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Abstract

The diamondback moth (DBMPIutella xylostella(L.) (LepidopteraPlutellidag, is the most
destructive pest of Brassicaceaerldwide andposesparticularly acute problems in tropical
areas. @emical control is impaired bynultiple-insecticide resistance in this species
Alternative methods are based on biological control by parasitsigsh asOomyzus
sokolowskii (Kurdjumov) (Hymenoptera: Eulophidaeand Cotesia vestalis (Haliday)
(Hymenoptera: Braconidae), which are conmiyaised due to thespecificity towards DBM.
To help to improve thebiocontrol of the mothin the tropics, we studietlostparasitoid
relationshipsbetweenP. xylostellaand thesetwo parasitoidaunder bothHaboratory and field
conditions in Senegal and Benin both countries, climatic conditions are favourable for the
development of DBM and rainfall does nohit populations of this pestn Senegalfour
parasitoid speciegre present on DBM larva®. sokolowskij C. vestalis, Apantelegae, and
Brachymeriacitrae. In Benin C. vestalisis largely dominantin neither of these countrigs
the moth is sufficiently controlled by natural enemi@enservation biological controhight

be combined withthe use of companion planis cabbage crops to reduce DBM populations.
Laboratory studies have shown tl@t sokolowskiis an efficientlarvalpupal parasitoidin

C. vestalis femalesdetect and recognize their hasiing cuticular lipids producedby the
caterpillar Studies of molecular markers(isozymes and ISSR have confirmed high
variability amongDBM populationsaround the worldthosefrom Australiaand Japarbeing
distinct andvery differentfrom any other populationPopulation structureseems tobe

influencedby the type otlimate(tropicalvs. non-tropical).

Keywords: Plutella xylostella Oomyzussokolowskii Cotesiavestalis hostparasitoid

interactionstropical agroecosystesyBrassicaceadyiological control.
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Introduction générale

La culture des Brassicacéestune des productions agricoles les plus importantes au
monde D’apres les données FAGAOSTAT 2013, 37 millions d’hectares on été cultivés
en 2011 avec une production annuelle globale de 152 millions de tonnes uniquement pour le
chou, le chotfleur et le colzaElles sont essentiellement produites en Asie, en Europe et en
Amérique du NordTableau 1)Les deux tiers de cette production sont localisés s, Au
ces légumes représentent parfois la principale source alimentaire des pog\latoywacz
et al. 2010)De nombreuses régions africaines et sud américaines en voie de développement
dépendent principalement de cette culture.

Cependant, la produoh de Brassicacées est sérieusement affectée par un nombre
important de ravageurs dont le principal est communément appeigne du chouw,
Plutella xylostella(Linné 1758) (Lepidoptera Plutellidae). Les chenilles de ce micro
lépidoptere sont défoliatrices et peuvent causer jusqu’'a 90% de perte ddiprno(itadekar
& Shelton 1993 Sarfraz et al. 2005)Cette espéce, originaire de la régioederranéenne
(Hardy 1938), est devenue cosmopolite et se rencontre partout ou sont présentes
Brassicacées cultivées etuvages (Shelton 2004ette espece envahissante est surtout un
probleme das les régions tropicales et s$udpicales ou la culture de chou se condtoiute
'année Les conditions climatiqueses favorables a son développement, associéedatun
potentiel reproductjfpermettent P. xylostellad’avoir plus de 20 générations par @fickers
et al 2004).

La lutte engagée contre la teigne du chou fut d’abord axée sur ['utilisation de
traitements chimiques a base d'insecticidies synthésegui, trés vite, ont montréeurs
limites en se heurtant a I'étonnante capacité de résistance des populations de cette espéce
toutes les familles de produits existants (Cheng 1988), y compris les biajgssticbase de
Bacillus thuringiensis(Berliner) (ou «Bt») (Tabashnik et al. 1990Sanchis et al. 1995).
Cette course entre les agriculteurs et le ravageur conduit a 'augmentatiomnteasss
doses de produitt’estimation du colt annuel dans I'’économie mondiale powsrlgtintre la
teigne est estimée a plus de 4 milliards de do(Basucki et al. 2012)Pour faire face a ce
probleme,il a donc été nécessaire de trouver des méthodes alternatives permeéant
contrOle le niveau ds populations dB. xylostela, tout enrespectantenvironnement et la
santé des agriculteurs

En région tempérée, la lutte intégrée (Integrated Pest Management oa Rivijé
des résultats encourageant en combinant l'utilisation de plusieurs pratiupatibles entre
elles, tellegque la rotation des cultures, leslturesintercalaire, la confusiorou le piégeage

sexuelja sélection variétale et la lutte biologique a I'aide d’antagonistes.



Introduction générale

Tableau 1: Production de Brassicacées dans le monde en 2011SFAD2013)

Production (en tonnes)

Monde Asie Europe Amérique du Nord
Chou 68840531 51859189 12267797 1154102
Choufleur et Brocoli 20876817 17000754 2355945 359253
Colza 62454482 22544274 22306360 14863410

Surfaces cultivées (en hectares)

Monde Asie Europe  Amérique du Nord
Chou 2373818 1741982 428962 34077
Choufleur et Brocoli 1209106 895725 137042 17232
Colza 33645342 14641931 8809291 7893920

Parmi ces stratégs, la lutte biologique este plus en plus utilisée etle constitue le
moyen de lutte le plus efficace a grande échelle contre les populatiofs xddostella
résistantes aux insecticides (Lim9P9. Plusieurs agents de lutte, comme Vésis, les
bactéries, leshampignonsles prédateurs des parasitoidesint été recensés contre la teigne
(Delvare 2004)maisles parasitoides sont de loin les plus utili$és plusetudiés et les plus
efficaces.

