insects but could suofrem their
redistribution in the field. Indeed, for a constant density of insacthe field scale, areas
where VOC concentrations are attractive could increase imsdity at the expense of
adjacent areas where insect density could be reduced (Braasch & Kaplan, 2012).

The cabbage root flyDelia radicum(Diptera: Anthomoyiidae), is a worldwide pest
specialized in brassicaceous plants and reducing yields in mapy such as cauliflower,
turnip, rutabaga and broccoli (Finch, 1989; Meylei@l, 2013). Females lay eggs on the soill
close to plant stems and larva cause agronomic damages by feedthg roots. Ground
dwelling egg predators including carabidae and staphylinidae plap@ortant role in the
natural control oD. radicum(Coaker & Williams, 1963; Prasad & Snyder, 2004). Larvae are
frequently parasitized by the hymenopterdmybliographa rapaewhile two species of
staphylinidaeAleochara bilineataandA. bipustulataparasitize the pupae. Due to the relative
immobility of cabbage root maggot, host-plant selection by adult #esrucial for the
successful development of the larvae. Although chemocontact spraylan important role
in host plant acceptance (Stadétral, 2002), females also use long range signals such as
visual (Roessingh & Stadler, 1990) and olfactory cues (Traynier, 19%%xké$ & Coaker,
1979; Wallbank & Wheatley, 1979) to optimize host plant finding. Among host plant volatiles
used byD. radicum allyl-isothiocyanate was early shown to be involved in the lortgriie
orientation of flies (Finch & Skinner, 1982) while dimethyl-disulfidasashown to reduce
oviposition rates (Ferrgt al, 2009) and (Z)-3-hexenyl acetate to strongly increase theese ra
(Kergunteuilet al, 2012). However, the distance at which VOCs are used by the cablbage r
fly remains unclear. Although, Finch & Skinner, 1982 suggested thatrégsond to plant

volatiles from a distance ranging from 5m to 24m, more recdfitigh & Collier, 2000
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considered VOCs as cues detected when flies are passingswatasle host plants and

stimulatingD. radicumarrestment before landing.

A previous experiment conducted in broccoli fields demonstrated thabwipibsition
of D. radicumand behaviour of egg predators were altered in the close vioinitigpensers
releasing synthetic VOCs (Kergunteeil al, 2012). However, this study did not consider
spatial effects of the volatiles released and did not assesiimg plant infestation levels.
Such information is needed before using these VOCs to protect hroomod against the
cabbage root fly. In the present study, we aim at understandingyintivesc volatiles should
be deployed in a field in order to develop a “push-pull” strategynaghis pest. For this
purpose, we monitored over three distances from the dispensers theokfeven synthetic
VOCs on (i)D. radicumoviposition during the crop growing season, (ii) the number of pupae
found per plant at the end of the season and (iii) the parasitizatieh df these pupae.
Among the VOCs tested in previous field experiments, two vatatilere shown to affect the
attack rate of egg predators, acetophenone (ACPH) and meticyl#tal (MeSA). Near the
dispensers, one volatile increased the cabbage root fly oviposition3{Zexenyl acetate
(HA) while another volatile reduced the number of eggs laid, dimetisyllfide (DMDS).
Despite a lack of response for allyl isothiocynate (AITC) ingrevious field experiment we
decided to test it again according to the high number of studieth wiaive suggested the
attractive effect of AITC (Hawkes & Coaker, 1979; Wallbank &&#thley, 1979Finch &
Skinner, 1982Nottingham & Coaker, 1985). Additionally, two other VOCs, limonene and
carvone were retained in the present study as they have t@&n t repel diamond back
moth, another important pest of brassicaceous crops (lbratheth, 2005), and to a lesser
extent cabbage root maggots (den Oueteal., 1996).

MATERIALS AND METHODS

Field experiment

The field experiment was performed during spring 2012 in brocebtisf Brassica
oleraceaelL. var. Italica cv. ‘Marathon’) located at the experimental station of “La kfott
(INRA Center), 'Hermitage, Brittany, France (48°08’30” N, 1°47°'0W). Broccoli plants

were sown individually in peat soil cylinders and grown for 6 weeks in a plastic turioed be
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Figure 26. Experimental field setup

(a) Schematic representation of the experimental fielusisting of 4 blocks as repetitions. Each blomhktained 9 randomized plots (2
controls and 7 treatmentsgparated from each other by 4m of bare @mjlA plot comprised 100 plants (10 rows of 10 plaessh,

planted on a 0.7mx0.7m grid). Synthetic VOCs weteased by three dispensers (asterisks) positatibe centre of the plots. Felt trap
(circles) and plants used for pupa collection (diads) were positioned at three distances from iggedsers: 0.50m (one symbol), 1m5
(two symbols) and 2m50 (three symbols).

o w

plantation (commercial provider: Thomas Plants, Ploubazlanec, Franke) field was
cultivated according to usual agricultural practices and nocpesti were applied. We used a
randomized block design consisting of 4 blocks (1 082.4 m?) of uncultivatedrigpité 26).

In each block, 9 experimental plots (10x10 plants, 39.7 m?) of broccoli waneeglthe 3rd
of April on a 0.70x0.70m grid. Treatments consisted of 2 controls withotitesyc volatiles
released and 7 plots with different volatiles supplied by odor disper®atural Plant
Protection, Pau, France) positioned the 4th of April at the centre of the plots.

Volatiles tested

Different volatiles released by brassicaceous plants or ggnelistributed among
plants and likely to play a role on the cabbage root fly or itaralenemies were tested:
acetophenone (ACPH), dimethyl disulfide (DMDS), allyl isothiocyan®&ITC), limonene,
(2)-3-hexenyl acetate (HA), methyl salicylate (MeS#jd carvone. Products were obtained
from Sigma-Aldrich, St Louis, USA. Two to 3 ml of pure productsevdeposited in the
dispensers and three dispensers were placed in each experimentéh grder to assess

diffusion rates (see appendix) dispensers were weighted and replaced weekly
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Data collection

Cabbage root fly oviposition Egg laying byD. radicumwas monitored using felt traps
(for a description, see Bligaaret al, 1999) positioned around the stem of the plants, where
flies deposit their eggs. In each plot, felt traps were placesixoplants positioned at three
distances to the dispenser: 0.50m, 1m50 and 2m50 (Figure 1). Trapsolleceed every
week and the eggs found inside were counted and removed. Emptieddrapgben replaced

on the same plants (or on the nearest plant when this plant hadThed)resence of eggs
was checked from the week following the plantation until the ouiposperiod of the first

generation oD. radicumended (i.e. from May 1st to May 22nd).

Pupae collection and emergencedPupae were collected in the field on June 18 four
weeks after the end of the oviposition periodDofradicum,thereby allowing a complete
larval development of the eggs present. In each plot, pupae were daonpkx plants
distributed along a diagonal opposed to the plants used for egg monitéignge(1). Thus,
three distances from the dispensers were sampled: 0.50m, 1.50m and 2ppooximately
two liters of soil (15-20 cm deep, 20cm of diameter from the stean) around the roots of
selected plants was collected, stored in a cold chamber (4°C) amiginmed in the dark until
the collection of pupae. Each sample was washed in water andwwepaseparated from the
soil by flotation. Pupae were then held at 20+2°C, 55+5 RH, 16h: 8h (Lunbl) insect

emergence.

Statistical analyses

All statistical analyses were carried out with R softw@ealevelopment core team, R
version 2.12.1). Analyses about cabbage root fly oviposition were conducted on the
cumulative number of eggs laid per plant over the four sampling w&baksnumber oD.
radicumeggs laid and the pupae found per plant were analyzed using twalgeuaklinear
mixed models (GLMM, package ‘Ime4’) for Poisson data (linking function: ‘logfsidering
‘volatile released, ‘distance sampled’ and their interactiorfixasd factors, with spatial
‘block’ included as random factor. The effect of each fixedofawas assessed by likelihood
ratio tests. After verification for the influence of the fixeactbr studied, comparisons
between treatments were carried out using an analysis of ¢ofgeakage ‘doBy’) and

p.values were adjusted by a false discovery rate correction mdthegroportions of adults
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emerging from collected pupae were compared by a pairwissgohre testyf) and p.values

were corrected using a false discovery rate method.

RESULTS

Cabbage root fly oviposition At the plot scale, synthetic volatiles released
significantly influencedD. radicuminfestation (GLMM, Poisson data, likelihood ratio test:
v?=163.57, 7 d.f., P<0.001). In comparison to control, four volatiles, ACPH, DMDS, AITC
and limonene, reduced
cabbage root fly
oviposition (GLMM,

45 7

40
Poisson data, analysis of
35

contrasts: P<0.01 for each

30 comparison with control)
while only one VOC, HA,
enhanced egg laying on

broccoli plants (GLMM,

25

20

Number of eggs

15

Poisson data, analysis of
contrastsy?=11.81, 1 d.f,,
P<0.01). MeSA and

carvone did not modify the
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Allyl isothiocyanate
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Methyl salicylate
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Figure 27 :Mean (+ SE) cumulative number DElia radicumeggs per plant| number of eggs laid by

Number of eggs found per felt trap was cumulateer dour consecutive sampling dates (1, (8,

15, 22 May). The dashed line corresponds to thesttuld of 28 eggs per felt trap per month, the Cabbage root fly
which is habitually used by farmers to decide whetbr not to spray against the pest. Megns
with different letters are significantly differenGLMM ‘poisson’, analysis of contrast and (GLMI\/I' Poisson data,
p.value correction (false discovery rate), P<0.05

analysis of contrasts,
respectivelyy?=0.65, 1 d.f., P=0.46 and@=0.79, 1 d.f., P=0.44). Infestation levels in the plots
exceeded the threshold used by farmers to decide whether orsprayoagainst the pest (1
egg.day.plant) in the control plot (Wilcoxon rank sum test: V=834, P<0.01) and in three
treatments: HA, MeSA and carvone (Wilcoxon rank sum tesh.@ for the three volatile

tested, Figure 27).
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Tableau 5 :Mean (+ SE) cumulative number Dtlia radicumeggs per

plant and per distance from the dispensers

0.50m

1m50

2m50

Control
Acetophenone
Dimethyl disulfide
Allyl isothiocyanate
Limonene

(2)- 3- hexenyl acetate

Methyl salicylate
Carvone

28.63+4.34aA
26.63+5.67 ab A
18.63+3.47aB
27.75+491ns A
32.75+451 ns A
31.38+3.62aA
40.57 £ 6.68 a B
27.75+433aA

42.19+6.73bA
32.38+4.17aB
31.75+5.13bB
31.13+3.19nsB
35.88+7.72ns B
32.00+4.28aB
41.88+7.73aA
43.25+752bA

42.00+4.87bA
24.50+4.88bB
35.14+6.46bB
31.38 £6.48ns

30.50 £ 6.18ns

65.63+11.97b B
33.88+6.27bB
37.75+6.42b A

Means with different letters are significantly @ifént: GLMM ‘poisson’, analysis of
contrast and p.value correction (false discovatg)r P<0.05. Small letters compare the
effect of the distance for a same synthetic VOQpifahletters compare the differences
between the control and thenthetic VOC for a same distar

Within plots, cabbage root fly oviposition was significantly influeshdy the distance from
the dispensers (GLMM, Poisson data, likelihood ratio {@s©5.11, 2 d.f., P<0.001) and the
interaction with the volatile released (GLMM, Poisson data,iliked ratio testy?=180.44,
14 d.f., P<0.001). In the control plot, plants at the center of the plaveeckess eggs than
plants positioned at both 1m50 and 2m50 (Table 5). A similar patterrobgzsved when
dispensers of carvone or DMDS were present in the plots. In caopai® the control,
DMDS reduced oviposition at each distance sampled while carvone ditfetbttae number
of eggs. The release of MeSA reversed this pattern and moreveggdaid at both 0.50m
and 1m50 than at 2m50. In comparison to the control, dispensers of HA did nbt pladi
infestation at 0.50m but oviposition was reduced at 1m50 while it waesaseal by over 57%
at 2m50. In plots with AITC, limonene, and to a fewer extent ACPHhtplavere as much

infested in the center of plots as in the periphery.

Pupae collection and emergence®verall, we observed large differences between the
number of eggs laid and the number of pupae collected. About 10% of eggsviaid gupae

in the control plot. The different synthetic volatiles released hagjrdficant effect on the
number of pupae collected (GLMM, Poisson data, likelihood ratio #s25.08, 7 d.f.,
P<0.001)(Figure 28). The presence of two synthetic volatiles, limoneneaarehe, did not
affect the number of pupae found on sampled plants while it was sagniifi reduced when
the other compounds were released (GLMM, Poisson data, analysistiasts: R0.05 for

each comparison to the control). Within the experimental plots, the distance wassonly |
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Figure 28 : Mean (+ SE) number dbelia radicumpupa per plant over the season

Means with different letters are significantly @ifént: GLMM ‘poisson’, analysis of contrast ar
p.value correction (false discovery rate), P<0.05.

Tableau 6 :Mean (+ SE) number ddelia radicumpupa per plant and per
distance from the dispensers

0,50m 1m50 2m50
Control 3.75+0.87ns A 4.13+0.90ns A 3.27+0.78 ns A
Acetophenone 3.13+0.95ns A 3.13 £1.09ns A 2.00 +0.8%\ns

Dimethyl disulfide

Allyl isothiocyanate

Limonene

(2)- 3- hexenyl acetate

Methyl salicylate

Carvone

400+1.60aA
1.58+0.65nsB
483+1.17nsA
1.50+0.53nsB
3.86+150aA

3.38+1.46nsA

1.38+0.46bB
229+1.17nsA
250+0.68ns A
2.13+0.64nsB
183+0.60bB

4.29+0.75ns A

2.63+0.71ab A
2.88+1.49nsA
3.38+1.52ns A
2.38+094ns A
1.00+0.58bB

2.88+1.01nsA

Means with different letters are significantly éifént: GLMM ‘poisson’, analysis of contre

and p.value correction (false discovery rate), PsOSmall letters compare the effect of the
distance for a same synthetic VOC. Capital letterspare the differences between the control
and the synthetic VOC for a same distance.
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significant (GLMM, Poisson data, likelihood ratio tegt=5.96, 2 d.f., P=0.05) but the
interaction with ‘volatile tested’” was stronger (GLMM, Poissomaddikelihood ratio test:
y2=34.77, 14 d.f., P<0.01) (Table 6).

The proportions of adults emerging from the pupae were relativelyand varied
from 31% (HA) to 62% (MeSA) (Figure 29). These proportions differeghtty with
treatments ¢ = 15.52, 7 d.f., P<0.05). Such differences were only due to differences in
cabbage root fly emergenceg € 21.61, 7 d.f., P<0.05) as emergences of natural enemies did
not differ (2 = 5.10, 7 d.f., P=0.65). Due to the low number of adults recovered, analysis

about distances was not conducted.

b

70% I:l Emerging rate of natural enemies

- Emerging rate of Delia radicum
60% -

ab
ab
50% -
a

40% 1
30% -
20% -
10% -

0%

Emerging rate

Control Acetophenone Dimethy! Allyl Limonene )- 3- hexen Methyl Carvone
disulfide isothiocyanate acetate salicylate

Figure 29 : Proportions (+ Clg = 0.05) of adults emerging from pupae collectethanfield

Natural enemies includ&rybliographa rapaeand Aleochara bipustulateand A. bilineata Proportions with different
letters are significantly different: pairwigétest with p.values correction (false discoverg)a>0.05
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DISCUSSION

Our results indicate that the ecological function of VOCs camxpoited in field
conditions to develop alternative crop protection. At the plot scalgualh two compounds
did not affectD. radicumoviposition (MeSA and carvone), four VOCs significantly reduced
plant colonization (ACPH, DMDS, AITC and limonene) while one VOCeaased it (HA).
At the end of the season, the pupae collection indicates thaeatbmpounds tested, except
limonene and carvone, reduced herbivore pressures. The potential of DiMDBAafor
developing a ‘push-pull’ strategy agairit radicumis consistent with previous conclusions
from field experiments (Kergunteudt al, 2012). While DMDS could be used in a ‘push’
component to repel/deter cabbage root flies, HA could be used inlacpmiponent to
simultaneously attract/stimulate. radicum oviposition and limit herbivore development.
However, our investigations on the effect of synthetic VOCs adosignall spatial transect in

the field outline challenges that will need to be resolved before actual ajppigcati

At the plot scale, four VOCs reduced cabbage root fly oviposition (R@MMDS,
AITC and limonene). To our knowledge, this field study is the fogeport an influence of
limonene onD. radicum oviposition. The results obtained in the present study about the
negative effect of ACPH do not match results of previous experimdrgee no influence of
ACPH emission was observed (Kergunteetilal, 2012) suggesting that context-dependant
responses are possible (Kaplan, 2012 b). However, we have also redall@y ;1 some
VOC effects across years. DMDS was previously describedséimulus limiting the number
of eggs laid byD. radicum(Kergunteuilet al, 2012) certainly due to its post-alighting role in
patch quality assessment (Festal, 2009). Indeed, VOCs could act synergistically with
chemocontact stimuli detected after landing and influence the raost gatceptance of flies
(de Jong & Stadler, 1999). VOCs are also used while insectsilane fight and AITC was
early demonstrated as a long-range attractantDioradicum (Finch & Skinner, 1982).
Surprisingly, in the present study AITC dispensers did not incregpesition of flies and
even reduced it. The only compound found to increase the number of eggs dakitiAwa
VOC involved in the attraction of other herbivores specialized on beassis plants such as
Plutella xylostella(Reddy & Guerrero, 2000; Dadt al, 2008). Laboratory bioassays are
required to understand how HA influenc& radicum behavior, either by long-range
attraction or post-alighting stimulation. Overall, four VOCs reduoeibosition (ACPH,

DMDS, AITC and limonene) while only one enhanced plant colonization {kiicating an
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unbalanced ratio of negative and positive stimuli among the VOGltd3tiring host plant
finding behavior, olfactory signal recognition by herbivorous insetissron the detection of
a blend of VOCs ranging between three to ten compounds with parficaf@rtions (Bruce
et al, 2005; Bruce & Pickett, 2011). Thus, high releases rates of additiarntaketg VOCs
may mask or disrupt natural signals emitted by host plantbefeiqualitatively or
quantitatively) and consequently reduce the efficiency of host fdeeging byD. radicum

In their study, Brassch & Kaplan, 2012 also reported a general eepelifect of VOCs
released for the different herbivores sampled. Although such hypstimegeexplain reduced
oviposition, other mechanisms could be involved in the positive influence airHzabbage
root fly oviposition. HA has been shown to be involved in plant priming andheehaOCs
emissions even in intact plants (Engelbeathal, 2004). Despite an initial defensive role, in
some cases, such induction has been reported to increase plant appardmaypivores
(Halitschkeet al, 2008). Whether or not defense induction is involved in the observed effect,
our results concur with previous field studies demonstrating aeaserof herbivores on corn

plants exposed to HA (von Méreyal, 2011).

The VOCs tested differentially affect cabbage root fly ovipasitwithin plots
depending on distance from the dispensers. In the control plot, we obserege effect:
plants at the periphery received more eggs than central plants suggestpeyifpheral plants
were more visited bip. radicum This colonization pattern was conserved when dispensers of
carvone and DMDS were placed in the plot. Although the former did adifynthe number
of eggs laid, DMDS reduced oviposition at each distance sampledt&hsity of egg laying
reduction remains clearly pronounced at 2m50 suggesting that DMDf&noéls cabbage
root fly behavior over the spatial scale studied. Considering tMD® serves in patch
quality assessment, this VOC may be involved in functional decsicim as oviposition once
flies have landed (Ferrgt al, 2009). In our experiment, the high release rate of DMDS
compared to natural emission rates (Featryal, 2007) could explain the influence of this
VOC onD. radicumoviposition over a distance of several meters from the point-source.

Although MeSA did not modifyD. radicumoviposition at the plot scale, assessment
of its effect on egg laying depending on distance from dispensealesl significant
differences. Inside plots with MeSA dispensers, more eggs weratlaoth 0.50m and 1.50m
than at 2.50m. Thus, the colonization pattern seemed reversed conapeoeattal plots. The

contrasts observed between colonization patterns of plots expose®& £ aid control plots
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suggest that MeSA attracts cabbage root flies near the dispemseilling the edge effect.
Investigations about MeSA largely concerned natural enemytaitrgdames & Price, 2004)
but this VOC is also involved in the attraction of various herbivoues sisLeptinotarsa
decemlineata(Coleoptera: Chrysomelidaegpodoptera eridanigLepidoptera: Noctuidae)
and Diaphania hyalinata(Lepidoptera: Pyralidae) (Dickens, 2000; Meagher & Landolt,
2008). The limited area where MeSA increased oviposition is ieeaggnt with previous
studies which have outlined the local concentration of insects responditiggbpto MeSA,

i.e. at a distance 1.5 m from a point-source (Lee, 2010; Mallingéral, 2011; Rodriguez-
Saoneet al, 2011). The two contrasted repartition patterns observed in control plogéoésd
with MeSA dispensers fit well with the redistribution hypothgsisposed by Braasch &
Kaplan, 2012. MeSA may attra&. radicum near the dispensers (0.50m and 1m50) and
consequently reduce insect density in adjacent zones (2m50). Howeveanm@ exclude
that this pattern of attraction may be more complex than sishpéetional responses. In
addition to plant-insect communication, MeSA is also known to playtiaatrrole in plant-
plant communication. This VOC can directly affect plant physiolegy consequently
modify plant acceptance by insects. Thus, it appears difficlihkahe behaviour observed

with a particular effect of MeSA on broccoli plants at this stage (Janitrsc&, 2004).

However, optimal concentrations for insects responding to the VQxdtenay not
necessarily be the ones found close to dispensers. The comparisorraif et HA plots
revealed a surprising spatial pattern : the numbers of eggsnwedifferent at 0.50m but HA
reduced oviposition at 1m50 while it increased the number of eggs by62Z850. Hence,
we can hypothesize that the HA concentration was most attratt®&0m where the highest
number of eggs was observed. This attraction at 2.50m resulted in aoepfethe pest in
adjacent areas, at 1.50m, while the 0.50m zone was unaffected contgaosdrol. Further
studies would be necessary to test the redistribution hypothesis sisohky traps to
distinguish dynamic effects from functional influences of VOC<Domadicum oviposition.
Nevertheless, a general increase of oviposition is recorded selpbsed to HA. Although
this VOC remains interesting for the ‘pull’ component, the rabistion of flies in the plot
raises important questions about the deployment of HA. Comparindfélctseof MeSA and
HA, the former concentrated. radicum not as far from the dispenser as HA. However,
MeSA presents a relatively broad scale of attractivenesgsvail attractive concentration of
HA results in a depletion of the cabbage root fly in the adjaare@t. When AITC, limonene,
and in a fewer extent ACPH, were released in the plots the nurhiegygs did not differ
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across the distances sampled. These three VOCs cancelledytheffstt observed in the
control plot by reducing the number of eggs laid at 1Im50 and 2m50 witheuh@lD.
radicumoviposition at 0.50m. Reasons for this are unknown and further studiesganed

to understand more precisely underlying mechanisms.

Predictably, the reduction of eggs laid in plots exposed to ACPH, MIDd AITC
resulted in a lower number of pupae. However, synthetic releadée8A and HA also
reduced the number of pupae despite their null or positive inflummeeiposition indicating
that these two VOCs alter cabbage root fly development. Theseasts could rely on plant

defence induction or recruitment of natural enemies.

In control plots, contrary to what was observed for oviposition, distadceadiaffect
number of pupae collected. These results could be due to a higher dérsgjtypredators in
the border than in the middle of the plots. Important ground-dwellingpeggptors of the
cabbage root fly such &embidion lamprogrefer bare ground habitat to plant shelter when
they are not searching for prey (Mitchell, 1963). In our field set@pgcan hypothesize that
egg predators spent much time in the bare ground between the exgatiplots and that
their control onD. radicumoccured mostly in the border of the plots, thereby levelling off
number of pupae found across the three distances sampled. The roleSaf iMdhe
recruitment of natural enemies has been extensively demonstRadddguez-Saonat al,
2011). The limited number of pupae collected in plots with MeSA dispensay be due to a
stimulation of egg predation activity as shown previously (Kerguntdual, 2012). The
number of pupae was reduced at both 2m50 and 1m50 but central plants weuehas
infested as in control plots supporting the edge effect hypotldealzsve for egg predators.
Also, plots exposed to HA presented a smaller number of pupae than qootsobut the
reduction was this time observed on central plants and at 1.50m. Althoughdndfgblant
defences by HA could enhance plant apparency to adult flies asyskvsuggested, induced
plants could also present higher resistance to larval developfesimilar paradox was
already shown for broccoli plants induced by salicylic acid:ntslainduced by this
phytohormone tended to harbour more eggs but significantly reduced aderigesices
(Pierreet al, 2013). Carvone influenced neither oviposition nor number of pupae. However,
plants exposed to limonene exhibited fewer eggs than control plantssbaany pupae
suggesting that this VOC could alter foraging efficiency of egg predators.
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Differences in emerging rates across the different tregsnwemained very small. At
the plot scale, the emergence of natural enemies did not slif¢gresting that VOCs tested
did not affect host foraging efficiency of parasitoids. The cotstraBout general emerging
rates were principally due to the higher number of flies emgrfiom plants exposed to
MeSA. Due to the low number of emergent obtained it appears difficatinclude precisely
about the influence of the VOCs tested on emerging rates.

Despite the relatively small spatial scale studied herppsition contrasts among the
three distance sampled bring important information about the use G&W0Da ‘push-pull’
strategy againsD. radicum DMDS reduces oviposition over a large area surrounding the
dispenser and seems to be a good candidate for the ‘push’ componentoTdmripounds
locally increasing plant infestation, MeSA and HA, are activdifedrent distances. However,
both compounds also decrease plant infestation at one of the distamepked, possibly
limiting the overall benefit of the ‘pull’ component. Further studieseldeon a combination of
these two VOCs in a ‘pull’ component would be required to investigassible synergistic
effects. The assessment of the influence of VOCs at distéarges than 2m50 is necessary
for future applications and would be useful to confirm the redistributigmothesis.
Nevertheless, the use of HA and MeSA in the ‘pull’ componenpammising as they locally
increase oviposition but reduce number of pupae at the plot scale. The obsained in the
present study are partially consistent with our previous expesnoemtducted in 2011 and
reinforce the selection of DMDS and HA for a ‘push-pull’ strategy. Howeve also observe
differences across the two years despite comparable rala@se demonstrating context-
dependent responses (Kaplan, 2012 b). The present study highlights thbatagest
management based on synthetic VOCs is complex and involves nwunkamdt yet well

understood.
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APPENDIX

Diffusion rate per dispenser (mg.day-1 + SEM)

Week 1 Week 2 Week 3 Week 4
Carvone 5.09+1.13 4.28+0.79 7.12+0.63 3.91+0.47
Acetophenone 16.42+1.61 9.11 £ 0.50 14.10+1.38 5.87 +0.55
Methyl salicylate 16.07 +2.26 7.31+1.22 20.07 £2.00 6.13+0.94
(2)-3-hexenyl acetate 4553+4.49 41.03+4.19 59.85 + 4.86 3250 £1.82
Allyl isothiocyanate 60.02 +£3.43 58.93+2.06 55.85 + 6.57 37.94+1.94
Limonene 64.24 £+557  45.68 +4.17 55.71 +3.52 4525 +4.12
Dimethyl disulfide 170.05+5.81 269.40+8.43 203.85+4.80 144.93 +4.37
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ABSTRACT

A field study was conducted in order to study the influence of different plant behs tevel
of Delia radicuminfestation on broccoli crop. Two potentially attractive belts wested
using turnip Brassica rapa and Chinese cabbagB.(rapa pekinensjs These two plants
species have previously been shown to attract and/or stimulate gy ilap. radicum In
addition we also examined the effect of a potentially dissudsaie planted with white
mustard $inapis albg, a plant known to harbour low levels of infestationCbyradicum Our
results indicate that the only plant belt reducing broccolstateons was the one planted with
Chinese cabbage: the number of eggs laid on central broccoli plasteduced by 20% and
the number of pupae collected on broccoli decreased by over 45%. lioradditimiting
egg-laying on adjacent broccoli plants, Chinese cabbage could also erharedicum
mortality through either top downi.¢. predation) or bottom upi.¢. altered larval
development) mechanisms that still need to be elucidated. Becaubkes @fffect on pest

survival, Chinese cabbage could be used as a “dead-end” trap crop around broccoli fields.

Key words: Delia radicum trap crop, dissuasive belt, broccoli, white mustard, turnip,

Chinese cabbage.
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INTRODUCTION

The combination of different plants for pest control is certaimdy a new topic. In
records dating back to antiquity, Pliny the Younger described hexastpossible to reduce
pest density on cruciferous plants associated with the common Wicia sativa
(Schoonhovenet al, 1998 cited by Finch & Collier, 2001). Strategies based on plant
diversification present two major advantages that can explain dbmial interest in crop
protection. Indeed, plant diversification represents an alternatitecpatol strategy that
limits environmental costs of pesticides and remains safe for rhumalth. Ecological
engineering based on habitat manipulation with natural sources affi®ice situation to
insects and consequently increases durability of this pest control stf@ieget al, 2004).

Two main strategies based on plant diversification can be useghitcciop losses.
First, repellent and/or dissuasive plants can be intercropped iorimaercial field (Andow,
1991). Second, attractive and/or stimulant plants, can be planted in zhaesnato the
target crop, in order to retain pests into these zones (SheltordénBs-Perez, 2006). This
so-called “trap crop” strategy has been used to protect comirfezltla against various pests
such as parasitic plants, nematodes and insects (Hokkanen, 1991)sibengentration in
restricted areas enhances pest control that can be achievedheiligh biological control,
insecticide applications or mechanically (Caetkal, 2007, Swezegt al, 2007). Although
only 10 cases of trap crops have been successfully used saéarcteon this topic is still
active and concerns a large number of phytophagous insects (ShelBauéhes-Perez,
2006). Overall, three different trap crop strategies can bengiisshed. Conventional trap
crops involve naturally more attractive/stimulant plants as food eswrc oviposition sites
(Swezeyet al, 2007). Dead-end trap crops consist of plants that are attréztpests but
simultaneously limit (or imped) their development (Shelton & N&dQ4). In assisted trap
crops, additional stimuli such as pheromones, plant volatiles or food sgmteare used to
reinforce the efficiency of one of the two previous trap cropmingtegies (Marteét al,
2005).

The purpose of the present study is to select plants that could thetcupeotect
broccoli Brassica oleracegecrops against the cabbage root elia radicum Females of
this important pest lay eggs in the soil close to plant stemaawa ¢tause agronomic damages

by feeding on the roots. In an agronomic context, ground dwelling egatprs including
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carabidae and staphylinidae are particularly important fturalacontrol of the fly (Coaker &
Williams, 1963; Prasad & Snyder, 2004). The recent limitation ofcticsges towardD.
radicumin Europerequires the development of alternative crop protection methods and trap
cropping appears like a promising approach. Indeed, our previous fieldsshalie revealed
important differences in the preference of this pest amongreift plant species in its host
range (Kergunteuigt al, in prep).

In a field experiment, we surrounded broccoli plots with two dispirentt belt types.
For the first type of belts, we selected two plants previouscribed in the literature as
attractive or stimulant foD. radicum turnip, Brassica rapaDoane & Chapman, 1962) and
Chinese cabbagdBrassica rapa pekinensi@Rousseet al, 2003). The use of these two
brassicaceous plants could therefore be used in a conventionah@ppvbere trap crops
concentrate phytophagous insects. For the second type, we deldite mustardSinapis
alba, a plant with low level of infestation by the cabbage root flyhanfield (Kergunteuikt
al., in prep). The use of such plant could be quite original as it could asmeleterrent belt.
We assessed the influence of these three types of plant bddtgtoplant colonization and
plant infestation at the end of the growing season. Our reseltdiscussed in relation to

previous work about the development of a “Push-Pull” strategy adaimaticum

MATERIALS AND METHODS

Field experiment

Field setup The field experiment was performed during spring 2012 and took plathe
experimental station of “La Motte” (INRA Center), Le Rheu,tBny, France (48°07'15" N,
1°47°39” W). Plants were provided by a commercial provider (ThomastIl®loubazlanec,
France): seeds were sown individually in peat soil cylindersgradn for 6 weeks in a
plastic tunnel before delivery, as requested no pesticide were Gssdllings were
transplanted in the field on April £2The field was cultivated according to usual agricultural
practices and no pesticides were applied. We used a randomizediesogk consisting of 4
blocks (1056m 1) with 4 experimental plots (18x18 plants, 14pin each block (Fig. 30).
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Blocks were separated from each other by 9.4m of bare soil whbile ipl the blocks were
separated by 4m. In each block, one control plot was planted with brd8raksica
oleracea¢ only and three treatment plots were planted with broccoli 1(Q0glants)
surrounded by different plant belts (4 rows): turnip (apg, Chinese cabbageB( rapa

pekinensisor white mustardSinapis albd

Block n°L Block n2 0.70m
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<

E €
< [T} £
=) © 2
=
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Block n3 Block n4
. Brassica oleraceae l:l Plant belt
- Brassica oleraceae - B.rapa
- B. rapa pekinensis |:| Sinapis alba
@) (b)

Figure 30.Experimental field setup

(a) Schematic representation of the experimental fikldonsisted of 4 blocks as repetitions, eachainirig one control plot planted
with broccoli Brassica oleracegeand three treatments plots where broccoli wasoended by different belts planted either with tprn
(B. rapg, Chinese cabbag®(rapa pekinensjsor white mustard Sinapis albq (b) A plot comprised 18x18 plants distributed on|a
0.70x0.70m grid. Oviposition dbelia radicumwas monitored with felt traps (open circle) placed6 plants into the middle of the plot
and 4 plants into the plants belts. Plants usegdpa collection (diamonds) included 4 plants itt® middle of the plots and 4 plant
into the plants belts

n n

Cabbage root fly oviposition Egg laying byD. radicumwas monitored using felt traps
(for a description, see Bligaaat al, 1999) positioned around the stem of the plants, where
flies deposit their eggs. In each plot, felt traps were placeakguiasts in the middle/center

of the plot and four plants in the plant belts (Fig. 30). Traps welfected every week and
the eggs found inside were counted and removed. Emptied traps wereptlaeeden the
same plants (or on the nearest plant when this plant had died). Cabbadg infestation

was monitored from the®to the 24 of May.
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Pupae collection and emergencesPupae were collected in the field on Jun®, i&. four

weeks after the end of the oviposition periodDofradicum,thereby allowing a complete
larval development of the eggs present. In each plot, pupae were dampéir plants in the
middle of the plot and four plants in the plant belts (Fig. 30). Appraeimawo liters of sall

(15-20 cm deep, 20cm of diameter from the stem) from around the obselected plants
was collected, stored in a cold chamber (4°C) and maintained ghatkeuntil the collection
of pupae. Each sample was washed in water and pupae were sefanatehe soil by

flotation.