Actuellement a Afrique, la teignerestedifficilement contrélable, & I'exception de la
région du Cap en Afriqgue du sud ou l'on trouve une grande diversité de parasitoides et un
taux de parasitism@roche de 90%(Smith & Villet 2004) Dans les autres régions,
notamment en Afrique de I'Ouest, la faune parasitaire asso€ierydostellaest relativement
pauvre L’efficacité des parasitoides y est peu satisfaisante et les taux de pagasdigt
faibles(Lorh & Kfir 2004).

Parmi ces parasitoide€otesia vestaligHaliday) (Hymenoptera Braconidae) et
Oomyzus sokolowsk({Kurdjumov) (Hymenoptera Eulophidae) sont les plus couramment
rencontrés en zones tropicalemtamment en raison de leur tolérance aux températures

élevées, et aussi les plus utilisgs lutte biologiqueen raison de leur spécificité enve?s
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xylostella Pour autantcertaines de leurs introductions n’ont pas toujours été efficaces et les
échecs ne trouvent pas toujours d’explications (Cock 198%aves et al. 1993Pans la
pratique, le contrdle biologique est souvent aléatoire et les stratégiesdiitcitons sont
basées sur des criteres peu pertinedé&anmoins depuis de nombreuses années,dmux
especes sont présentas Bénin et au Sénégalvec des taux de parasitisiong varientselon

les saisonsentre 5% et plus de 80% (Bordat & Goudegnon 1993%allSy & al. 2004
Goudegon et al. 2004). Cependant ces taux de parasitisme ne permettent pas pour autant un

contrdlesuffisantde la teigne

C’est a partir de ceonstat que nous avons consttaiproblématique de notre travail.
Sans avoir la prétention de vouloir régler définitivement ce probleme, nous voulons essayer
de contribuer a améliorer le contrdle biologique de la teigne du chou en régioneropica

En effet, il s'agit dessayer de comprendre pourqueiravageuest aussi difficile a
contrdlerdars ces conditions climatiques particulieedpourquoi ses parasitoides ne sont pas
suffisamment efficace D’une maniere générale, on a tendance a faire reposer entierement le
succes comme I'échec du contrdle biologique uniquesarés caractéristiquesiologiques
du parasitoidesans se préoccuper de la part du ravadans I'interaction hétparasitoide.
Les hypotheses Iplus souvent avancées mettent en cause des phénoménes de compétition
interspécifique de maladaptation du parasitoide a son environnement ou encore l'usage
d’insecticides par les agriculteuss.ce jour, aucune réponse n’est satisfaisante et on ne s’était
pas réellement penché sur ce probleme, ce que nous avons essayé de faire ici.

Mieux comprendre le fonctionnementldeteraction hote-parasitoidgeut représenter
a terme l'une des clés de la gestion raisonnée des introductions de parasitoides en lutt
biologique classiqueou par le maintien des espéces déja établiese (lbiblogique par

conservation), et donc d’augmenteffieacité dans le contrdle du ravageur concerné

Nous avons choisi d’étudier le modéle biologiqidutella xylostella- Oomyzus
sokolowsk et Cotesia vestadi. Dans le contexte de cette relation hpseasitoidenous nas
sommes intéressés d’'une parthote et a ses deux parasitoidetsd’autre part I'influence
de I'environnement en condition tropicale sur I'interactentre ces trois especes

Dans lamesure ou ce travail traite essentiellement des relationsphddsitoie, il
nous a semblé iportantd’exposer d’abord les différentes caractéristiques qui régissent ce

type de relation.
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Les insectes parasitoides

Le « parasitoidisme (Wajnberg &Ris 2007) est un mode de vie a l'interface entre la
prédation et le parasitisme. Comme les parasiéssjnsectes parasitoiddépendent aussi
d’un hoéte (le plus souvent un autre insecte) dont ils vont tirer les ressourcesirecadear
développent(Godfray 1994). Cependant, seuls les stades-iptdginaux nécessitent un tel
mode de vie (Askew 1971). Les adultes menent en général une vie libre pendarg laguell
femelles recherchent activement leurs hétes pour y déposer leur progéndsirstabes
immatures tirent leur substande ces hotes et les tuent dissoentou indirecement a l'issue
de leur développement (Eggleton & Gaston 19B83. parasitoides représenteraient e@e
20 % des especes d'insectes décrites a ce jour, la majorité appartenant soiteadésrd
hyménoptéres (environ 50 000 especes décrites) aso#ui des diptéres (environ 1600
especes connues) (Feener & Brol@97). Des parasitoidesnt été également signalés chez
les coléoptéeres, les Iépidopteres, les trichopteres, les neuropteres eplEiptenegQuicke
1997).