Statistical analyses

All statistical analyses were carried out with R softw@&@ealevelopment core team, R version
2.12.1). Analyses about cabbage root fly oviposition were conducted on the cuenulat
number of eggs laid per plant over the four sampling weeks. The numberaddicumeggs
laid and the pupae found per plant were analyzed using two geedriitiear mixed models
(GLMM, package ‘Ime4’) for Poisson data (linking function: ‘loghith spatial ‘block’
included as random factor. Comparisons between treatments weied caut using an
analysis of contrast (package ‘doBy’) and p.values were adjustedfalge discovery rate

correction method.

RESULTS

The number of eggs laid in the middle of each plet broccoli) varied between the
four treatments (GLMM for Poisson data, likelihood ratio tgst- 23.86, 3 d.f., P<0.001).
Although the number of eggs laid on broccoli was unaffected on plamtaiaded by turnip
and white mustard, belts planted with Chinese cabbage significeediyced broccoli
colonization in the middle of the plot (Figure 31). Chinese cabbageréd the number of
eggs laid on broccoli under the threshold used by farmer to detiehev or not to spray
against the pest. Overall, broccoli was the plant harboring ttedtigjumber of eggs while
the three other plants exhibited lower levels of eggs. The lower muwhleggs laid on these
three plants (turnip, white mustard or Chinese cabbage) resultddweanumber of pupae
on these plants (Figure 32). The only plant belt reducing broccobtatien was the one
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Number of eggs

planted with Chinese cabbage. Differences in plant infestation mvere pronounced than

the ones observed in plant colonization.

- . Brassica oleraceae D Sinapis alba
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Figure 31. Mean (+ SE) cumulative number Figure 32.Mean (+ SE) number ddelia radicumpupae
Delia radicumeggs per plant per plant

Number of eggs found per felt trap was cumulated faur Means with different letters are significantly @ifént: GLMM
sampling dates (3, 10, 17, 24 May). The dashedcameesponds ‘poisson’, analysis of contrast and p.value coroec(false discovery
to the threshold of 28 eggs per felt trap per momthich is rate), P<0.05.

habitually used by farmers to decide whether or teospray
against the pest.

Means with different letters are significantly éifént: GLMM
‘poisson’, analysis of contrast and p.value coroect(false
discovery rate), P<0.05.

DISCUSSION

The present study indicates that both plant colonization and plantatrdasof
broccoli plots can be influenced by the type of plant belt planted arthese plots.
Hereafter, the effects of the different belts are discussed plant by plant.

The white mustardSinapis alba is known to exhibit low levels dDelia radicum

infestation (Dosdalkt al, 1994; Kergunteuikt al, in prep). So far, the majority of studies
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aboutS. albaconcerned the identification of resistant plants that could be uslecégers in
order to develop new brassicaceous cultivars (Dosdall, 2000). Our results confirm that
the cabbage root fly lays few eggs on the white mustard in compddther brassicaceous
plants but indicates that such resistant traits are ineffiteenievelop habitat management
strategies based on plant belts using this species. Indeed, bpp@obburrounded b$. alba
were as much infested as the broccoli planted in the middle obttkplot. Thus, we can
hypothesize that belts consisting of dissuasive plants do not repmsgsital barriers
impeding plant colonization by the cabbage root fly. Further exgets are required to
examine alternative modalities of white mustard deploymeugt i6tercropping) in order to
decide whether or n@&. albacould be used to protect broccoli crops.

Several studies have shown that turiBpassica rapacan be highly infested by the
cabbage root flyd.g. Doane & Chapman, 1962). It has even been already proposed as a
possible trap crop to protect broccoli crops agaldstradicum (Rousseet al, 2003).
However, turnip plants were poorly colonized in the present study andotlickduce the
cabbage root fly infestation on the associated broccoli plants. €hdsefkperiment confirms
previous results conducted in the field where we have showB thapaexhibits high attack
rate of the herbivore guild locally presen®utella xylostella Pieris rapa Phyllotetraspp.)
(Kergunteuilet al, in prep). This high level of infestation by other herbivores mase ha
altered the quality of the plant for the cabbage root fly and couteédponsible for the low
infestation levels observed. Thus, our initial hypothesis about the btehturnip in plant
protection could not be confirmed here. In addition to the observatioD. afadicum
behaviour, our results highlight the necessity to consider the peesénather herbivore

species in future investigations.

The only belt allowing some protection of broccoli against the ggbbaot fly was
the one planted with Chinese cabbd§essica rapa pekinensia plant previously described
as highly attractive towarD. radicum(Rousse et al., 2003). In our field study, the presence
of Chinese cabbage areas around broccoli plots reduced by 20% the firaggs laid on
central broccoli plants. According to the classical hypothdssita‘trap crop” mechanisms,
the efficiency ofB. rapa pekinensimay rely on an increase bf radicumoviposition on this
plant although we could not observe such effect here. This paradox ceultd frem an
experimental bias conducting to underestimate the number of eggsl¢his plant. Chinese

cabbage displays a complex architecture in comparison to the otlssichcgous plants
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tested. While the assessmenofradicumoviposition with felt traps was relatively accurate
on broccoli, white mustard and turnip due to a long stem without angdethe use these
traps may not be adapted on Chinese cabbage which have a reduced stem and basal leaves.
additional field experiment where fly oviposition was assessedtljiren leaf insertion
(unpublished data) confirmed an experimental bias in the present Biwgty.so, our results
indicate that belts planted with Chinese cabbage could be efficidmhit number of eggs
laid on central broccoli plants. More importantly, this belt a¢gxhuced by 46% the number of
pupae recovered on broccoli plants suggesting that central plants areplessdeto herbivore
pressure when they are surrounded by Chinese cabbage. Interedimbigneficial influence
of Chinese cabbage on broccoli protection was more pronounced for number eftipapa
number of eggs. In addition to plant colonization, the number of collpcieale results from
both larval development (“bottom-up” control) and biocontrol by natural eseifitop-
down” control). In central plants of control plots and plots surrounded by @haadxbage,
the pupae were collected on the same plargs l{roccoli) but placed in distinct habitats.
Thus, the beneficial influence of Chinese cabbage on broccoli infestation coulgl rebi on
“top-down” control. Previous studies have shown that plant belts could ejsesent
reservoirs for natural enemies and consequently enhance thesrefjicof pest control
(Shelton & Badenes-Perez, 2006). In this context, the low number of pofjaeted from
Chinese cabbage could result from attraction and retention ofpegdators oD. radicum
such asvietallina lampros Aleocharaspp.,Bembidionspp. Moreover, Chinese cabbage could
represent unsuitable host plants for below-ground herbivores due itedowass (Roussst
al., 2003). The larval development of cabbage root maggots could be limitedloplanots
with poor nutritional resource; therefore the low number of pupaectedleon Chinese
cabbage may also rely on “bottom-up” mechanisms. Herbivore reductikesnthe Chinese
cabbage a good candidate for “dead-end” trap cropping. Hence, a beld pléiteChinese
cabbage could be interesting to limit pest development in space fffi@itnap crop to the
commercial field) and time (from one growing season to the .néxt)her studies concerning
the potential of Chinese cabbage in cabbage root fly control should rexan& potential
influence of plant phenology and plant density in both the targlet &éied the trap crop
(Hokkanen, 1991; Musset al., 2005).

In addition to the present study, our research group is also invesiigatparallel
approach based on dispensers of synthetic VOCs for behavioral manipwid. radicum

In an applied perspective, we aim at designing a pest manageratttd where trap crops

113



could be assisted by attractive VOC releases. In such appmest control could be
reinforced with deterrent VOC dispensers placed in the centbedield. In this “Push-Pull”
strategy, the cabbage root fly could be repelled from tdigiels and redirected toward a

VOC assisted trap crop where Chinese cabbage could serve as pest sink.
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La découverte il y a plus de vingt ans du rble des composés vélaiits par les
plantes attaquées dans le recrutement des ennemis natuc&ks babelis, 1988 ; Turlings
et al, 1990) a ouvert la voie a de nombreuses recherches autour des interalebes -
insectes (Mumm & Dicke, 2010). L’élégance du mécanisme permedtanhe plante
« d'appeler au secours » des « gardes du corps » a l'aide dexsigmaerceptibles par
'Homme (et gardant donc une part de mystére) a sans doutebuéntt ce succes.
L’ensemble de ces recherches a mobilisé différentes disespli écologiques
(comportementale, évolutive et chimique) et a permis de faire un oadamt dans notre
compréhension des communications plantes-insectes. L'intérét appliged desultats a tres
rapidement été mis en avant, bien qu'il ait fallu attendre pres d'une ditaimmees avant que
de premiéres études ne soient menées en conditions naturellesliedudes années 2000,
'équipe de David G. James a été la premiere a diffuser en ghamp des composés
organiques volatils (COVs) de synthése pour tenter de protégeigaebles et des cultures
de houblon en attirant des ennemis naturels généralistes (2A08s,James & Price, 2004,
James, 2005). A partir de résultats encourageants ayant démantes qOVs synthétiques
favorisent le recrutement d’auxiliaires de culture, les retiesrse sont élargies a différents
types de cultures au cours de ces dix dernieres annéesdKélar?008 ; Rodriguez-Saored
al.,, 2011 ; Simpsoet al, 2011). Cependant, la grande majorité des études s’étant intéressées
au potentiel des COVs dans la protection des cultures sgstinte au cadre de la lutte par
contrdle biologique. Les stratégies de lutte de type « Push-Ruolhstituent une nouvelle
approche au sein de laquelle il devient possible de tirer profitnflednce des COVs sur
I'ensemble des niveaux d’un systeme tri-trophique ou ils agisseirttoduction).

1. Synthese des travaux et principaux resultats

En partant du principe qu’'une méthode de lutte ciblée doit commpacstintéresser
au ravageur, nous avons cherché en priorité a modifier le comportdenénérbivore. Les
deux premiers articles de cette thése ont permis de isalest des plantes et des COVs
pouvant étre utiles a la mise en place d’'une méthode de lutte basda modification
comportementale d’'un important ravageur des cultures de brassicic@eouche du chou
Delia radicum Les trois derniers articles ont permis d’étudier en pleimgha possibilité de
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modifier la colonisation des plantes par la mouche du chou a l'aidéfdeedrs de COVs
synthétiques ou de ceintures végétales au sein de stratégies RuURushAprés s’'étre
concentré sur la modification comportementale du ravageur, lesdifémodes d’action des
COVs a chacun des niveaux d’un réseau tri-trophique ont constitugéna tte fond a partir

de laquelle nous avons discuté nos résultats de terrain.

Tous les insectes phytophages montrent des préférences au deumrsdsepectres
d’hétes. Dans un contexte agronomique, la mise en place de composanteyégeaartir de
différents génotypes de plantes permet de modifier la répartitioravageur au sein de la
parcelle et de limiter les dégats sur la culture d’intéd&ts plantes piéges servant a installer
des zones attirant I'nerbivore (Hokkanen, 1991 ; Shelton & Badenez-Peres,p200ént
étre combinées a des plantes le repoussant de la culture d'ettéoiduire a des stratégies
de type « Push-Pull » (Coek al, 2007). Dande premier article, nous avons sélectionné en
plein champ des plantes contrastées vis-a-vis de leurs tauastéitibn pabD. radicum Ces
plantes représentent des candidats intéressants pour le dévelopmEmeamposantes
« Push » ou «Pull » destinées a protéger les cultures de brBaohi cette premiere
sélection de plantes candidates, certaines présentent un agesébmique qui faciliterait
leur insertion dans une méthode de protection des cultures. La moblkandbe Sinapis
alba) limitant la ponte deD. radicumest par exemple cultivée pour ses graines, principal
ingrédient des moutardes commercialisées, ou pour son feuillatgnteque fourrage ou
engrais vert (Warwick, 2011). Parmi les autres plantes test@gaines ne sont pas inscrites
au catalogue des semences accessibles aux agricultearpammaettent d’ouvrir des axes de
recherches prometteurs. C’est notamment le cas des deux géndigypeplza Brassica
napug « Yudal et « Darmor-bzh » qui présentent des taux d’infestatid@nient contrastés
malgré leur appartenance a la méme espéce. Ces deux gérmotypésemment été utilisés
pour étudier les liens entre diversité génétique et diversitéooligpae (Wagneket al, 2012).
L'identification de régions génomiques impliquées dans I'émissiol€@¥s modulant le
comportement d®. radicum pourrait étre utilisée par les sélectionneurs pour obtenir des
cultivars intéressants a mettre en place dans une stratéyjgede Push-Pull ». En effet, des
études olfactométriques nous ont permis de mettre en évidendle ldes COVs émis par
certaines de ces plantes, notamment pour ces deux génotypes ddasziaur interaction
avec la mouche du chou: les degrés d'attractivité obtenus au latorsdoit fortement
corrélés avec les taux d’infestations observés sur le terraimdniere générale, la sélection

d’'une plante hote par un insecte herbivore repose sur une combinaisgmalex sShcluant
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des stimuli gustatifs, visuels et olfactifs dont les importanedstives peuvent varier en
fonction de caractéristiqgues spécifiques a I'herbivore (Schoonhevead, 2005). Cette
premiere étude confirme le rble des stimuli olfactifs dans peses de décisions
comportementales de la mouche du chou et permet d’envisager l'atiliseg COVs pour

protéger les cultures contite radicum

Dans le deuxieme article nous avons élargi le nombre dobservations
comportementales en olfactométrie et couplé cette premiérecigpavec une analyse en
chromatographie gazeuse des bouquets d’odeurs libérés par chacuplantes testées.
L’objectif de cette seconde étude était double. Nous souhaitions tdaardl’poursuivre la
sélection de plantes répulsives ou attractives pouvant étreéedildans les composantes
« Push » ou « Pull ». La caractérisation des profils de COVs jgan des plantes plus ou
moins attractives avait pour but d’identifier des composés votatiseptibles de modifier le
comportement deD. radicum et pouvant par la suite étre diffusés au sein de parcelles
expérimentales. Cette étude a permis de révéler que des phmassntant des degrés
d’attractivité contrastés émettaient des profils de COVs aguuvse différencier
quantitativement et qualitativement. Les plantes les plus ateacémettent des quantités
plus importantes de composés volatils et pourraient ainsi étre guilesfa localiser par
I'herbivore dans un environnement complexe (Halitscekal, 2008). La visibilité d’'une
plante dans son environnement et le réle joué par les COVs d#ractian des insectes
herbivores peut, de ce point de vue, contribuer a définir le degré damésisntixénotique
présenté par la plante (Smigh al, 2005). De plus, des différences qualitatives au sein des
profils de COVs laissent penser que certains sesquiterpenes domfamésene ou @8-
caryophyllene sont impliqués dans lattraction de la mouche du chdte €ede est la
premiére a indiquer que ces deux COVs puissent étre impliguésattrastion a distance de
D. radicum; des études précédentes ont déja montré leurs rbéles danstl@itrd’autres
insectes herbivores comm@ydia pomonellaetLobesia botrangYan et al, 2003; von Arx
et al, 2011). L'utilisation de COVs attractifs pourrait venir renforbefficacité de ceintures
pieges protégeant les cultures d’intérét contre la mouche du chouredtipe de réduire la
surface allouée a la composante « Pull » pour augmenter la surface daréaatdcolter.

Au cours de la these, nous avons mené de front plusieurs étapes deetchaashes.
Parallelement aux deux travaux précédecitsafticle n°1 et 2), nous avons également étudié

en conditions naturelles le potentiel de certains COVs synthétapres la protection des
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cultures.Le troisieme article se base ainsi sur une sélection bibliographique de composés
volatils ayant préalablement été décrits comme pouvant influeaceorhportement de la
mouche du chou ou de ses ennemis naturels. Ce travail a d’abord gengisfierin natura

la modification comportementale deelia radicumet de ses ennemis naturels a l'aide de
diffuseurs de COVs synthétiques placés au sein de parcepésiragntales de brocolB(
oleraceaevar. italica). Nous avons montré que méme si un COV comme l'acétophénone
réduit I'efficacité des prédateurs d’'ceufs de la mouche du choapywe COV comme le
salicylate de méthyle (MeSA) a tendance a favoriseoéréle naturel d®. radicumpar ses
ennemis naturels. L'utilisation de COVs synthétiqgues a donné lieunmrdereuses études
ayant permis de montrer leur potentiel en contrble biologique maisriede d’action reste
encore a élucider. En effet, les stimuli olfactifs peuvent@tlisés par les ennemis naturels
pour adapter a distance leurs comportements de recherche de rewttunfluencer
I'utilisation des ressources une fois qu’ils sont a proximité thidg nutrition (Mumm &
Dicke, 2010 ; Hare, 2011). Alors que la majorité des études liéasddfusion de COVs
synthétiques se sont contentées de savoir dans quelle mesure plogsile d’attirer des
auxiliaires de cultures, le succes d’'une telle stratégie eepdime sur leur activité au sein de

la parcelle (Ferrgt al, 2009). Des études complémentaires sont donc nécessaires pour savoir
si les ennemis naturels semblant étre attirés et stirpaléles COVs peuvent effectivement
diminuer les pressions d’herbivorie exercées par le ravageur glanta. Parallelement, cette
troisieme étude a permis de mettre en évidence linfluence alx €COVs sur le
comportement d®. radicum: le disulfure de diméthyle (DMDS) diminue l'infestation de |
mouche du chou tandis que le (2)-3-acétate d’hexényl (HA) 'antgm€es travaux sont les
premiers a reporter un effet positif de HA sur la ponte deolachre du chou et permettent de
confirmer le réle négatif du DMDS préalablement mis en évid@aceFerryet al, 2007.

Bien que ce troisieme article constitue une premiere étapgémdisble pour démontrer en
conditions naturelles le r6le des COVs dans les interactions lmjaksyidu réseau trophique
étudié, nos observations se sont restreintes a linfluence des osintrstiques sur

I'infestation des plantes avoisinant directement les diffuseurs.

Dans le quatrieme articlenous avons intégré une analyse spatiale de l'influence des
COVs sur l'infestation des plantes dar radicum Dans un contexte appliqué, les résultats
gue nous avons obtenus permettent de mieux comprendre comment déployer des diffuseurs de
COVs de synthese de facon a optimiser les modifications compotedesede I'herbivore et

de ses ennemis naturels. Nous avons proposé deux hypothéses pourrebegligtfets des
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COVs testés sur le nombre d'ceufs pondus aux différentes distandeseg. La premiere
repose sur linfluence des COVs dans la réponse fonctionnelle hiebiliore {.e.
l'oviposition). Des réponses de ce type sont le plus souvent dépendatdesodeentration
du stimulus et devraient donc varier avec la distance au diff(Senoonhovert al, 2005).
Une deuxiéme hypothése propose, quant a elle, une redistribution efggsefAlors que la
densité d’'un herbivore est constante a I'échelle de la parcellegotes devenues attractives
grace a un stimulus olfactif détecté dans une concentration aelédgxaaient concentrer
localement l'insecte au dépend des zones adjacentes (Braas€hpl&n, 2012). Les
différences de nombre d’ceufs pondus aux différentes distances gtiggiéseraient alors sur
ces dynamiques d'effectifs. En plus de I'oviposition, nous avons égatlesémé le nombre
de pupes retrouveées par plant en fin de saison. Ce relevé permet dtoés a I'infestation
effective et reflete les pressions d’herbivorie réellemeato®es sur la plante. Les différences
d’infestation peuvent résulter de deux mécanismes : un contrdle orbgpt» basé sur
I'induction des défenses de la plante par les COVs de synthégellfErihet al, 2004) et un
contrle «top-down » reposant sur le recrutement des ennemis sighareles stimuli
olfactifs diffusés (James, 2005). De maniere générale, ce aquatrarticle confirme le
potentiel de trois composés, le DMDS, le HA et le MeSA dansiit® en place d’'une
stratégie « Push-Pull ». Alors que le DMDS réduit la pont®.deadicum (« Push »), I'HA
augmente linfestation des plants par la mouche du chou (« Pul $jeSA permet quant a
lui de limiter les pressions d’herbivorie exercées sur la @laiat des effets « bottom-up » ou
« top-down ». Cette étude souligne néanmoins la complexité des a#f€OVs de synthése
sur les interactions plantes - herbivores - ennemis naturéds nétcessité de conduire des
études complémentaires (au laboratoire et sur le tenfiperspectives) afin de déterminer

les modes d’actions de certains COVSs.

La mise en place de ceintures végétales autour de culturesré&t’iotinstitue un
second levier comportemental dont nous avons voulu tester I'efficacigled@inquieme
article. Trois types de ceintures ont été déployés autour de pardelle®coli. Nous avons
retenu deux plantes stimulantes ou attractives vis-a-vi3. dadicum(Rousseet al, 2003 ;
Kergunteuilet al, in prep.). Nos résultats montrent que la mise en place de esikeirchou
chinois B. rapa pekinensjspermet de réduire l'infestation de la mouche du chou sur les
plants de brocoli situés au centre et confirme le réle protedtene ceinture attractive. En
revanche, le déploiement d’'une ceinture de naBetr@pg ne permet pas de réduire

l'infestation du brocoli. Cette ceinture a subi l'attaque de nombreasgss especes de
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phytophages, ce qui a pu réduire son efficacité et souligne l'intirétonsidérer les
interactions a I'échelle de la communauté et non des seulsessgioles. Enfin, nous avons
également voulu tester le potentiel d’'une ceinture dissuasivelawaise en place d’'une
ceinture de moutarde blancHe, alba(cf. article n°1). Cette étude montre qu’un tel type de
ceinture s’aveére inefficace. Les plants de brocoli sont autastés avec ou sans ceinture de
moutarde blanche. Nos résultats suggerent qu'une ceinture de moutarddebline
s’apparente pas a une barriére physigue et que la mouche du chde aaggeplants de
brocoli malgré la présence de plantes dissuasives tout autour. B’mddes de déploiement

de la moutarde blanche sont probablement a envisageelt interculture).

Prise dans son ensemble, cette thése a permis de montrer le potent{@l{/deta@s la
réorganisation des interactions plantes - insectes d’'un agrogyptaticulier. Les odeurs de
plantes agissent de différentes facons a chacun des niveaux daau r&i-trophique et
constituent un levier comportemental prometteur pour protéger les suttumre les insectes
ravageurs. Dans le cadre du développement d’'une stratégieedbdséte sur la modification
comportementale d’'un insecte herbivore a I'aide de COVs de sgtheus avons proposeé
une démarche générale combinant quatre grandes étapes : (i) bEviosedu comportement
de l'insecte en conditions naturelles, (ii) la recherche audédiog de stimuli impliqués dans
les prises de décisions comportementales, (iii) I'identificatiersubstances sémiochimiques
et (iv) leur utilisation au sein de parcelles expérimentalee@émarche devra par la suite
s’accompagner d’'une cinquieme étape centrée sur une approche aquenobBm effet,
I'efficacité d’'une méthode de lutte contre un ravageur ne pemtépa établie tant que
I'influence des leviers comportementaux sur la qualité des prathritenercialisables n’'a pas

été estimée.

Au cours des vingt dernieres années, les acquis de I'écologie chiomgueermis
d’améliorer nos connaissances sur les interactions plantes -temsetc d’identifier de
nombreux COVs susceptibles de modifier le comportement de diffénseistes ravageurs;
une part importante de ces connaissances obtenues au laboratoickopsitet déja étre
utilisée au sein de parcelles expérimentales. Cette thégalement exploré le potentiel d’'un
second levier comportemental : la mise en place de ceinturemlesgéttractives en vue du
développement d’'une stratégie de lutte de type « Push-Pull ». v@d &amis en évidence
I'intérét de deux leviers comportementaux pour lutter contre la neodiclchouD. radicum

Cependant, nous avons pu nous rendre compte a travers les différentémestpons
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menées dans cette these que plusieurs questions liées a tionilida ces leviers restent a
résoudre. Nous avons identifié dans la partie suivante cinq perspetgivesherche gu'il
nous semble intéressant de développer dans un avenir proche : (i) la ceonbileaceintures
végeétales et de diffuseurs d’odeurs (ii) I'influence des conditiomatques (iii) l'utilisation
de mélange de COVs (iv) le mode d’action des COVs sur lestass (v) la prise en compte
du cortége d’herbivore présents dans I'environnement. La mise enddaces perspectives
pourrait permettre d’améliorer l'efficacité des leviers pomementaux utilisés dans cette
thése pour protéger les cultures de brassicacées donteicum Autour de cet objectif
principal, ces cing perspectives nous semblent également intdessgmour affiner nos
connaissances a propos des interactions plantes-insectes au sein de®agE®SYS

2. Perspectives de recherche

Combiner des ceintures végétales avec des diffuseurs de COVs

La combinaison de ceintures végétales et la diffusion de COMB&iues au sein de la
méme parcelle constitue la derniere étape vers la mise @ gula« Push-Pull » assisté dont
nous avons souhaité poser les bases au cours de cette thése cli&effieaces deux leviers
comportementaux pris indépendamment I'un de l'autre pourrait étréioadeedans une
méthode de lutte permettant de les combiner. Au-dela d’effetsfadidis méthodes « Push-
Pull » reposent le plus souvent sur des effets synergiques amgreups leviers (Cookt al,
2007). Tandis que des COVs répulsifs placés dans une culture d'intérétipaient de
limiter localement la présence de I'herbivore, des ceinturesalégéssistées par des COVs
attractifs pourraient faciliter la relocalisation du ravageers des zones périphériques. De
plus, une sélection de plante piege appropriée peut permettraed déti ravageur et
simultanément favoriser son contrdle en limitant le développemeliiatbivore (controle

« bottom-up ») ou en facilitant I'action des ennemis naturels (centrdp-down »). La mise
en place d'une stratégie associant plusieurs leviers comportementasein d’'une parcelle
réorganise en profondeur les interactions entre les herbivores el@vemis naturels et leurs
habitats. De telles modifications comportementales sont le plusrd@pécifiques et restent
parfois difficiles a prédire (Khaet al, 2008). Le scénario prometteur qu’il est possible
d’envisager a travers le développement d’'une stratégie « Push-thestinée a lutter contre
D. radicumnécessite d’étre vérifié par des expérimentations en gfgimps combinant des
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ceintures pieges de chou chinoB. fapa pekinens)savec des diffuseurs de disulfure de
diméthyle, de (2)-3-acétate d’hexényl et de salicylate méthyle. Les analyses
chromatographiques que nous avons menees au cours de cette thedermattmegmenter

le registre de COVs synthétiques pouvant étre utilisés au sein de ces parqediementales.

Influence des conditions climatiques

Les travaux menés au cours de cette these ont permis de woenndgetravailler sur les
modalités de déploiement de COVs synthétiques a l'intérieur ateslies. Nous avons mis
en évidenced. article 4) I'importance de certains effets spatiaux surdstdtion des plantes.
Une prochaine étape intégrant des facteurs environnementaux appare$saire pour
compléter ces premiers résultats. En effet, la diffusion d’odgurthétiques en conditions
naturelles est fortement liée aux conditions climatiques colateenpérature, 'lhumidité ou
le vent. L'utilisation de stations météorologiques dans les prochakmsimentations de
terrain apporterait plusieurs éléments de discussion intéressants dansexte@pyliquée. Au
sein de parcelles comprenant des diffuseurs placés au centrenidatipn spatiale des
relevés pourrait ainsi étre couplée avec I'enregistremeid déection et de lintensité des
vents dominants. Plusieurs études ont souligné l'importance que peutaadaiedtion du
vent dans l'attraction des ennemis naturels a partir de stoifactifs (e.g. Bernasconi-
Ockroy et al, 2001). Un protocole de ce type permettrait d’affiner nos conclusionsesur
modalités de déploiement des diffuseurs a lintérieur des pescell permettrait de mieux
interpréter les spectres d’actions des différents COMésteque ce soit sur la modification
comportementale de I'herbivore ou sur celle de ses ennemis nafdoetsque I'importance
du vent dans la réponse d’un insecte a un stimulus olfactif est recqouns tegtempsd.g.
Visser, 1988), des études plus récentes ont permis d’actualiseromemissances sur
I'influence de ce facteur environnemental dans la recherche s pigactives par I'insecte
(e.g. Cardé & Willis, 2008). Au-dela d'un aspect appliqué, un protocole expéaiment
intégrant les relevés de vent permettrait de mieux comprendits#tion de signaux olfactifs

parD. radicum

Utilisation d’'un mélange de COVs
La plupart des études s’étant intéressées au potentiel desde®ysthése dans la protection
des cultures se sont concentrées pour des raisons pratiques dfusiandde composés

isolés. Cependant, les quelques auteurs ayant étudié la possibdiffusier des mélanges de
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COVs suggeéerent que de tels assemblages modifient plus effieacéamcomportement des
insectes. En effet, Tétht al, 2009 ont par exemple remarqué que I'ajout de salicylate de
méthyle permet d’augmenter lattractivité d’'un mélange de d@@Vs vis-a-vis de
Chrysoperla carnealors que cette chrysope ne répond pas au salicylate deleriétisgu’il

est isolé. Une approche intéressante dans I'assemblage de G@wutsfat été proposée par
del Soccoroet al, 2010 qui ont étudié la possibilité de modifier le comportement d'un
ravageur a partir d'un melange de composeés volatils émis papiadeses hotes et des plantes
non-hoétes utilisées par l'insecte pour se nourrir. La combinaison d&s @Gur obtenir un

« super-meélange » tentant de recréer des odeurs émises patadies hotes, présente
plusieurs avantages. La réponse d’'un insecte a un stimulus olfgoéhdiélu contexte
environnemental : des phénomenes d’apprentissage permettent a un igséttsoit
phytophage ou entomophage) de répondre préférentiellement aux signausks aifadi par

un héte abondant dans I'environnement plutét qu’aux signaux olfactifs émim elite peu
présent a I'échelle locale (Websttral, 2012 ;Weiet al, 2013). Un « super — mélange »
pourrait s’avérer moins sensible a ces comportements d’apprenteispgemettrait d’étre
efficace dans des environnements contrastés. De plus, un mélar@@\We limitant les
phénomenes d’apprentissage serait également utile dans un contegtgadéité des
stratégies basées sur la modification comportementale aetaasToutefois, il est important
de souligner que la détermination des proportions relatives des C¥¢kir@ au sein d’'un

mélange reste souvent problématique (Kaplan, 2012).

Mode d’action des COVs

Des études complémentaires pourraient également étre migksemfin de mieux cerner le
mode d’action des COVs sur les réponses comportementales dessinbkeis avons vu en
introduction que les composés volatils d’origine végétale constitueneiaudes réseaux
trophiques des signaux susceptibles de modifier directement |gocement des insectes ou
d’'induire des modifications physiologiques chez la plante et dowyr drelirectement sur les
insectes i(e. via des effets en cascade au sein de la chaine trophiquejle@esnodes
d’action des COVs ont souvent été pris en considération par les saagamt réussi a
modifier le comportement d’ennemis naturels a l'aide d’odeurs symiledét Cependant, a
notre connaissance, aucune étude n’a permis de distinguer famperrelative de ces deux

scénarios écologiques. Des observations comportementales (tunnel deolfalctamétrie)
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pourraient permettre d’estimer I'importance relative des deux snd@etions des COVs. I
serait par exemple intéressant de tester lI'influence de différantd’dir sur le comportement
d’un herbivore et/ou de ses ennemis naturels : (i) une odeur de (plante odeur de plante
préalablement induite par un COV de synthése (iii) une odeur de plantsduite et d’'un
COV de synthésd.é. le diffuseur étant placé apres la plante dans le sens dd’#ink (iv)
'odeur d’'une plante induite et d'un COV de synthése. (e diffuseur étant placé avant la

plante dans le sens du flux d’air).

Prendre en compte le cortége d’herbivores

Enfin, le développement d'une stratégie de lutte ciblée cob#ka radicum devrait
également intégrer I'influence des leviers comportementausasildans cette these sur le
cortége d’herbivores s’attaquant aux brassicacées. Dans un eantdittrophique, il faudra
s’assurer que les moyens mis en place pour lutter contre lehenducchou ne présentent pas
d’effets antagonistes favorisant la colonisation des parcelted qu#tres ravageurs comme la
teigne des cruciferesPutella xylostelly, certaines altisesPgyllotreta spp.) ou certains
pucerons Brevicoryne brassicaeu Mysus persicgdedont nous avons pu observer la présence

au sein des parcelles expérimentales.

3. Conclusion générale

Pour conclure, le travail apporté par cette these a permis denwmiie potentiel des
COVs dans la protection des cultures et a démontré lintérét éddinsces leviers
comportementaux au sein d’'une méthode de lutte prometteuse, le « FushN®slpremiers
résultats sont encourageants et permettent d’ouvrir de nouvedtes ge recherches vers la
mise en place d’'une stratégie de lutte efficace cahtradicum L’étude de la réorganisation
des réseaux trophiques au sein des stratégies « Push-Pull » agpomembreuses
perspectives de recherches en écologie. Ce cadre conceptuble spnopice au
rapprochement de I'écologie « académique » avec |'étude desstonsg anthropisés
(INRA, 2012). En effet, I'approche développée au cours de cette thesenes d’intégrer
dans nos discussions de nombreuses interactions entre les organismissprésents dans
un agrosystéme. Au fur et a mesure que nous progressons dans dlésudescanismes

impliqués au sein des communications plante-herbivore-ennemis natuoels, posons
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également de nouvelles questions. De nombreuses recherches restapt @our améliorer
notre connaissance sur I'ensemble des processus écologiques ers@@n des parcelles et

parvenir a un mode de gestion durable et efficace des insectes ravageurs.