Quelque @ractéristiques écologiques des parasitoides

Les parasitoides infestent principalement d’'autres insectes. Cependdaines
especes sont capables de parasiter d'autres arthropodes mais aydaiheésinthes, des
annélides, des mollusquesméme certains chordés (Feener & Bral@97). Certains de ces
hotes sonparfois euxmémes des parasitoides et on parle altdrgperparasitismelLe stade
parasité eswvariable d'une espéce a l'autree qui permetjorsqu’il s'agit de parasitoides
d’insectes, de définir glabement des parasitoides d'ceufs,larves, de nymphes, voire dans
quelques cas d’adultes. Dans certaias, ¢e parasitisme peut avoir lieu au stade d’oaafs
avec un développement du parasitoide suffisamment lent ou différé pour s’achever beaucoup
plus tardivement lorsque I'héte a atteint un stade larvaiaeagitoides owarvaires)ou le
stade nymphal parasitoides owvaymphals) Le nombre d’espéces susceptibles d’étre
infestées avec succes varie considérablement d’'une espéce a l'autexefale, certains
Tachinides sont hautememgénéralistes(ou polyphages) et peuvent parasiter plusieurs
dizaines déspéces hotes dans des familles différentes (Stiretnain2006).De nombreuses
especes sont en revandpEcialiséesur une ou quelques especes hotes seule®elon les
especes, les stades immaturesufs,larves) des parasitoides peuventdgeelopper soit a
I'intérieur, sat a I'extérieur de leurs hoteson parle respectivementafidoparasitoides ou
d’ectoparasitoidesLa possibilité de se développer ou non en présence d'un ou plusieurs

congéneres aux dépens d’un méme hoéte conduit a &adlestinction entrdes parasitoides
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solitairesou grégaires Chez certains parasitoides solitaires, les femelles ont unotidio
discriminatoire qui leupermet de différencier les hotes sains des hotes déja parasités-par elle
méme, par une autre femeltke leurespéce ou par celle d’'une autre espéicen résulte le
développement d’'une seule larve par hégehant que la premiere poediévore ou élimine

par des moyens chimiques les larves les plus jeiWamberg & Ris 200y Chez les especes
grégaies, plusieurs adultes émergeront d’'un seul.ho&a nécessite une évaluation par la
femelle de la taille de I'héte pour que les ressources qu'il représente puisstrd auf
développement complet de tous les congen@egnberg & Ris 200) L’haplo-diploidie est

le systeme qui prédomine chez la plupart des hyménoptéres parasitoides. &kbssfem
(diploides) sont issues d'ovocytes normalement fécondés tandis que les males fertiles
proviennent d’ovocytes non fécond@mrthénogenese arrhénotejet sont par conséquent
haploidesavec un patrimoine génétique uniquement d’origine maternelle. Une conséquence
de ce mode de reproduction est la possibilité, pour les femelles fécondées, der« dhoisi
proportion des sexes dans leur descendance en fécondant ou non les ceufs qu’elles pondent.
La durée relative de I'interaction entre I'h6te et le parasitoide est égalenpamtante et 'on
distingue ainsi lesespeces idiobiontequi tuent et exploitent rapidement leurs hotes, des
especes koinobiont@sii permettent a leur héte de continuer plus ou moins normalement leur
développement avant de succomber sous I'effgatasitismgAskew & Shawl986).Chez
I'adulte parasitade, la disponibilité des ceufsrie également de facon tres nette, certaines
espees disposdrde la totalité de leurs ceufsatures dés I'émergence de la femedigpgces
pro-ovogéniguestandis que d'autres produisent des nouveaux ceufs tout au long de leur vie
(espéces synvogéniquep En fait, la distinction est probablement beaucoup moins nette et il
semble exister en pratique un continuum entre ces deuggsts extrémes (Jervis et al.
2001).

Les étapes comportementales aboutissant au parasitisme

Pour qu’'un parasitoide réussisse son infestation et son développement, il es
communément admis que plusieurs étapes chronologiques doivent étre franchmsceaec
(Doutt 1959 ; Vinsori976). Elles correspondent a deux grandes parties du cycle de vie de ces
insectes. La premiére correspond a la perception, par une femelle,sdi@ de stimuli qui
vont lui permettre de réduire progressivement son aire de recherche puir @b la
découverte d'un héte et a son acceptation en tant que site de ponte (on parle alors
d’oviposition). Les étapes de cette premiere phase sont gaalifie pré@vipositionnelles et

dépendent du comportentedes femelles adultes (Vinsd®81). La seconde partie, qui
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concerne les stades immatures se développant dans I'héte, est qualifiee de post
ovipositionnelle et met en ceuvdes mécanismes liés apaysiologie de I'association entre
les deux partenaires (Vinson & lwantst®80a, b).

Etant donné que nous nous sommes intéressés a I'une des étapes qui correspond a la
reconnaissance de I'héte par le parasitoide (Cf. Chapitre Ill), aerirons uniqueent la
premiére phase (étappsa-ovipositionnells).

Les étapes préovipositionnelles

C’est au cours de ces étapes qu'une femelle parasitoide adulte partira a ldneecherc
d’hétes pour y déposame descendance. Les mécanismes impliqués dans ces @t@pes
ovipositionnelles reposent sur les caractéristiques écologiques des nichpges et les
caractéristiques comportementales des deux partenaires. Ces mécanismes vanedéerm
capacité des femelles parasitoides a découvrir et a attaquer leuss ehétent donc
conditionner I'impact parasitaire sur la dynamique des populations (gaberg & Ris

2007).