Dans un contexte de réorganisation des systemes de production alpscetemtégies
« Push-Pull » constituent un outil supplémentaire dans le développataesblutions
alternatives a la lutte chimique. Ce type de stratégignmties deux grands principes sur
lesquels repose I'agroécologie : I'accroissement de la biodivessité renforcement des
régulations biologiques (Wezet al, 2009 ; Schaller, 2013). En effet, la modification de
I'habitat et la mise en place de ceintures végétales audssi parcelles s’appuient sur le
premier principe. L'utilisation de COVs s’inspire, quant a alles services écosystémiques
impliqués dans le contréle des populations d’insectes herbivores. L'engane par les
pouvoirs publics pour développer de nouveaux moyens de production agricole (1S, Fol
2013) encourage les recherches a venir.

130



131



BIBLIOGRAPHIE GENERALE

132



133



A

Abel C., Clauss M., Schaub A., Gershenzon J. & Tholl D. (2009Floral and insect-
induced volatile formation irabidopsis lyrataspp.petreg a perennial, outcrossing
relative ofA. thaliana Planta, 2030:1-11.

Agrawal A.A. & Sherriffs M.F. (2001). Induced plant resistance and susceptibility to late-
season herbivores of wild radishnnals of the entomological society of America, 94:
71-75.

Ahuja 1., Rohloff J. & Bones A.M. (2010). Defence mechanisms dBrassicaceae
implications for plant-insect interactions and potential for irstgt pest management.
A review.Agronomy for sustainable development, 30: 311-348.

Aldrich J.R., Bartelt R.J., Dickens J.C., Knight A.L., Light D.M. & Tum linson J.H.
(2003).Insect chemical ecology research in the United States depdrbf agriculture
— agricultural research servidgest management science, 59: 777-787.

Ali M., Sugimoto K., Ramadan A. & Arimura G.l. (2013). Memory of plant
communications for priming anti-herbivore respons8sientific reports, 3: 1872.
doi:10.1038/srep01872.

Allman S. & Baldwin I.T. (2010). Insects betray themselves in nature to predators by rapid
iIsomerization of green leaf volatiléScience 329: 1075-1078.

Andow D.A. (1991). Vegetational diversity and arthropod population respoAseual
review of entomology6: 561-586.

Arimura G.l., Kost C. & Boland W. (2005). Herbivore-induced, indirect plant defences.
Biochimica et biophysica acta, 1734: 91-111.

B

Baur R., Stadler E., Monde K. & Takasugi M. (1998).Phytoalexins fromBrassica
(Cruciferae) as oviposition stimulants for the cabbage root Blglia radicum.
Chemoecology, 8: 163-168.

Beckerman A.P., Petchey O.L. & Warren P.H. (2006)-oraging biology predicts food web
complexity.Proceedings of the national academy of sciences, 103: 13745-13749.

Bell W.J. (1990). Searchingehaviour pattern&nnual review of entomology, 35:447-467.

Bengtsson M., Backman A.C., Liblikas I., Ramirez M.I., Borg-Karlson AK., Ansebo, L.,
Anderson P., Lofqvist J. & Witzgall P. (2001).Plant odor analysis of apple : antennal
response of codling moth females to apple volatiles during phenolagigalopment.
Journal of agricultural and food chemistry, 49: 3736-3741.

Bennison J., Maulden K., Dewhirst S., Pow E., Slatter P. & Wadhas L. (2001).
Towards the development of a push-pull strategy for improving bi@bgmntrol of
western flower thrips on chrysanthemumresented at: Proceedings of the 7th
international symposium on thysanoptera, Reggio, Calabria, Italy, pp.199-206.

134



Bernasconi M.L., Turlings T.C.J, Ambrosetti L., Bassetti P. & Dorn S. (1998.
Herbivore-induced emissions of maize volatiles repel the corn kgalid,
Rhopalosiphum maidis. Entomologia experimentalis et applicata, 87: 133-142.

Bernasconi Ockroy M.L.. Turlings T.C.J.. Edwards P.J.. Fritzsche-Hobddh M.E..
Ambrosetti L.. Bassetti P. & Dorn S. (2001).Response of natural populations of
predators and parasitoids to artificially induced volatile emissin maize plantZgea
maysL.). Agricultural and forest entomology. 3: 201-209.

Bernays E. & Graham M. (1988).0n the evolution of host specificity in phytophagous
arthropodsEcology, 69: 886—892.

Birkett M.A., Bruce T.J.A., Martin J.L., Smart L.E., Oakley J.O.N. & Wadh ams, L. J.
(2004). Responses of female orange wheat blossom midigeplosis mosellanato
wheat panicle volatilegournal of chemical ecolog$0:1319-1328.

Birkett M.A., Campbell C.A., Chamberlain K., Guerrieri E., Hi ck A.J., Martin J. L.,
Matthes M., Napier J.A., Pettersson J., Pickett J.A., Poppy G.M., Po&.M., Pye
B.J., Smart L.E., Wadhams G.H., Wadhams L.J. & Woodcock C.M. (2000New
roles for cis-jasmone as an insect semiochemical and in gedemse Proceedings of
the national academy of sciences, 97: 9329-9334.

Birkett M.A., Chamberlain K., Khan Z.R., Pickett J.A., Toshova T., Wadhans L.J. &
Woodcock C.M. (2006). Electrophysiological responses of the Iepidopterous
stemborer£hilo partellusandBusseola fuscto volatiles from wild and cultivated host
plants.Journal of chemical ecology, 32: 2475-2487.

Biron D.G., Landry B.S., Nénon J.P., Coderre D. & Boivin G. (2000)Geographical origin
of an introduced pest specid3elia radicum (Diptera: anthomyiidae), determined by
RAPD analysis and egg micromorpholo®@ulletin of entomological research, 90: 23—
32.

Blake A.J., Dosdall L.M. & Keddie B.A. (2010).Bottom-up effects oBrassica napus
nutrition on the oviposition preference and larval performanceCeditorhynchus
obstrictus(Coleoptera: CurculionidaeArthropod-plant interactions, 5: 39-48.

Bligaard J., Meadow R., Nielsen O. & Percy-Smith A. (1999Evaluation of felt traps to
estimate egg numbers of cabbage root MgJia radicum and turnip root fly,Delia
floralis in commercial cropgEntomologia experimentalis et applicata, 90: 141-148.

Blossey B. & Hunt-Joshi T.R. (2003).Belowground herbivory by insects: influence on
plants and aboveground herbivor@anual review of entomology, 48: 521-547.

Bolter C.J., Dicke M., van Loon J.J.A., Visser J.H. & Posthumus M.A. (1997 Attraction
of Colorado potato beetle to herbivore-damaged plants during herbivoryftandtsa
termination.Journal of chemical ecology, 23003-1023.

Bones A.M. & Rossiter J.T. (2006)The enzymic and chemically induced decomposition of
glucosinolatesPhytochemistry, 67: 1053—-67.

Bonsall M.B., Hassell M.P., Reader P.M. & Jones T.H. (2004 oexistence of natural
enemies in a multitrophic host-parasitoid systEegological entomology, 29: 639-647.

Braasch J. & Kaplan 1. (2012).Over what distance are plant volatiles bioactive? Estimating
the spatial dimensions of attraction in an arthropod assemblagemmologia
experimentalis et applicata. 145: 115-123.

135



Bruce T.J.A. & Pickett J.A. (2011). Perception of plant volatile blends by herbivorous
insects--finding the right mixhytochemistry, 72: 1605-1611.

Bruce T.J.A., Martin J.L., Smart L.E. & Pickett J.A. (2011). Development of
semiochemical attractants for monitoring bean seed bd#tlehus rufimanusPest
management science, 67: 1303-1308.

Bruce T.J.A., Wadhams L.J. & Woodcock C.M. (2005).Insect host location: a volatile
situation.Trends in plant science, 10: 269-274.

C

Calatayud P.A., Ahuya P.O., Wanjoya A., le RU B., Silvain J.F. & Frérot, B.Z008).
Importance of plant physical cues in host acceptance for ovipositiBudseola fusca
Entomologia experimentalis et applicata, 126: 233-243.

Capinera J.L. (2001).Handbook of vegetable pesfs;ademic press, San Diego, California,
USA. pp. 210-213.

Cardé R.T. & Willis M.A. (2008). Navigational strategies used by insects to find distant,
wind-borne sources of odalournal of chemical ecology, 34: 854—-866.

Caroll E., Schmelz A., Meagher R.L. & Teal P.E.A. (2006 Attraction of Spodoptera
frugiperda larvae to volatiles from herbivore-damaged maize seedlibgsinal of
chemical ecology, 32: 1911-1924.

Chamberlain K., Khan Z.R., Pickett J.A., Toshova T. & Wadhams L.J. (2006)Diel
periodicity in the production of green leaf volatiles by wild andivated host plants of
stemborer mothsChilo partellusandBusseola fuscalournal of chemical ecologg2,
565-577.

Choh Y. & Takabayashi J. (2007).Predator avoidance in phytophagous mites: response to
present danger depends on alternative host qualggologia, 151: 262—267.

Coaker T.H. & Williams D.A. (1963). The importance of some carabidae and staphylinidae
as predators of the cabbage root fBrioischia brassicae(Bouché). Entomologia
experimentalis et applicata, 6: 156-164

Cobb M. (1999).What and how do maggots smeliidlogical reviews. 74: 425-459

Cohen J.E., Luczak T., Newman C.M. & Zhou Z.M. (1990).Stochastic structure and
nonlinear dynamics of food webs: qualitative stability in a Lotkdtdfra cascade
model.Proceedings of the royal society. B., 240: 607-627.

Cook S.M., Khan Z.R. & Pickett J.A. (2007). The use of “push—pull” strategies in
integrated pest manageme@nnual review of entomology, 52: 375-400.

Cook S.M., Rasmussen H.B., Birkett M.A., Murray D.A., Pye B.J., Watts N.P&
Williams 1.H. (2007). Behavioural and chemical ecology underlying the success of
turnip rape (Brassica rapa) trap crops in protecting oilsagel (Brassica napus) from
the pollen beetle (Meligethes aeneudsthropod-plant interactionsl, 57—-67.

136



D

Dai J., Deng J. & Du J. (2008)Development of bisexual attractants for diamondback moth,
Plutella xylostellaLepidoptera: Plutellidae) based on sex pheromone and host volatiles.
Applied entomology and zoology, 43: 631-638.

de Bruyne M. & Baker T.C. (2008).Odor detection in insects: volatile coddsurnal of
chemical ecology34:882-97.

de Jong R. & Stadler E. (1999)The influence of odour on the oviposition behaviour of the
cabbage root flyChemoecology, 9: 151-154.

de Jong R., Maher N., patrian B., Stadler E. & Winkler T. (2000) Rutabaga roots, a rich
source of oviposition stimulants for the cabbage rootGhemoecology 10:205-209.

de Moraes C.M., Mescher M.C. & Tumlinson J.H. (2001)Caterpillar-induced nocturnal
plant volatiles repel conspecific femaldsature, 410: 577-580.

Degenhardt J., Gershenzon J., Baldwin I.T. & Kessler A. (2003)Attracting friends to
feast on foes: engineering terpene emission to make crop plamés atiractive to
herbivore enemie€urrent opinion in biotechnology, 14: 169-176.

Degenhardt J., Kollner T.G. & Gershenzon J. (2009)Monoterpene and sesquiterpene
synthases and the origin of terpene skeletal diversity in pldtigtochemistry,
70:1621-1637.

del Socorro A.P., Gregg P.C. & Hawes A.J. (2010Development of a synthetic plant
volatile-based attracticide for female noctuid moths. 1. Itiseles for adult
Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae)ustralian journal of
entomology, 49: 31-39.

Delourme R., Piel N., Horvais R., Pouilly N., Domin C., Vallée P., Falén C.,
Manzanares-Dauleux M.J., Renard M. (2008). Molecular and phenotypic
characterization of near isogenic lines at QTL for quantitatresistance to
Leptosphaeria maculans oilseed rapeBrassica napud..). Theoretical and applied
genetics, 117: 1055-1067.

den Ouden H., Alkema D.P.W., Klijnstra J.W., Theunissen J. & deVlieger J.J. (1997).
Preference and non-preference experiments with aerial regadigainsDelia radicum
L. (Dipt., Anthomyiidae) in a wind tunnellournal of applied entomology, 121:275-
279.

den Ouden H.. Bulsink A. & Theunissen J. (1996 Compounds repellent f@elia radicum
(L.) (Dipt.. Anthomoyiidae)Journal of applied entomology. 120: 427-432.

Dicke M. & Baldwin I.T. (2010). The evolutionary context for herbivore-induced plant
volatiles: beyond the “cry for helpTrends in plant science, 15: 167-175.

Dicke M. & Sabelis M.W. (1988). How plants obtain predatory mites as bodyguards.
Netherlands journal of zoology, 38: 148-165.

Dicke M., van Poecke R.M.P. & de Boer J.G. (2003Inducible indirect defence of plants:
from mechanism to ecological functiofgasic and applied ecology, 4: 27-42.

Dickens J.C. (1999).Predator-prey interactions: olfactory adaptations of generaligt
specialist predator&gricultural and forest entomology, 1: 47-54.

137



Dickens J.C. (2000)Orientation of Colorado potato beetle to natural and synthetic blends of
volatiles emitted by potato plan&gricultural and forest entomology, 2: 167-172.

Dickens J.C. (2006).Plant volatiles moderate response to aggregation pheromone in
Colorado potato beetldournal of applied entomology, 130: 26-31.

Doane J.F. & Chapman R.K. (1962).Oviposition preference of the cabbage maggot,
Hylemia brassicaeJournal of economic entomology, 55: 137-138.

Dong C.J.. Wang X.L. & Shang Q.M. (2011)Salicylic acid regulates sugar metabolism that
confers tolerance to salinity stress in cucumber seedlBgentia horticulturae. 129:
629-636.

Dosdall L.M., Good A., Keddie B.A., Ekuere U. & Stringam G. (2000)ldentification and
evaluation of root maggotDglia spp.) (Diptera: Anthomyiidae) resistance within
BrassicaceaeCrop protection, 19: 247-253.

Dosdall L.M., Herbut M.J. & Cowle N.T. (1994).Susceptibilities of species and cultivars of
canola and mustard to infestation by root maggoBeli§@ spp.) (Diptera:
Anthomoyiidae).The Canadian entomologist, 126: 251-260.

DRAAF (2008). Direction régionale de Il'alimentation, de I'agriculture et ldeforét de
Bretagne (ministére de I'agriculture et de la péche) :lierdi legumes en Bretagne.
http://draaf.bretagne.agriculture.gouv.fr/IMG/pdf/la_filiere_legumes_en_Bretagne_cle
014e7f-3.pdf

Dudareva N., Negre F., Nagegowda D.A. & Orlova I. (2006Plant volatiles: recent
advances and future perspectivestical reviews in plant sciences, 25: 417-440

E

Ekuere U.U., Dosdall L.M., Hills M., Keddie A.B., Kott L. & Good A. (2005).
Identification, mapping, and economic evaluation of QTLs encoding roggoha
resistance in Brassic@rop science, 45: 371-378.

Engelberth J., Alborn H.T., Schmelz E.A. & Tumlinson J.H. (2004).Airborne signals
prime plants against insect herbivore attdeékoceedings of the national academy of
sciences, 101: 1781-1785.

Eraslan F.. Inal A.. Gunes A. & Alpaslan M. (2007)Impact of exogenous salicylic acid on
the growth. antioxidant activity and physiology of carrot plants stedxgieto combined
salinity and boron toxicityScientia horticulturae. 113: 120-128.

F

FAOSTAT (2013). Production statistics. Rome: Food and Agricultural Organization of the
United States (FAONttp://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E

Fatouros N., Dicke M., Mumm R., Meiners T. & Hilker M. (2008). Foraging behavior of
egg parasitoids exploiting chemical informati&ehavioral ecologyl9: 677-689.

Ferry A. (2007). Ecologie chimique appliquée a la lutte coribaia radicum la mouche du
chou.PhD thesis of University of Rennes1, 142pp.

138



Ferry A., Dugravot S., Delattre T., Christides J. P., Auger J., Bagné&s A.G., Poinsot D.
& Cortesero A.M. (2007). Identification of a widespread monomolecular odor
differentially attractive to severd@lelia radicumground-dwelling predators in the field.
Journal of chemical ecology, 33: 2064—-2077.

Ferry A., Le Tron S., Dugravot S. & Cortesero A.M. (2009).Field evaluation of the
combined deterrent and attractive effects of dimethyl disulfid@ealia radicumand its
natural enemie®Biological contro| 49:219-226.

Finch S. & Coaker T.H. (1969).Comparison of the nutritive values of carbohydrates and
related compounds tBrioischia brassicaecEntomologia experimentalis et applicata,
12: 441-453.

Finch S. & Collier R.H. (2000). Host-plant selection by insects - a theory based on
“appropriate/inappropriate landings” by pest insects of crucifeptargs.Entomologia
experimentalis et applicata, 96: 91-102.

Finch S. & Collier R.H. (2001).Host plant finding by insects - undersowing crop plants with
clover reveals the missing linleresented at: Proceedings of the 4th International
Workshop, Melbourne, Australia, 45-50 pp.

Finch S. & Skinner G. (1982).Trapping cabbage root flies in traps baited with plant-extracts
and with natural and synthetic isothiocyanat&mtomologia experimentalis et
applicata, 31: 133-139.

Finch S. (1971).The fecundity of the cabbage root frioischia brassicaeunder field
conditions.Entomologia experimentalis et applicata, 14: 147-160.

Finch S. (1978)Volatile plant chemicals and their effect on host plant finding by the cabbage
root fly (Delia brassicag Entomologia experimentalis et applicata, 24: 150-159.

Finch S. (1989).Ecological considerations in the managementDefia pest species in
vegetable cropsinnual review of entomology, 34: 117-137.

Firdaus S., Heusden A.W., Hidayati N., Supena E.D.J., Visser R.G.F. &osman B.
(2012).Resistance tBemisia tabacin tomato wild relativeszuphytica, 187: 31-45.

Foisset N., Delourme R., Barret P. & Renard M. (1995Molecular tagging of the dwarf
BREIZH (Bzh) gene iBrassica napus. Theoretical and applied genetics, 91: 756-761.

Fournet S. (2000).Ecologie comportementale des adultes et des larves de deux &méopt
Staphynilidae parasitoides de la mouche du chehD thesis of University of Rennesl,
198 pp.

Fraser A.M., Mechaber W.L. & Hildebrand J.G. (2003). Electroantennographic and
behavioral responses of the sphinx méfanduca sextato host plant headspace
volatiles.Journal of chemical ecology, 29: 1813-1833.

Furlong M.J., Wright D.J. & Dosdall L.M. (2013). Diamondback moth ecology and
management: problems, progress, and prospécisual review of entomology, 58:
517-541.

G

Gabadinho A., Ritschard G. & Studer M. (2011). Analyzing and visualizing state
sequences in R with TraMineBournal of statistical software, 40: 1-37.

139



Gaquerel E., Weinhold A. & Baldwin I.T. (2009). Molecular interactions between the
specialist herbivoreManduca sexta(Lepidoptera, Sphigidae) and its natural host
Nicotiana attenuataVIll. An unbiased GCxGC-ToFMS analysis of the plant’s tditi
volatile emissionsPlant physiology, 149: 1408-1423.

Geervliet J.B.F., Ariens S., Dicke M. & Vet L.E.M. (1998).Long-distance assessment of
patch profitability through volatile infochemicals by the parasit@dsesia glomerata
andC. rubecula(Hymenoptera: BraconidaeBiological control, 11: 113-121.

Gillette N.E. & Munson A.S. (2007).Semiochemical sabotage: behavioral chemicals for
protection of western conifers from bark beetlBsesented at: Proceedings of a
symposium at the 2007 society of American foresters conferenceandor®regon,
U.S.A,, pp. 85-109.

Gols R., Veenemans C., Potting R.P.J., Smid H.M., Dicke M., Harvey J.A. &
Bukovinszky T. (2012).Variation in the specificity of plant volatiles and their useaby
specialist and a generalist parasitéidimal behaviour, 83:1231-1242.

Gomez J.M. & Zamora R. (1994).Top-down effects in a tritrophic system: parasitoids
enhance plant fitnesEcology, 75: 1023-1030.

Goubert C., Josso C., Louapre P., Cortesero A.M. & Poinsot D. (2013hort- and long-
range cues used by ground-dwelling parasitoids to find their Hasirwissenschaften,
100: 177-184.

Gouinguené S.P.D. & Stadler E. (2006)Comparison of the egg-laying behaviour and
electrophysiological responses Dklia radicum and Delia floralis to cabbage leaf
compoundsPhysiological entomology, 31: 382-389.

Gregg P.C., del Socorro A.P. & Henderson G.S. (201@evelopment of a synthetic plant
volatile-based attracticide for female noctuid moths. Il. Biagssof synthetic plant
volatiles as attractants for the adults of the cotton bollwdtelicoverpa armigera
(Hubner) (Lepidoptera: Noctuidadjustralian journal of entomology, 49: 21-30.

Griffiths D.W., Deighton N., Birch A.N.E., Patrian B., Baur R. & Stadler E. (2001).
Identification of glucosinolates on the leaf surface of plaramfthe Cruciferae and
other closely related speci€¢thytochemestry, 57:693-700.

Gurr G.M., Wratten S.D. & Altieri M.A. (2004). Ecological engineering for pest
management: advances in habitat manipulation for arthropt@dlingford, United
Kingdom, CAB International, 225p.

H

Halaj J. & Wise D.H. (2001). Terrestrial trophic cascades: how much do they trickle®
American naturalist, 157, 262—281.

Halitschke R., Stenberg J.A., Kessler D., Kessler A. & Baldwin I.T. (2008ghared signals
-’alarm calls' from plants increase apparency to herbivanestheir enemies in nature.
Ecology letters, 11:24-34.

Halitschke R., Ziegler J., Keindnen M. & Baldwin I.T. (2004). Silacing of hydroperoxide
lyase and allene oxide synthase reveals substrate and deigmsleng crosstalk in
Nicotiana attenuatalhe plant journal, 40: 35-46.

140



Hardman J.A. & Ellis P.R. (1978). Host plant factors influencing the susceptibility of
cruciferous crops to cabbage root fly atta€ktomologia experimentalis et applicata,
24:193-197

Hare J.D. (2011).Ecological role of volatiles produced by plants in responserttaga by
herbivorous insect&nnual review of entomology, 56: 161-180.

Hassanali A., Herren H., Khan Z.R., Pickett J.A. & Woodcock C.M. (2008 Integrated
pest management: the push-pull approach for controlling insect gedtsveeds of
cereals, and its potential for other agricultural systems indudimimal husbandry.
Philosophical transaction of the royal society B, 363 : 611-621.

Hawkes C. & Coaker T.H. (1979).Factors affecting the behavioural responses of the adult
cabbage root flyDelia brassicaeto host plant odoufEntomologia experimentalis et
applicata 25: 45-58.

Hayat Q.. Hayat S.. Irfan M. & Ahmad A. (2010).Effect of exogenous salicylic acid under
changing environment: A revielznvironmental and experimental botany. 68: 14-25.

Hegde M., Oliveira J.N., Da Costa J.G., Loza-Reyes E., Bleicher E., $3ama A.E.G.,
Caulfield J.C., Mayonb P., Dewhirst S.Y., Bruce T.J.A., Pickett J.A. &Birkett
M.A. (2012). Aphid antixenosis in cotton is activated by the natural plant defen
elicitor cis-jasmonePhytochemistry, 78: 81-88.

Heil M. & Bueno S.J.C. (2007).Within-plant signaling by volatiles leads to induction and
priming of an indirect plant defense in natuPeoceedings of the national academy of
sciences, 104: 5467-5472.

Heil M. & Karban R. (2010). Explaining evolution of plant communication by airborne
signals.Trends in ecology & evolution, 25: 137-144.

Heil M. (2008).Indirect defence via tritrophic interactiofde new phytologist. 178: 41-61.

Heudorf U., Angerer J. & Drexler H. (2004). Current internal exposure to pesticides in
children and adolescents in Germany: urinary levels of metabdft@yrethroid and
organophosphorus insecticideslnternational archives of occupational and
environmental health, 77: 67-72.

Hilker M. & Meiners T. (2010). How do plants “notice” attack by herbivorous arthropods?
Biological reviews, 85: 267-280.

Hgjsgaard S. (2004).doBy: Groupwise computations of summary statistRspackage
version 1.8.

Hokkanen H.M.T. (1991).Trap cropping in pest managemehnnual review of entomology,
36: 119-138.

Holopainen J.K. & Blande J.D. (2012) Molecular plant volatile communicatiom Sensing
in nature(L6pez-Larrea C., Ed.), Landes bioscience and Springer science, U.S.A., pp.
17-31.

Holopainen J.K. & Gershenzon J. (2010)Multiple stress factors and the emission of plant
VOCs.Trends in plant science, 15: 176-184.

Hooks C.R.R. & Johnson M.W. (2003)Impact of agricultural diversification on the insect
community of cruciferous crop€rop protection, 22: 223-238.

141



Hopkins R.J., Griffiths D.W., McKinlay R.G. & Birch A.N.E. (1999). The relationship
between cabbage root flip€lia radicun) larval feeding and the freeze-dried matter and
sugar content dBrassicaroots.Entomologia experimentalis et applicata, 92: 109-117.

Hosseini B., Estaji A. & Hashemi S.M. (2013)Fumigant toxicity of essential oil from
Salvia leriifolia (Benth) against two stored product insect pe&tsstralian journal of
crop science, 7:855-860.

Hurter J., Rampa T., Patriana B., Stadler E., Roessingh P., Baurb R., ddong R.,
Nielsen J.K., Winkler T., Wilhelm J., Richter W.J., Mller D. & Ernst B. (1999).
Oviposition stimulants for the cabbage root fly: isolation from cabblagees.
Phytochemistry, 51: 377-382.

Ibrahim M.A., Nissinen A. & Holopainen J.K. (2005). Response of Plutella xylostella and
its parasitoid Cotesia plutellae to volatile compountizirnal of chemical ecology
31:1969-1984.

INRA (2012). Institut National de la Recherche Agronomique: rapport du chantier
d’agroécologieSeptembre 2012, 107 p.

J

James D.G. & Price T.S. (2004)Field-testing of methyl salicylate for recruitment and
retention of beneficial insects in grapes and hdpsirnal of chemical ecology, 30:
1613-1628.

James D.G. (2003 a)Field evaluation of herbivore-induced plant volatiles as attractants
beneficial insects: Methyl salicylate and the green lacgv@hrysopa nigricornis
Journal of chemical ecology, 29: 1601-1609.

James D.G. (2003 b)Synthetic herbivore-induced plant volatiles as field attractforts
beneficial insect€&=nvironmental entomolog®2: 977-982.

James D.G. (2005)Further field evaluation of synthetic herbivore-induced plant voladtes
attractants for beneficial insectgurnal of chemical ecology, 31: 481-495.

James DG & Grasswitz TR (20055ynthetic herbivore-induced plant volatiles increase field
captures of parasitic wasg&ocontrol 50:871-880.

Jenkins B., Kitching R.L. & Pimm S.L. (1992). Productivity, disturbance and food web
structure at a local spatial scale in experimental container halitkts, 65: 249-255.

Jermy T. (1984).Evolution of insect/host plant relationshigsnerican naturalist 124: 609-
630.

Jestin C., Lodé M., Vallée P., Domin C., Falentin C., Horvais R., CoetlS., Manzanares-
Dauleux M.J. & Delourme R. (2011).Association mapping of quantitative resistance
for Leptosphaeria maculans oilseed rapeBrassica napus .. Molecular breeding,
27:271-287.

142



Johne A.B., Weissbecker B. & Schitz S. (2006)olatile emissions fromAesculus
hippocastanunminduced by mining of larval stages Gameraria ohridellainfluence
oviposition by conspecific female3ournal of chemical ecology, 32: 2303-2319.

Justus K.A. & Mitchell B.K. (1996). Oviposition site selection by the diamondback moth,
Plutella xylostella(L.)(Lepidoptera: Plutellidae)ournal of insect behavior, 9: 887—
898.

Jyoti J.L., Shelton A.M. & Earle E.D. (2001). Identifying sources and mechanisms of
resistance in crucifers for control of cabbage maggot (Dipterdioioyiidae)Journal
of economic entomology, 94: 942-949.

K

Kaplan I. (2012 a). Trophic complexity and the adaptive value of damage-induced plant
volatiles.Plos biology. 10: €1001437.

Kaplan I. (2012 b). Attracting carnivorous arthropods with plant volatiles: The future of
biocontrol or playing with fire ‘Biological control. 60: 77-89.

Katerinopoulos H.E., Pagona G., Afratis A., Stratigakis N. & RoditakisN. (2005).
Composition and insect attracting activity of the essentiadfdiosmarinus officinalis
Journal of chemical ecology, 31:111-122.

Kergunteuil A., Dugravot S., Mortreuil A., Le Ralec A. & Cortesero A.M. (2012).
Selecting volatiles to protect brassicaceous crops againsiabiage root flyDelia
radicum Entomologia experimentalis et applicata, 144: 69-77.

Kessler A. & Baldwin I.T. (2001). Defensive function of herbivore-induced plant volatile
emissions in natur&cience, 291: 2141-2144.

Kessler A., Halitschke R., Diezel C. & Baldwin I.T. (2006)Priming of plant defense
responses in nature by airborne signaling betwademisia tridentataand Nicotiana
attenuata Oecologia, 148: 280-292.

Khan Z., Midega C., Pittchar J., Pickett J. & Bruce T. (2011).Push—pull technology: a
conservation agriculture approach for integrated management of restst weeds and
soil health in Africalnternational journal of agricultural sustainability, 9: 162—170.

Khan Z.R., James D.G., Midega C.A.O. & Pickett J.A. (2008)Chemical ecology and
conservation biological contrdBiological control, 45: 210-224.

Khan Z.R., Midega C.A.O., Bruce T.J.A., Hooper A.M. & Pickett J.A (2010).Exploiting
phytochemicals for developing a “push-pull” crop protection styafegcereal farmers
in Africa. Journal of experimental botany, 61: 4185-4196.

Khan Z.R., Midega C.A.O., Pittchar J., Pickett J.A. & Bruce T. (2011).Push—pull
technology: a conservation agriculture approach for integrated e@ead of insect
pests, weeds and soil health in Africtnternational journal of agricultural
sustainability 9:162-170.

Khan Z.R., Pickett J.A., van den Berg J., Wadhams L.J. & Woodcock C.M. (2000).
Exploiting chemical ecology and species diversity: stem baner striga control for
maize and sorghum in AfricRest management science, 56:957-962.

143



Klein-Gebbinck HW. & Woods D.L. (2002).Yield loss assessment in canola: Effects of
brown girdling root rot and maggot damage on single plant yilEht Disease 86:
1005-1010.

Klessig D.F. & Malamy J. (1994).The salicylic acid signal in plant®lant molecular
biology. 26: 1439-1458.

Krivan V. & Schmitz O.J. (2003). Adaptive foraging and flexible food web topology
Evolutionary ecology research, 5: 623-652.

L

Lahmar M. (1982). Contribution a I'étude de la biologie de la mouche du chdylemya
brassicaeBouché (Diptera : Anthomyiidae) dans les conditions de I'ouest Bealee.
PhD thesis of University of Rennesl, 73 pp.

Landolt P.J. & Guédot C. (2008). Field attraction of codling moths (Lepidoptera:
Tortricidae) to apple and pear fruit, and quantitation of kairomonesdttactive fruit.
Annals of the entomological society of America, 101:675-681.

Landolt P.J. (1993).Effects of host plant leaf damage on cabbage looper moth attrantion
oviposition.Entomologia experimentalis et applicata, @B-85.

Langlet X. & Brunel E. (1996). Preliminary results on predation B#leochara bilineata
Gyll. (Coleoptera: StaphylinidaeBulletin OILB/SROP, 19: 162-166.

Langlet X. (1997). Les Aleochara(Coleoptera : Staphylinidae), prédateurs et parasitoides,
associés delia radicumL. (Diptera : Anthomoyiidae). Caractérisation des especes.
Biologie et prédation &leochara bilineataGyll. PhD thesis of University of Rennesl,
130 pp.

Lee J.C. (2010) Effect of methyl salicylate-based lures on beneficial and q#isropods in
strawberryChemical ecology. 39: 653-660.

Le Foll S. (2013). Une vraie ambition pour I'agroécologkrojet, 332 : 20-23.

Light D., Knight A., Henrick C., Rajapaska D., Lingren B., Dickens J.,Katherine M.R,
Buttery R.G., Merrill G., Roitman J. & Campbell B. (2001). A pear-derived
kairomone with pheromonal potency that attracts male and femalegoatith,Cydia
pomonella(L.). Naturwissenschaften, 88: 333—338.

Loughrin J.H., Potter D.A. & Kemp T.R. (1995). Volative compounds induced by
herbivory act as aggregation kairomones for the japanese-lapidia japonica
(Newman)Journal of chemical ecology, 21: 1457-1467.

M

Magalhdes D.M., Borges M., Laumann R.A., Sujii E.R., Mayon P., Caulfield J.C
Midega C.A.O., Khan Z.R., Pickett J.A., Birkett M.A. & Blassioli-Moraes M.C.
(2012). Semiochemicals from herbivory induced cotton plants enhance the fpragin
behavior of the cotton boll weeviinthonomus grandislournal of chemical ecology,
38: 1528-1538.

144



Mallinger R.E.. Hogg D.B. & Gratton C. (2011).Methyl salicylate attracts natural enemies
and reduces populations of soybean aphids (Hemiptera: Aphididae) in soybea
agroecosystemgournal of economic entomology. 104: 115-124.

Manzanares-Dauleux M.J., Delourme R., Baron F. & Thomas G. (2000)Mapping of one
major gene and of QTLs involved in resistance to clubrooBiassica napus
Theoretical and applied genetics, 101: 885-891.

Martel J.W., Alford A.R. & Dickens J.C. (2005 a).Laboratory and greenhouse evaluation
of a synthetic host volatile attractant for Colorado potato bedtigtinotarsa
decemlineatdSay).Agricultural and forest entomology: 71-78.

Martel J.W., Alford A.R. & Dickens J.C. (2005 b). Synthetic host volatiles increase
efficacy of trap cropping for management of Colorado potato beedigtinotarsa
decemlineatdSay).Agricultural and forest entomology, 7: 79-86.

Martel J.W., Alford A.R. & Dickens J.C. (2007). Evaluation of a novel host plant volatile-
based attracticide for management of Colorado potato beefignotarsa decemlineata
(Say).Crop protection, 26: 822—-827.

Mauchline A L., Cook S.M., Powell W. & Osborne J.L. (2013)Effects of non-host plant
odour on Meligethes aeneuduring immigration to oilseed rapeEntomologia
experimentalis et applicata, 146: 313-320.