X Recherche de I'habitat de I'hote

Une femelle parasitoide adulte recemment émergée doit, dans uermemps, partir
a la recherchal’habitats potentiellement colonisés par des hétes. De nombreux travaux
démontrent le rbéle important joué par les caractéristiques visuelles, gueastt surtout
olfactives de I'habitat des hotes dans sa détection péertesles parasitoides (Vinsd®76,
1981). Certaines plantes émettent, en cas d’attgopre des phytophages, des molécules
caractéristiques, appelées synomones, qui peuvent étre utilisées par desiqesgsour
trouver de fagon précise un habitat stéepar leurs hotes (Turlings et 2990).

X Recherche de I'hote
Une fois un site potentiellement habitable trouvé, la femelle doit commencer a
rechercher un héte proprement dit a partirsteuli parfois acoustiques ousuels, mais
généralement plutét chimiques et olfactifs qui proviennent ici des hotem@&mes. Ces
signaux sont qualifiés dkairomones (Vdjnberg & Ris 200) Il s’'agit, par exemple, de
phéromones sexuelles impliquées dans la recherche et la reconnaissan@ndegspour la
reproduction. Dans ce cas, la femelle parasitoide agit comme un vérsilen en

détournant a son avantage des signaux qui ne lui spimipalement destinés (Noldd989).
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X Acceptation de I'hote

Une fois I'héte trouve, la femelle doit encore s’assurer que-cefpgut convenir au
développement de sa descendance. Autant de questions auxquelles la femelle va devoir
répondre grace encore a des signaux physiques (taille, forme, couleufinoigues
provenant de I'h6te découvefiVajnberg & Ris 200) Ces signaux peuvent étre situés a
I'extérieur de I'hote et sordercus par le parasitoide grace a de nombreux récepteurs situés sur
sesantennes qui sont richement innervé&&jnberg & Ris 200y Ils peuvent aussi se situer
a l'intérieur de I'nbte et sont détectés grace a des organes sensoriels sitigdgpssiteur
(organe de ponte) lors de son insertion dans I''f@tejnberg & Ris P0O7) De puissantes
interactions sélectives entre les deux partenaires ont probablement @oritrilau riche
diversité des stratégies adoptées par les femelles parasitoides.

Chez de nombreuses especes, les informations recueillies par les femellesigesasit
permettent également de détecter des hotes déja parasités, soit panéelées
précédemment, soit par une ou plusieurs autres femelles conspécifiques ou d'une autre
espece. La décision de pondre dans un héte déja parasité (on parle de superparasitisme)
généralement risquée pour un parasitoide solitaire puisqu’elle entraineommpétition a
I'intérieur de I'h6te (van Alphen & Visser 199@lantegenest et &2004).
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Présentationdes chapitresde la thése

Le mémoireprésentés’articule en quatrgrandschapitres Tous les résultats obtenus
sont présentés sous la forme d'articles scientifiqgreggoupés dans les trois derniers

chapitres.

Chapitre | : Présentation du modéle biologique étudié

Il s’agit d’'un chapitre introductif dans lequel est présenté un bilan des connaissamasss
sur les caractéristiques biologiques et écologiques des trois pademaglqués dans la
relation héteparasitoile étudiée ainsi que les moys mis en ceuvre pour combattee |

ravageur concerné

Chapitre 1l : Interaction entre Plutella xylostellaet Oomyzussokolowskii

Ce chapitre est consacré a linteraction eftrexylostellaet le parasitoid®. sokolowskii
Cette étude a été realisée, dans un premier temps, en plein champ au Sénégaldign d’
I'effet des facteurs environnementaux sur les populations de la teigne @t garssitoide
(article 1). Dans un second temps, les traits d’higtogte vie (article 2) ainsi que les
performances @. sokolowskii(article 3) comme éventuel agent de lutte contre la teigne, ont
été étudiés en conditions de laboratoire.

Chapitre 111 : Interaction entre Plutella xylostellaet Cotesiavestalis

Ce chapitre est consacré a l'interaction eRirexylostellaet le parasitoid€. vestalis Cette
étude a été realisée dans un premier temps en plein champ au Bénin afin d'desayer
comprendre pourquoi, malgré un fort taux de parasitisme, ce parasitoide ne costpberpa
autant les populations de la teig(erticle 4. Ensuite nous nous sommes intéressés au

systeme de reconnaissance quiGievestalisa P. xylostella en conditions de laboratoire



Introduction générale

Cette étude porte d’abord sur le mode de détection et d’'identification de I'héte par le
parasitoide en recherchant ch@zvestalisquels sont les organes impliqugsticle 5, puis
nous avons tenté de déterminer la nature exacte du stimulus permettant cetteaittamst

I'initiation de I'oviposition (article 6).

Chapitre IV : Structuration génétique dePlutella xylostella

Dans cedernier chapitre, il est question d’explorer la variabilité génétique au seinPde
xylostellaa I'aide dedeuxmarqueurs moléculairgssoenzymes et ISSR), afin de différencier
des populationgl’hétes d’origines géographiques différentes a I'échelle mondlasagit
eégalementle voir si les populations sont structurgésétiquemengt s’il existe une relation
entre les distances géographiques et les distances génétiques. Les résultdte dtude
seront présentés dans les articles 7 et 8.

A l'issue des ces quatre chapitresjvra ensuite unpartie« discussion généralet
perspectives, ou nous ferons le point sur I'apport de nos travaux tant sur le plan théorique

que sur le plan des applications.
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Chapitre |: Présentation du modéle biologique étudié

1. Le ravageur : Plutella xylostella(L.)

1.1.Systématique

La teigne du chou (ou teigne dt

Brassicacées) Plutella xylostella (Linné
1758) est unlépidoptére appartenant la
superfamille des Yponomeutoidea et a la
famille des PlutellidaePar le passé, cette

espece a été appel&utella maculipennis

(Curtis) avant d’acquérir son nom acttL

. R Individu de collecti té illette(x4
(Moriuti 1986). C’est I'espece la plus connue ndividu de collection montsur paillette(x4)

de son genre, a cause de son importance économique et aussi la seule a étatiteodffiop
1998).

1.2 Origine, répartition géographique et migration

L’espéceP. xylostellaest originaire de la région Est du bassin méditeaar{élardy
1938) ou l'on trouve aussi le plus grand nombre d’espéces de parasitoides et d'ou sont
originaires les principales Brassicacées cultivées (Tsurkdf0). Cependant une origine en
Asie mineure a été suggérée (CHa86),voire méme en Afriqgue duudl, oul’'on a recenséle
nombreuses especes de Brassicacées sauvages et un important deonpegaitoides et
d’hyperparasitides des populations deP. xylostella dont certains sont endémiquet
spécialiste de cette espece (Kfir 1998

Ce ravageuest cosmopolite et ebluine as especes les plus répandues dans le monde.
L’étendue de sa propagaii est due essentiellement@n importanteapacité de déplacement
par migration passivet a I'extension des cultures de Brassicacées daetivité humaine.
Zalucki & Furlong (2011) ontélaboré et validéin modeélebioclimatiquepour P. xylostella
qui prévoit uneistributiondebaseou elle persistetoute I'annégainsi que les régionsu elle
peut étreun ravageur saisonnidfi@. 1).

C’est en effet un grand migrateur, capable de frieiq@us de 3000 kna I'aide des
vents (Chu 1986). Ceci explique qu'on la retrouegulierenent au Canadau au nord du
Japon (Hokkaido), ou elle ne peut survivre en hiver, mais ou les vents du sud la raménent
chaqueprintemps (Honda et al. 1998n Malaisie, la présence de ravageur est due a une
introductionde variétés de choux originairde Chine, d’'Inde et’Europe (Ooi 1986). En

raison de ses grandes capacités d’'adaptation a une large gamnempierature
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(développement de 5 a 35 °C et une suavwi@e exposition temporaide - 9, -14 et- 19 °C
respectivemenpour les adultes, lesrves et les nymphegHonda 1992) P. xylostellaest
désomais présemt partout ou les Brassicacées sont susceptibles de pokfises’adapte
méme au climat subantarctique (Crafford & Chown 1987) et elle aurasi @agteindre’lle

Marion (Chown & Avenant 1992). Dans certaines régions du monde, I'absence d’ennemis
naturels susceptibles d’avoir un impact suffisant pour assurer le controle plepséations

lui permet de proliférer (Talekar & Shelton 1993). Seules les régions ou larédunpéne

dépasse pas 0 °C pendant plus de 60 jours ne sont pas infestées (Hohda 1992

1.3.Spectre de planteshotes

Plutella xylostella est une espéce spécialiste oligophage elle se développe
exclusivement sur dggantesappartenant a famille des Brassicacées. Elle est attirédgsar
compos8 soufrés appelés glucosinolai@f. Encadrél) caractéristiques de cette famille
végétaleElle vit essentiellement sur les choux et les autres Brassicacées cultivaesdmo
colza, navetgtc), mais on la trouve aussi sur les Brassicacées sauvages (bourse a pasteur,
cardamine, raveelle etc) qui peuvent servir de réservoir durant les périodes ou les cultures
ne sont pas disponibles (Muhamaa@lefi994).

Les Brassicacéesont distribuées dans de nombreuses régions du monde sous les
climats tropicaux et tempés selon les especes. Ontlesive principalemerdans leur région
d’origine en Méditerranéeainsi que dans les régions sestet centrale de I'Asie (Koch &
Kiefer 2006) Toutes ces plantes sont facilement cultivables quelquetdes différentes
conditions climatiques. Selon leariétés, les températures de culture sont comprises entre 4
et 30°C. Certaines ont un cycle de vie annuel (le brocoli), d’autrestssarinuelles (le chou)
ou pérennesArabidopsis lyratq

Anciennementnommeées Crucifereglles sont aujourd’hui divisées en 25 tribes
comprennent 3709 espéces appartenant a 338 genres (Warwick et alERE93@présentent
une importante famillele plantes dicotylédonesssentiellement herbacé&dest dans la
tribu des Brassiceaeque l'on trouve le plus grand nombre d'especes a haute valeur
economique Cesespéces sont cultivées, entre autre, pour la production de légumes sous
forme de feuilleet de fleurs (chodieur, choupommé chou de Bruxelles, brocoli, cresson,
roquette,etc) sous forme de racines (radis, navet, rutabaga), d’huiles a usage aliementair
industriel (le colza), de condiments (moutarde, raifort, wasabi), de fourrage dantdesp
ornementalegGiroflée, Ibéris, etd. Ce sont surtout les léegumes du geBrassicaqui sont

les plus consommét essentiellement I'espéBe oleraceaL.) (Tableaw?).
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Encadré | : Les glucosinolates