McCann K.S., Rasmussen J.B. & Umbanhowar J. (2005)The dynamics of spatially
coupled food webg£cology letters, 8: 513-523.

Meagher R.L. & Landolt P.J. (2008). Attractiveness of binary blends of floral odorant
compounds to moths in Florida. USEntomologia experimentalis et applicata. 128:
323-329.

Meehan T.D., Werling B.P., Landis D.A. & Gratton C. (2011).Agricultural landscape
simplification and insecticide use in the Midwestern United Si&eceedings of the
national academy of sciences, doi:10.1073/pnas.1100751108.

Meiners T. & Hilker M. (2000). Induction of plant synomones by oviposition of a
phytophagous inseclournal of chemical ecology, 26: 221-232.

Meyling N.V., Navntoft S., Philipsen H., Thorup-Kristensen K. & Hlenberg J. (2013).
Natural regulation ofDelia radicum in organic cabbage productiolgriculture,
ecosystems & environment, 164: 183-189.

Midega C.A.O., Khan Z.R., van den Berg J., Ogol C.K.P.O., Bruce T.J. & Piakt J.A.
(2009). Non-target effects of the “push—pull” habitat management strafayasitoid
activity and soil fauna abundan€&.op protection, 28: 1045-1051.

Miller J.R. & Cowles R.S. (1990).Stimulo-deterrent diversion: a concept and its possible
application to onion maggot contrdburnal of chemical ecology, 16: 3197-3212.

Mitchell B. (1963). Ecology of two carabidae beetleBembidion lamprogHerbst) and
Trechus quadristriatugSchrank). 1l. Studies on populations of adults in the field with
special reference to the technique of pitfall trappaurnal of animal ecology. 32:
377-392.

Moayeri H.R.S., Ashouri A., Poll L. & Enkegaard A. (2007).Olfactory response of a
predatory mirid to herbivore induced plant volatiles: multiple herlyivs. single
herbivory.Journal of applied entomology, 131: 326-332.

145



Morewwod W.D., Simmonds K.E., Gries R., Allison J.D. & Borden J.H. (2003)
Disruption by conophthorin of the kairomonal response of sawyer beetlasktbeetle
pheromoneslJournal of chemical ecology, 29: 2115-2129.

Mumm R. & Dicke M. (2010). Variation in natural plant products and the attraction of
bodyguards involved in indirect plant defen€anadian journal of zoology, 88: 628—
667.

Musser F.R., Nault B.A., Nyrop J.P. & Shelton A.M. (2005)Impact of a glossy collard
trap crop on diamondback moth adult movement, oviposition, and larval survival.
Entomologia experimentalis et applicata, 117 : 71-81.

N

Neveu Bernard-Griffiths N. (1998). Sélection de I'h6te cheZrybliographa rapaeW.
(HymenopteraFigitidae), parasitoide de la mouche du chaelia radicumL. (Diptera
Anthomyiidag ; perspectives d’application en lutte biologigiD Thesis, Rennesl
university, Francel30 pp.

Neveu N., Grandgirard J., Nenon J.P. & Cortesero A.M. (2002)Systemic release of
herbivore-induced plant volatiles by turnips infested by concealedaeding larvae
Delia radicumL. Journal of chemical ecology, 28: 1717-1732.

Newton E., Bullock J.M. & Hodgson D. (2009).Bottom-up effects of glucosinolate
variation on aphid colony dynamics in wild cabbage populatidgsological
entomology, 34: 614-623.

Nordlund D.A. & Lewis W.J. (1976). Terminology of chemical releasing stimuli in
intraspecific and interspecific interactiodsurnal of chemical ecology, 2: 211-220.

Norin T. (2007). Semiochemicals for insect pest managemuate and applied chemistry
79:2129-2136.

Nottingham S. & Coaker T.H. (1985).The olfactory response of cabbage root Diglia
radicum to the host plant volatile allylisothiocyanatentomologia experimentalis et
applicata, 39 307-316.

Nottingham S.F., Hardie J., Dawson G.W., Alastair J.H., Pickett J.A., WadhasiL.J. &
Woodcock C.M. (1991).Behavioral and electrophysiological responses of aphids to
host and nonhost plant volatileurnal of chemical ecology, 17: 1231-1242.

O

Ode P.J. (2006)Plant chemistry and natural enemy fitness: effects on herbévatenatural
enemy interaction®Annual review of entomology, 51: 163-185.

Orians C. (2005).Herbivores, vascular pathways, and systemic induction: facts &ifiadtar
Journal of chemical ecology, 31: 2231-2242.

146



Orre G.U.S., Wratten S.D., Jonsson M. & Hale R.J. (2010)Effects of an herbivore
induced plant volatile on arthropods from three trophic levels in bess8iological
control, 53: 62—67.

P

Padmaja P.G., Woodcock C.M. & Bruce T.J.A. (2010).Electrophysiological and
behavioral responses of sorghum shoot Aliherigona soccatato sorghum volatiles.
Journal of chemical ecology, 36: 1346-1353.

Pascual M. & Dunne J.A. (2006)From small to large to ecological networks in a dynamic
world. In Ecological networks: linking structure to dynamics in food w@ascual M.
& Dunne J.A., eds). Oxford university press, New York, U.S.A, pp. 3-26.

Pickett J.A., Aradottir G.I., Birkett M.A., Bruce T.J.A., Chamberlai n K., Khan Z.R.,
Midega C.A.O., Smart L.E. & Woodcock C.M. (2012).Aspects of insect chemical
ecology: exploitation of reception and detection as tools for decepf pests and
beneficial insecthysiological entomology, 37: 2-9.

Pickett J.A., Bruce T.J.A., Chamberlain K., Hassanali A., Khan Z.R., Mathes M.C.,
Napier J.A., Smart L.E., Wadhams L.J. & Woodcock C.M. (2006)Plant volatiles
yielding new ways to exploit plant defencikn Chemical ecology: from gene to
ecosystem(ed. by M. Dicke & W. Takken), Springer, Dordrecht, the Netherlands, pp.
161-173.

Pierre P.S., Dugravot S., Ferry A., Soler R., van Dam N.M. & Corteserd.M. (2011).
Aboveground herbivory affects indirect defences of brassicaceous pigaitsst the
root feeder Delia radicum Linnaeus: laboratory and field evidencEcological
entomology, 36, 326—-334.

Pierre P.S., Jansen J.J., Hordijk C.A., van Dam N.M., Cortesero A.M. & Dgravot S.
(2011). Differences in volatile profiles of turnip plants subjectedsitogle and dual
herbivory above- and belowgrountburnal of chemical ecology, 37:368-377.

Pierre S.P.. Dugravot S.. Hervé M.R.. Hassan H.M.. van Dam N.M. & CorteserA.M.
(2013). Belowground induction byDelia radicum or phytohormones affect
aboveground herbivore communities on field-grown broccBliontiers in plant
science. 4: doi:10.3389/fpls.2013.00305

Piesik D., Paika D., Jeske M., Wenda-Piesik A., Delaney K.J. & Weaver D.K. (2013).
Volatile induction of infected and neighbouring uninfected plants potgntrdluence
attraction/repellence of a cereal herbivaleurnal of applied entomology, 137: 296—
309.

Pimm S.L., Lawton J.H. & Cohen J.E. (1991)Food web patterns and their consequences.
Nature, 350: 669-674.

Pinto D.M., Blande J.D., Souza S.R., Nerg A.M. & Holopainen J.K. (2010Rlant volatile
organic compounds (VOCSs) in ozone (O3) polluted atmospheres: the eco&ftgctd.
Journal of chemical ecology, 36: 22—-34.

147



Poelman E.H., van Dam N.M., van Loon J.J.A., Vet L.E.M. & Dicke M. (2009)Chemical
diversity in Brassica oleraceaaffects biodiversity of insect herbivoreScology, 90:
1863-1877.

Prasad R.P. & Snyder W.E. (2004)Predator interference limits fly egg biological control
by a guild of ground-active beetldiological control, 31: 428-437.

Price P.W., Bouton C.E., Gross P., McPheron B.A., Thompson J.N. & WeAE. (1980).
Interactions among three trophic levels: influence of plants onaotiens between
insect herbivores and natural enem#gsnual review of ecological system, 11: 41-65.

Prokopy R.J. & Owens E.D. (1983).Visual detection of plants by herbivorous insects.
Annual review of entomology, 28: 337-364.

R

R Development Core Team (2011)R: A language and environment for statistical
computing.R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-
07-0, URL http://www.R-project.org/.

Réannback L.M. (2008). Flower attractiveness and nectar accessibilityDefia radicum
(Diptera:Anthomyiidae) with implications for the control Biyrybliographa rapae
(Hymenoptera:Figitidae). Master thesis report, S.L.U., Swedish university of
agricultural sciences, Alnarp, Sweden.

Rasmann S., Kollner T.G., Degenhardt J., Hiltpold I., Toepfer S., Kuhhann U.,
Gershenzon J. & Turlings T.C.J. (2005). Recruitment of entomopathogenic
nematodes by insect-damaged maize rddasure, 434: 732—-737.

Ratnadass A., Fernandes P., Avelino J. & Habib R. (2012Rlant species diversity for
sustainable management of crop pests and diseases in agrtnesya review.
Agronomy for sustainable development, 32: 273-303.

Reddy G.V.P. & Guerrero A. (2000). Behavioral responses of the diamondback moth.
Plutella xylostellato green leaf volatiles d@rassica oleraceagubsp capitata Journal
of agricultural and food chemistry. 48: 6025—-6029.

Reddy G.V.P. & Guerrero A. (2004). Interactions of insect pheromones and plant
semiochemicalslrends in plant science, 9: 253-261.

Reddy G.V.P. & Guerrero A. (2010). New pheromones and insect control strategies.
Vitamins and hormones, 83: 493-5109.

Riffell J.A. (2012). Olfactory ecology and the processing of complex mixtu@srent
opinion in neurobiology, 22: 236-242.

Ripa J., Lundberg P. & Kaitala V. (1998). A general theory of environmental noise in
ecological food webshe American naturalist, 151: 256—-263.

Robert C.A.M., Erb M., Hiltpold I., Hibbard B.E., Gaillard M.D.P., Bilat J., Degenhardt
J., Cambet-Petit-Jean X., Turlings T.C.J. & Zwahlen C. (2013).Genetically
engineered maize plants reveal distinct costs and benefits ofitatives volatile
emissions in the field?lant biotechnology journall1:628-639.

148



Rodriguez-Saona C.& Stelinski L. (2009). Behavior-modifying strategies in IPM: theory
and practiceln Integrated pest management: innovation — development prdedsbsy
R. Peshin & A.K. Dhawan), Springer, Dordrecht, the Netherlands, pp 263-315.

Rodriguez-Saona C., Kaplan I., Braasch J., Chinnasamy D. & Williams L.2011).Field
responses of predaceous arthropods to methyl salicylate: A meta-saalgsiase study
in cranberriesBiological control, 59: 294-303.

Rodriguez-Saona C.Kaplan I., Braasch J., Chinnasamy D. & Williams(2011).
Field responses of predaceous arthropods to methyl salicylatetahanalysis and case
study in cranberrie®iological control, doi:10.1016/j.biocontrol.2011.06.017.

Rodriguez-Saona C.. Kaplan I.. Braasch J.. Chinnasamy D. & Williams L.2011).Field
responses of predaceous arthropods to methyl salicylate: A meta-saalgsiase study
in cranberriesBiological control. 59: 294-303.

Rodriguez-Saona C.R. & Stelinski L.L. (2009).Behavior-modifying strategies in IPM:
Theory and practice. Imtegrated Pest Management: Innovation-Development Process
(ed. by Peshin R. & Dhawan A.K.), Springer, Dordrecht, Netherlands, pp. 261-312.

Roessingh P. & Stadler E. (1990)-oliar form, colour and surface characteristics influence
oviposition behaviour in the cabbage root fl@elia radicum Entomologia
experimentalis et applicata, 57: 93-100.

Roessingh P., Stadler E., Fenwick G.R., Lewis J.A., Nielsen J.K., Har J. & Ramp T.
(1992).Oviposition and tarsal chemoreceptors of the cabbage root fitiamelated by
glucosinolates and host-plant extradimtomologia experimentalis et applicata, 65:
267-282.

Rohrig E., Sivinski J., Teal P., Stuhl C. & Aluja M. (2008 a). Afloral-derived compound
attractive to the tephritid fruit fly parasitoidiachasmimorpha longicaudata
(Hymenoptera: Braconidag)ournal of chemical ecology, 34: 549-557.

Rohrig E., Sivinski J. & Wharton R. (2008 b). Comparison of parasitic Hymenoptera
captured in Malaise traps baited with two flowering plartepularia maritima
(Brassicales: Brassicaceae) affghermacoce verticillata(Gentianales: Rubiaceae).
Florida entomologist, 91: 621-627.

Root R.B. (1973).0Organization of a plant-arthropod in simple diverse habitats: theafaf
collards (Brassica olerace&)cological monographs, 43: 95-124.

Rousse P., Fournet S., Porteneuve C. & Brunel E. (2003)rap cropping to contrdDelia
radicum populations in cruciferous crops: first results and future applications
Entomologia experimentalis et applicata, 109: 133-138.

S

Sabelis M., Janssen A. & Kant M.R. (2001)The enemy of my enemy is my all$cience,
291:2104-2105.

Said I., Renou M., Morin J.P., Ferreira J.M.S. & Rochat D. (2005)Interactions between
acetoin, a plant volatile, and pheromoneRinynchophorus palmarunbehavioral and
olfactory neuron responsekurnal of chemical ecology, 31: 1789-1805.

149



Sanchez-Hernandez C., Lopez M.G. & Delano-Frier J.P. (2006). Reded levels of
volatile emissions in jasmonate-deficient spr2 tomato mutants famoposition by
insect herbivore?lant cell and environment, 29: 546-557.

Schaller N. (2013).L’agroécologie : des définitions variées, des principes comn@igrgre
d’études et de prospective, Analyse n°59.Available online:
http://agriculture.gouv.fr/Note-d-analyse-no59-juillet-2013-L

Schiestl F.P. (2010).The evolution of floral scent and insect chemical communication.
Ecology letters13:643-656.

Schoonhoven L.M., van Loon J.J.A. & Dicke M. (2005)Insect—Plant Biology2nd edn.,
Oxford University Press, U.K.

Scott-Phillips T.C. (2008). Defining biological communicationJournal of evolutionary
biology, 21: 387—395.

Shelton A.M. & Badenes-Perez F.R. (2006Concepts and applications of trap cropping in
pest managemerinnual review of entomology, 51: 285-308.

Shelton A.M. & Nault B.A. (2004). Dead-end trap cropping: a technique to improve
management of the diamondback md®ytella xylostella(Lepidoptera: Plutellidae).
Crop protection23: 497-503.

Shiojiri K., Ozawa R., Kugimiya S., Uefune M., van Wik M., Sabelis MW &
Takabayashi J. (2010). Herbivore-specific, density-dependent induction of plant
volatiles: honest or *“cry wolf” signals? PLoS ONE, 5: el12161.
doi:10.1371/journal.pone.0012161.

Shigjiri K., Takabayashi J., Yano S. & Takafuji A. (2001). Infochemically mediated
tritrophic interaction webs on cabbage plaRtspulation ecology, 43: 23-29.

Shrivastava G., Rogers M., Wszelaki A., Panthee D.R. & Chen F. (201®lant volatiles-
based insect pest management in organic farn@nigical reviews in plant sciences,
29:123-133.

Simpson M., Gurr G.M., Simmons A.T., Wratten S.D., James D.G., Leea G. & Nicol
H.l. (2011). Insect attraction to synthetic herbivore-induced plant volatileeidefield
crops.Agricultural and forest entomology, 13: 45-57.

Sivinski J., Wahl D., Holler T., al Dobai S. & Sivinski R. (2011).Conserving natural
enemies with flowering plants: estimating floral attractivertesparasitic Hymenoptera
and attraction’s relationship to flower and plant morpholdgglogical control, 58:
208-214.

Smith C.A., Want E. J.,, O'Maille G., Abagyan R. & Siuzdak G. (2006).XCMS:
processing mass spectrometry data for metabolite profilinggusbnlinear peak
alignment, matching, and identificatiolnalytical chemistry78:779-787.

Smith M.C. (2005). Antixenosis - Adverse effects of resistance on arthropod behaumour.
Plant Resistance to Arthropods - Molecular and conventional approggesger,
Dordrecht, The Netherlands, pp. 19-63.

Southwood T.R.E. (1977)Habitat, the templet for ecological strategids@rnal of animal
ecology, 46: 337-365.

Stadler E., Baur R. & de Jong R. (2002)Sensory basis of host-plant selection: in search of
the “fingerprints” related to oviposition of the cabbage root #ta zoologica
academiae scientarum hungaricae, 48: 265-280.

150



Steiger S., Schmitt T. & Schaefer H.M. (2011)The origin and dynamic evolution of
chemical information transfelProceedings of the royal society. B., 278: 970-979.

Stratmann J.W. (2003).Long distance run in the wound response - jasmonic aciid is pulling
aheadTrends in plant science, 8: 247-250.

Sugihara G., Schoenly K. & Trombla A. (1989).Scale invariance in food web properties.
Science, 245: 48-52.