Les glucosinolatesont des composés organiques dont la molécule de base comprend un éléinémiud
glucose et une chaine soufrée et azotée. Ce sont des métabolites secondaired@mégentss les parties de
plante, que I'on trouve chez de nombreuses Brassicales et plus particultéotreeries Brassicacées. I
nombreux dérivés des glucosinolates sont impliqués dans la défenstamtes pontre les herbivores. C
glucosinolates sont toxiques pour la plupart des insectes. @agercertains d’entre eux, notment P.
xylostella sont capables de désactiver ces molécules grace a une glucosinolate sulfataseimsntiaplante
comestible (Ratzka et al. 2008k sont également responsable de got apre, amer ou piquant de certaing
plantes (moutarde, d&, choux...). Ces molécules sont synthétisées a partir d’acidegsarifméthionine
phénylalanine, tyrosine ou tryptophane). Les molécules activesrddgérdes glucosinolates) sont issues
I'action de la myrosinase qui, en présence d’eau, supprimeoig@ment glucose. La molécule restante
transformée en un thiocyanate, un isothiocyanate ou un nitrile qui sosidstances activeSes métabolites
secondaires initialement prévus pour dissuader les ravageuvsnt égalemerétre attractifs pourels méles e

les femelles d®. xylostella étre des stimulants de I'oviposition pour les femelles et des phagtesttsipour

les chenille{Spencer et al. 1999)s vont également partiger aux défenses indirectesass plantes puisqu'ils

ér

a

De

s de ces

de

est

sont également utilisés par les parasitoides spécialistes des plygsphféodés aux Brassicacées pour localiser

leurs hotes

Tableau 2 :Especes de Brassicacées les plus consommées

Genre Espeéce et variété Nom commun
Brassica B. oleraceavar. botrytis Choufleur

B. oleraceavar. capitata Chou cabaou pommé

B. oleraceavar.gemmifera Chou de Bruxelles

B. oleraceavar. gongyloides Chou rave

B. oleraceavar.italica Brocoli

B. oleraceavar. sabauda Chou de Milan

B. oleraceavar. sabellica Chou frisé

B. rapavar. chinensis Chou chinois

B. rapavar. oleifera Navette

B. rapavar.rapa Navet

B. napus var. napus Colza

B. alba Moutarde blanche

B. juncea Moutarde chinoise

B. nigra Moutarde noire
Raphanus R. sativus Radis

R. niger Radis noir
Armoracia A.rusticana Raifort
Nasturtium  N. officinalis Cresson de fontaine
Eruca E. sativa Roquette
Wasabia W. japonica Wasabi
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1.4. Morphologie,biologie et écologie

X Les stadegré-imaginaux

Les ceufsont jaunatres, elliptiques et mesurent environ 500 pum. lls sont pondus
isolement ou en petits groupés plus souvensur la face inférieure des feuilléSig. 2). La
fécondig est élevée, la femelle pouvagmindre entre 150 et 300 ceufs (Pichon 1989¢c
cependant'importantes variationdépendat de multiples facteurs (température, qualité de la
nourriture de la femelle pendant les stades larvaires, densité des popuddtipns

Les larvesse développ® en passant paguatrestades larvairesApres éclosion, les
larves néonateguis destade Llse dispersent. Elles sont endophylles et creusent des galeries
ou «virgules » @ns le parenchyme de la feuilEig. 2). Au stade L2 les larvessontde
couleurjaune ivoire avec une capsule céphalique noire et mesdeehta 3 mm de long
(Fig. 2). Non mineuse, elles se nourrissent de I'épidedemefeuilles formant desfenétres»
caractéristiques de I'espé@ehua & Lim 1979). D& ce stade, les chenilles saspendent a
un fil de soie au moindre dangéu stade L3€lles sontde couleur jaundrun a pilosité plus
visible. La capsule céphalique est brun clair a brun foAcéstade L4 les chenilles sord’'un
vert vif et peuvent mesure8 mm de longueur. A ce stade, on observe un dimorphisme
sexuel: une tache blanche sur le cinquiéme segment abdoréiwede la présence de gonades
visibles par transparencpour les chenilles qui donneront des ma(égy. 2) (Liu &
Tabashnik 1997).

Les nymphesdune longueur de 5 a 7 mnsont entourées d’'un cocon fusiforme et
étroit, constitué de mailles lach€Big. 2). Elles sontd’'un vert pale au début du stade

nymphal, puis brunissent progressivement a I'approche de la mue imaginale.

X L’ adulte

L’adulte est un papillon de taille inférieure a 10 mm, pour une envergure d’environl5
mm. Les dies antérieures sont étra@tallongées et finement frangées. Au repos, il conserve
les ailes plaquées contre le corps, en forme de ltaitfrange claire le longles ailes
ant@ieures forme une série de32losanges alignés dorsalemeappelant la forme d’'un
diamanf qui est d'origine de son nom angisaxonde «Diamondback motl». Ceci est plus
visible chez le male ou les couleurs soontrastéegFig. 3). C'est le ®ul dimorphisme
sexuel visible. Pour différencier les sexes de fagon certainephservation des valves

génitales est nécessaitees femelles attirent les méles a l'aideine phéromone sexuelle
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(Chow et al. 1974 Maa1986). L'acouplemen({Fig. 3)sefait dos a dos del'émergencelLa
femelle ne s’accouple qu’une seule fois et le nd@ld a 3 fois (Talekar & Shelton 1993).

Figure 2: Les différents stades pmaginauxde P. xylostella En hauta gauche

(x 2) et a droite (x 10)peufsdisposés en petits groupes ou isolés autour des
nervures sous la face inférieure de la feuille. Au centre, a gauche, des galeries
creusées par des chenilles endophylles de stade L1, et a droite, des ctienilles
stade L2 (x 7) caractérisées par une capsule céphalique atoinee chenille de

stade L4 En bas a gauche, une chenille de stade L4 (x 6) avec une tache blanche
qui révele I'emplacement des gonades (G), et a droite, une nymphe (x 6) dans son
cocon.
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Figure 3: Adultes deP. xylostella
En haut, a gauche un maleg)x
et a droite une femellgx 5).

En bas, accouplemeft 3,5)

La température optimale de développement du ravageur se situd &i@iret 25°C
(Atwal 1955), mais elle peutconsidérablement augmenter. Par exemple, des populations
tropicales peuvent effectuer leur cycle larvair@5aC (Observatiopersonnelle)A 25°C, le
cycle complet peut durer J6urs: trois jours pour I'incubation des ceufs, neydsirs pour le
développenent larvaire et quatrgours pour la nymphosdFig. 4). Cette rapidité de
développement explique sa capacité a détruire rapidement les cultures attpsdss
climats chauds, méme si le nombre d’individus est faible au départ (cas de snigremes
par le vent, par exemplelle nombre @ génératios par an varie de troiddans les pays a
climat tempéré, dlus de 20 dans les pays possédantlimat tropical Aucune période de
diapause n’a été mise en évidence cRexylostella(Harcourt & Cass 1966 Yamada &
Umeyal972).

1.5. Les moyens d lutte contre Plutella xylostella

C’est le plus important ravageur des culturesBlassicacéeslans le monde et en
particulier cans les zones tropicales et sapicales(Talekar & Shelton 1993Furlong et al.
2013) (Fig. 5 etFig. 6). L'estimation du codt annuel dans I'économie mondiale pour lutter
contre la teigne est supérieure a 4 milliards de dollars. Ceci peut représenter 8@%3@les

codts de production, loin devant les codts de fertilisation (Zalucki et al. 2012).
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Figure 4: Cycle de développement &e xylostellaa 20° C (a I'extérieur du cercle) et a 25 °C
(a I'intérieur du cercle) (Valeurs en jours, Salinas 1986) (Des3arpenter 2005).
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Figure 5: Culture de choux au Sénégal dont les feuilles sont entierement perforées
parles chenills deP. xylostella

Figure 6: Chou entierement détruypiar les chenilles de. xylostellaau Bénin.
Les feuilles sontéduitesa de la dentelle
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Dans le Su¢Est de I'Asie, des explosions démographiquesPdaylostellaont pu
provoguer jusqu'a 90% de perte de récolte (Verkerk & Wright 1996). Dans les pays
occidentaux, le seuil économique est atteint des qu’il y a une seule chenille elé4taalr
chou car les trous créés par caiesuffisent a altérer I'aspect de la plante et a la rendre
invendable (Shelton et.d1983; Maltais et al 1998). Dans certains pays ou la culture du chou
représente prés de 90% des cultures maraicheres, la lutte contre ce ravageur estnplus g
enjeu économiquec’est une condition de survie des traditions locales et cela concerne la
protection de la santé des populations humaines. Encore aujourd’hui, l'utilisation de
pesticides reste la méthode de lutte la plus répatikre que I'apparition de résances a la
plupart des ratieres actives rend la lutte pefficace. Dans certains cas, des solutions
alternatives sont concuassus la forme de pgpammes de lutte intégrée ou Integrated Pest
Management (IPM)baséssur la canbinaison de plusieurs méthodes afin de gérer les
résistances et de limiter la quantité de pesticides libérés dans I'environn@uga la lutte
chimique, @us passerons en revue les principales méthodes de lutte dites alternatives basées
sur difféerents criteres 1) la modification de la plante hoéte (sélection variétale et
transgénése) 2) la modification des pratiques culturales (rotation, piapteges, plantes
intercalaires, irrigation par aspersignB) le comportement du ravageur (phéromones

sexuelles) 4) l'utilisation d’autres organises vivants (lutte biologique).

1.5.1.La lutte chimique

L’usage d’'insecticides reste la méthdal@lus répanduddans la premiére moitié du
XX siécle, I'éventail des produits est resté limifémigants, composés minéraux (arsenic) et
végétaux (nicotine, roténone, pyréthrines) (Huckett 1934). Peu efficaces aixiaues, ils
sont supplantés a partir de 1945 learinsecticides de synthese. Les organochlorés tels que le
Dichloro-diphényltrichlore éthane (DDT) ont prouvé leur efficacité et leur utilisation s’est
alors largemet répandue (Ankersmith 1953). Rapidement suivi du lindane, des
organophosphorés, des lgamates (carbofuran et méthomyl), des pyréthrinoides
(cyperméthrine, deltaméthrine...), voire des cocktails de produits issus de pliarailies
chimiques (Sun et al. 1986)u cours des années 70, 'efficacité des formulations contenant
les toxines de labactérie Bacillus thuringiensis(Bt) (Berliner) a été démontrée et ces
biopesticides qui ont une action sélective sont devenus tres populaires.