Swezey S.L., Nieto D.J. & Bryer J.A. (2007)Control of western tarnished plant buggus
hesperusknight (Hemiptera: Miridae) in California organic strawbesriusing alfalfa
trap crops and tractor-mounted vacuuBsvironmental entomology, 36 : 1457-1465.

Szendrei Z. & Rodriguez-Saona C. (2010)A meta-analysis of insect pest behavioral
manipulation with plant volatile€EEntomologia experimentalis et applicate34 :201-
210.

Szendrei Z.. Malo E.. Stelinski L. & Rodriguez-Saona C. (2009Response of cranberry
weevil (Coleoptera: Curculionidae) to host plant volatil@semical ecology. 38. 861—
869.

T

Tasin M., Lucchi A., loriatti C., Mraihi M., de Cristofaro A., Boger Z. & Anfora G.
(2011).Oviposition response of the matlobesia botrando sensory cues from a host
plant.Chemical senses, 36: 633-639.

Tentelier C. & Fauvergue X. (2007).Herbivore-induced plant volatiles as cues for habitat
assessment by a foraging parasitdalrnal of animal ecology, 76-8.

Tholl D., Boland W., Hansel A., Loreto F., Rése U.S.R. & Schnitzlel.P. (2006).Practical
approaches to plant volatile analydike Plant journal, 45:540-560.

Thorsteinson A.J. (1960). Host selection in phytophagous insecfnnual review of
entomology., 5:193-218.

Togni P.H.B., Laumann R.A., Medeiros M.A. & Suijii E.R. (2010).Odour masking of
tomato volatiles by coriander volatiles in host plant selectiddenisia tabacbiotype
B. Entomologia experimentalis et applicata, 136:164-173.

Tollsten L. & Bergstrom G. (1988). Headspace volatiles of whole plants and macerated
plant parts of Brassica and Sinapytochemistry, 27:2073-2077.

Ton J., D’Alessandro M., Jourdie V., Jakab G., Karlen D., Held M., MauchMani B. &
Turlings T.C.J. (2006). Priming by airborne signals boosts direct and indirect
resistance in maizé&he plant journal, 49: 16—26.

Toth M., Szentkiralyi F., Vuts J., Letardi A., Tabilio M.R., Jaastad G. & Knudsen G.K.
(2009). Optimization of a phenylacetaldehyde-based attractant formoomgreen
lacewings Chrysoperla carnea.l.). Journal of chemical ecology, 35: 449-458.

Traynier R.M.M (1967). Effect of host plant odour on the behaviour of the adult cabbage
root fly. Erioischia brassica&ntomologia experimentalis et applicata. 10: 321-328.

151



Turlings T.C.J & Wackers F. (2004). Recruitment of predators and parasitoids by
herbivore-injured plantsn Advances in insects chemical ecologd. by R.T. Cardé &
J.G. Millar), Cambridge university press, Cambridge, United Kingdom. pp 21-75.

Turlings T.C.J. & Ton J. (2006). Exploiting scents of distress: the prospect of manipulating
herbivore-induced plant odours to enhance the control of agricultural gestent
opinion in plant biology, 9: 421-427.

Turlings T.C.J., Tumlinson J.H. & Lewis W.J. (1990). Exploitation of herbivore-induced
plant odors by host-seeking parasitic wa§usence, 250: 1251-1253.

Tuttle A.F., Ferro D.N. & Idoine K. (1988). Role of visual and olfactory stimuli in host
finding of adult cabbage root fliedelia radicum Entomologia experimentalis et
applicatg 47:37-44.

V

Vallat A. & Dorn S. (2005). Changes in volatile emissions from apple trees and associated
response of adult female codling moths over the fruit-growing sedsomnal of
agricultural and food chemistrp3:4083-4090.

van Dam N.M., Qiu B. & Hordijk C.A. (2010). Identification of biologically relevant
compounds in aboveground and belowground induced volatile bldodsnal of
chemical ecology, 36:1006-1016.

Visser H. (1986). Host odor perception in phytophagous insedsnual review of
entomology, 31:121-144.

Visser J.H. (1988).Host-plant finding by insects: Orientation, sensory input and Isearc
patternsJournal of insect physiology, 34: 259-268.

von Arx M., Schmidt-Busser D. & Guerin P.M. (2011) Host plant volatiles induce oriented
flight behaviour in male European grapevine motlohesia botranaJournal of insect
physiology, 57:1323-1331.

von Arx M., Schmidt-Busser D. & Guerin P.M. (2012).Plant volatiles enhance behavioral
responses of grapevine moth malkspesia botranato sex pheromonelournal of
chemical ecology, 38: 222-225.

von Mérey G.. Veyrat N.. Mahuku G.. Valdez R.L.. Turlings T.C.J. & D’Alessandro M.
(2011).Dispensing synthetic green leaf volatiles in maize fialdseiases the release of
sesquiterpenes by the plants. but has little effect on thetattrat pest and beneficial
insects Phytochemistry. 72: 1838-1847.

W

Warwick S.I. (2011). Brassicaceae in agricultude. Genetics and genomics of Brassicageae
(R. Schmidt & I. Bancroft, Eds), Springer, New-York, U.S.A., pp. 33-66.

152



Wagner G., Charton S., Lariagon C., Laperche A., Lugan R., Hopkins J., Freral P.,
Bouchereau A., Delourme R., Gravot A. & Manzanares-Dauleux M.J. (2012).
Metabotyping: a new approach to investigate rapesBealsgica napud..) genetic
diversity in the metabolic response to clubroot infectiblolecular plant-microbe
interactions 25:1478-1491.

Wallbank B.E. & Wheatley G.A. (1979). Some responses of cabbage root Bel(a
brassicag to allyl isothiocyanate and other volatile constituents of crigifennals of
applied biology. 91: 1-12.

Wang H., Guo W.F., Zhang P.J., Wu Z.Y. & Liu S.S. (2008)Experience-induced
habituation and preference towards non-host plant odors in ovipositing $enfate
moth.Journal of chemical ecolog$4:330-338.

Webster B., Qvarfordt E., Olsson U. & Glinwood R. (2012)Different roles for innate and
learnt behavioral responses to odors in insect host loc&emavioral ecology, 24:
366-372.

Wei J.R., Lu X.P. & Jiang L. (2013).Monoterpenes from larval frass of t@rambycidsas
chemical cues for a parasitoidastarcus helophoroidesournal of insect sciencé3:
Available online: http://www.insectscience.org/13.59

Wezel A., Bellon S., Doré T., Francis C., Vallod D. & David C.2009).Agroecology as a
science, a movement and a practice. A reviggronomy for Sustainable Development
29: 503-515.

Witzgall P., Backman A.C., Svensson M., Koch U., Rama F., El-Sayed A.,d&rchli J.,
Arn H., Bengtsson M. & Lofqvist J. (1999).Behavioral observations of codling moth,
Cydia pomonella, in orchards permeated with synthetic pheromddeControl
44:211-237.

Witzgall P., Kirsch P. & Cork A. (2010). Sex pheromones and their impact on pest
managementlournal of chemical ecology, 36: 80—100.

Woodcock B.A., Redhead J., Vanbergen A.J., Hulmes L., Hulmes S., Peytah,
Nowakowski M., Pywel R.F. & Heard M.S. (2010).Impact of habitat type and
landscape structure on biomass, species richness and functionaltyieérground
beetlesAgriculture, ecosystems & environment, 139 : 181-186.

Y

Yan F., Bengtsson M., Makranczy G. & Lofgvist J. (2003)Roles of alpha-farnesene in the
behaviors of codling moth femaleZ. Naturforschung, Journal of biosciences (C)
58:113-118.

Yu H.L., Zhang Y.J., Wu K.M., Gao X.W. & Guo Y.Y. (2008). Field-testing of synthetic
herbivore-induced plant volatiles as attractants for beneficiacissEnvironmental
entomology, 37: 1410-1415.

153



Z

Zhang Q.H. & Schlyter F. (2004). Olfactory recognition and behavioural avoidance of
angiosperm nonhost volatiles by conifer-inhabiting bark beeiigscultural and forest
entomology, 6: 1-19.

154



Table des figures :

Figure 1 : Les quatre grandes familles de composés organiques volatils et leurs voies de

AR BRI s cuuvinmiscniumuiisise oo Ha s s S o S S N R VS 8
Figure 2 : Fonctions écologiques des composés organiques volatils (COVs) et des

composes volatils induits (HIPVs) au sein d’un réseau tri-trophique..........cccceveee. 9
Figure 3 : Reconnaissance d’un signal olfactif par un insecte herbivore a partir de

composés organiques volatils (COVS) COMMUDNS.......cccoeevirinnriiienricescrinreseeranens 11
Figure 4 : L’exemple du « Push-Pull » utilisé en Afrique de PEst........ccooeviiveiinnsccniciinennn 17
Figure 5 : Photo de brocoli (Brassica oleraceae var. italica) ...........cccuvevvevncuivenivirennvivnnncnn. 19
Figure 6 : Cycle biologique de la mouche du chou Delia radicum (L. 1758) ....cccccvvvinivnennen. 20
Figure 7 : Contréle de Delia radicum par les ennemis naturels a trois étapes du cycle

T LT L s 20
Figiite 8% Fémelede Delig vadicting . cownianmuimnisnsmmnsammiiiaimesimsmisisim 21
Pignre 9.3 (Bos ¢ Delid Faiitumvusnmpnnsmimmssnmmis s nammi st 21
Figure 10 : Quelques prédateurs des ceufs de Delia radicum ................ccoevvcrvcnisconncrcnnan. 22
Figure 11 : Développement larvaire de Delia FAdiCUM ...........ccoecuveeesvrieiieisiesieiassieissseseenenen, 23
Figure 12 : Parasitoide larvaire : Trybliographa rapae (Hymenoptera : Figitidae) ..........cc...... 23
Figiite 13 - Pape de Dellabddiclin conmsiomna s s o i s s 24
Figure 14 : Parasitoide des pupes : Aleochara bilineata et A. bipustulata (Coleoptera :

DRV IIAAEY . s e R S T A R e R R 24
Figure 135 : BExperimental field setip....ciuimnininunaiusmmminaimiiassmurimain 33
Figure 16 : Mean (£ SE) cumulative number of Delia radicum eggs ..........covvevueeivvcnniennnes 37
Figure 17 : Mean (+ SE) number of predated Delia radicum €ggs ..........ccoooevevvnrcvveenncnnnc. 37

Figure 18 : Sequential responses of D. radicum females exposed to various brassicaceous
plants and to pure air in a tubular olfactometer artificially divided in 6 notional
sections (section n°1: fly entrance; section n°6: entrance of airflow in the tube)..38

Figure 19 : Mean time in second (+ SE) spent by D. radicum females exposed to various
undamaged brassicaceous plants and to pure air in a tubular olfactometer
artificially divided in 6 notional sections (section n°1: fly entrance; section n°6:

entrance of airflow in the tUDE).........ooviirieieiieee e 56
Figure 20 : Multivariate analysis of volatiles collected from undamaged shoots of five

DIasSICACEOUS PLANLS c..cveviiviriirieiriirieisisisie e sbeeesaes st et ss e s e s ere e saesasns 58
Figure 21 : Relative amounts of terpenoids (mean = SE) released by undamaged shoots of

five brassicacous plants during 240 .........coovvivviiveniineeiensieei e 58

Figure 22 : Schematic representation of the experimental field consisting of four blocks as
repetitions, each block of nine randomized plots corresponding with the nine

L T e i e e TS 72
Figure 23 : Mean (+SE) number of Delia radicum eggs found per felt trap on control
broccoli plants on four sampling dates. .........ococeiieiiriiincie e 73

155



Figure 24 : Mean (£SE) cumulative number of Delia radicum eggs found per felt trap on
four sampling dates in control plots and plots where various synthetic

herbivore-induced plants volatiles were released............ccoovvveeiiivenciiiniincninneniene 73
Figure 25 : Mean (+SE) percentage of Delia radicum artificial egg patches predated in

control plots and plots to which various HIPVs were added.............ccooeiiiinnnnne 74
Figuig 2. Bxperinienital field SEtap....ounnnniimmmmmimiiniisirinssanimmma i 86
Figure 27 : Mean (£ SE) cumulative number of Delia radicum eggs per plant...........cc.c.c..... 88
Figure 28 : Mean (+ SE) number of Delia radicum pupa per plant over the season................. 90
Figure 29 : Proportions (+ CI, a = 0.05) of adults emerging from pupae collected in the

BRI o s o S S 3 S N SR R A 91
Fipute 30 . BRPrieital PIEIA SEHID: oo amnmsiiss o oo st s i seiis 109
Figure 31 : Mean (+ SE) cumulative number of Delia radicum eggs per plant...................... 111
Figure 32 : Mean (£ SE) number of Delia radicum pupae per plant........cccooevcenevvicvcnrnanne 111

Liste des tables :

Tableau 1: Stratégies de « Push-Pull » utilisant des stimuli d’origine végétale ...........cccouneen. 15
Tableau 2 : (a) Superficie des cultures de brassicacées dans I’'union européenne (U.E.) et

en France (2011). (b) Production de brassicacées dans I’U.E. et en France

(20115 Soree.; FACSTATEZDLR) .o sssossssssmssimssss v 19
Tableau 3 : Mean time in second (+ SE) spent by D. radicum females exposed to

various brassicaceous plants and to pure air in a tubular olfactometer

artificially divided in 6 notional sections (section n°1: fly entrance; section

n°6: entrance of airflow in the tUDE) ......ccvveeiricriiiicicicece e r e 39
Tableau 4 : Relative amounts of VOCs (mean + SE) released by undamaged shoots of

five brassicaeous plants during 24h .........ccoeeveeiviiniininnine e 57
Tableau 5 : Mean (+ SE) cumulative number of Delia radicum eggs per plant and per

distance from the dISPENSEIS........cvoeieiiiriiiinreiee e ee 89
Tableau 6 : Mean (= SE) number of Delia radicum pupa per plant and per distance from

THE QISPEIISEIS. ..cvvrieriieieiet ettt r e s e ae e en s enenes 90

156



VU : VU :

La Directrice de These Le Responsable de
I'Ecole Doctorale
Anne Marie Cortesero

VU pour autorisation de soutenance

Rennes, le

Le Président de I'Université de Rennes 1

Guy CATHELINEAU

VU apres soutenance pour autorisation de publicati on:

Le Président de Jury,

157



RESUME

Les composés organiques volatils (COVs) émis par les wegg@iaent un réle crucial
dans les interactions plante-insectes en contribuant a I'orjanidas réseaux trophiques. De
nombreuses études tendent a montrer que les COVs issus des paiest Etre exploités
par 'Homme pour le développement de stratégies de protection desesuttontre les
insectes ravageurs. Les COVs, émis naturellement par une pladiusés artificiellement,
peuvent notamment étre intégrés dans une méthode de type « Pushxisauit & repousser
I'herbivore de la culture d’intérét (composante « Push ») pourréatén périphérie de la
parcelle (composante « Pull »). Au cours de cette these, I'fbfattd’évaluer le role
potentiel des COVs dans la mise en place d’'une telle méthode poégeoréds cultures de
Brassicacées contre I'un de ses principaux ravageurs, la mducbhkeouDelia radicum
Plusieurs étapes ont été menées de front, au laboratoireesh ale parcelles expérimentales,
pour i) explorer le registre de stimuli olfactifs impliqués denstructuration du systeme tri-
trophique considéré, ii) étudier la mise en place de leviers coenpemtaux permettant
d’'alimenter les deux composantes de la stratégie « Push-Phlbs. expériences au
laboratoire ont révélé que les odeurs émises par differendssi@acées influencent le choix
d’'un site de ponte chez la mouche du chou expliquant ainsi les difféaemtsl’'infestation
observés en condition naturelle (article 1). Des analyses chimgueblromatographie en
phase gazeuse ont par ailleurs permis de montrer que les pEsntglsis attractives sont
caractérisées par une émission abondante de certains sesqustef@einge 2). Ainsi
I'utilisation d’'une brassicacée attractive, le chou chinois, dispeséminture d’'une parcelle
de brocoli permet de réduire l'infestation du ravageur damsaieelle cible (article 5). Nos
résultats ont également permis de montrer que la diffusion des@®@\synthese sur des
parcelles expérimentales entraine une modification des taurstatibn (article 3) a plus ou
moins longue distance des diffuseurs (article 4) et peut égalenmnun effet bénéfique sur
la présence des ennemis naturels de I'herbivore (article 3&4dididfure de diméthyle
(DMDS) diminue l'infestation tandis que le (Z)-3-acétate d’mgkgHA) 'augmente. Le
salicylate de méthyle (MeSA) permet quant a lui de limlesr pressions d’herbivorie
exercées sur la plante via des effets « bottom-up » ou «top>do®@a travail de thése
montre donc que l'utilisation d’odeurs (naturelles ou artificiedie)plantes peut permettre de
modifier la distribution d’un ravageur en plein champ. Cette étudse @nsi permis d’ouvrir
des perspectives intéressantes pour la mise en place d'utégyistrde type « Push-Pull
assisté » ou des variétés plus ou moins attractives pourraiermoénbinées a des COVs de
synthese pour repousser le ravageur de la parcelle d’intérédeafiattirer en périphérie de
celle-ci.

Mots clés :composé organique volatil, interaction plante-insecte, réseau tropkiduesh-
Pull », BrassicacéeBelia radicum

158