Cependant la limite des insecticides est vite apparue en donnant naissance a des
populations résistantes aux principales familles chimiques. Dés F5%ylostella est

résistant au DDT en Indonésie (Ankersmith 1953). En 1980, on recense des résistases en
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36 produits différents dans 14 pays (Miyata et al. 1986) et envers 51 produits en 1989
(Shelton et al. 1993b) dont les formulations de biopesticides a baBe(8ged 1992). La
recherche de solutions alternatives a conduit a s’intéresser a descitasgct’origine
biologique, extraits de végétaux. Seuls les extrdits grainesde «neem» issus de
I’Azadirachta indica(Meliacea) (Goudegnon et al. 2000 Lohr & Kfir 2004) offrent la
possibilité d’'une utilisation a grand échelle, peu colteuse et agffic Néanmoins, ils
présentent des effets phytotoxiques, modifiant la couleur des feuilles de chouxifBodim
1992; Leskovar & Boales 1996). Malgré tous les produits disponibles, des agricudteurs
Hawaii ou au Japomnt étéamenés a abandonner lgaultures de Brassicacées, car la teigne
était résistante a tous les produits autorisésdagrs sanitairement acceptalldakahara et

al. 1986; Tanala 1992).

1.5.2. La lutte biologique

X Définition et généralités

La lutte biologique est définicommex«|’utilisation d’organismes vivants (appelés
auxiliaires) pour prévenir ou réduire les pertes ou dommages causés par esnaga
nuisibles» (OILB-SROP 1973). Elle est également définie comme la suppression, le contrble
ou la régulation des pomtlons de ravageurs a l'aide de prédateurs, de parasitoides, et de
pathogenes (DeBach & Rossen 199Hawkins & Cornell 1999)Parmi les moyens de
substitutionaux insecticides chimiques, la lutte biologique est la plus employée et la seule qui
soit efficace a grandechelle(Mills & Gutierrez 1999)Les opérations de lutte biologique
réussies ont apporté des résultats significatifs pour l'agriculturé&@nbmie Mills &
Gutierrez1999). Cependant des estimations concernant le controle d’arthropodgaeanti
que seulement 34% des introductions ont abouti a I'installation de I'agent de lutte biologique
et seulement 47% d’entre elles ont réduit les populations de nuisibles (Hall & Ehler 1979).
Lynch et al. (200Lont estimé a seulement 3 % le taux de sudas introductions. La lutte
biologique ne se limite pas a la régulation de populations d’insectes nuisiblespeutis
eégalement étre utilisée contresIlmauvaises herbes (Fraval & Silvy 1999) dont le contréle
connait de meilleurs taux d’installation (&Rerick & Navajas 2003). L’échec de nombreuses
introductions peut étre en partie d0 a la difficulté de prédiction des résultatgigistdes
introductions. Les critéres de recherche et de sélection des agents sonémgstiEgies.
Parmi ces criteres, gueut citer celui qui prévoit qu’'un agent de lutte biologique qui contréle
moins de 30% de la population de son hote dans la zone de provenance n’aura qu’un succes

limité, voire échouera dans la zone d’introduction (Hawkins & Cornell 1999). Les avantages
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pratiques attribués a la lutte biologique par rappda lutte chimique sont(1) les agents de

lutte biologique n'ont pas d’effets phytotoxiques et ont peu ou pas d’effets nocifs pour la
santé humaine et I'environnemen) les applications d’agents sont plus simgeke travalil

est moins pénible(3) la lutte biologique est appréciée du public ce qui constitue un avantage
pour la commercialisation des produits des cultures qui peuvent prétendre abekes |
valorisables en terme de priX4) elle peut représenter une alternative a la pérennité des

traitements

X Différentes stratégies de lutte biologique

La lutte biologique classiquevise a introduire (on dit aussi acclimater) dans la
culture a protéger ugou plusieurs) auxiliaire(s) exotique@®ur un établissement permanent
et un contréle durable des ravageusite stratégie fut la plus utilisées pendant plus d’un
siecle avec des succes notables. Le ravageur est dans la plupart deméasel@xotique et
pullule en I'absence de son cortéege d’ennemis naturels, ou pour d’autres raisogis|éeslo
(Colautti et al. 2004). Il s'agit alors d'importer un ennemi naturel sympatriqueacdf
(Eilenberg et al. 2001) etle recréer dans un nouveau contexte écologique I'équilibre
démographique existant entre I'h6te et 'auxiliaire dans leur aire d’oriBium point de vue
économique, cette stratégie par acclimatation est particulierement intéressagte pes
codts lies a son développement sont relativement limités par rapport a la duralubtérdle

du ravageur et a la faible intervention humaine nécessaire.

La lutte par lachers inoculatifs a pour objet d’établir unpopulation d’auxiliaires
suffisante pour contrbler le ravageur durant une pétiodete dans le temps. L'utilisation de
cette stratégie est particulierement répanougr les cultures sous serre puisque I'on estime
que 5 % des 300 000 ha slerres dans le mondent grées gice a la Protection Biologique
Intégrée (PBI), notamment grace a des lachers inoculatiés parasitoides ou d'autres
auxiliaires (van Lenteren 2000)Le succes deette stratégisous serre s’explique qrartie
par la large gamme d’auxiliaires (plus d'une centaine d’espéeces) disporgbles
commercialisés dans le mond€ontrairement a la lwt biologique classique, la lutte
biologique par lachers inoculatifeécessite urapprovisionnement régulier et important
d’auxiliaires. Cette étape supplémentaide production de masse souléve plusieurs
problemes. En effet, les conditiods production etle stockage doivent préserver les qualités
des individus, notammeii¢ur fécondité, leur longévité, leur capacité de dispersion, etc. Par

ailleurs, denombreux auteurs soulignent I'importance d’évaluer I'impact des élevages de
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masse awiveau génétique @n Lenteren 2003 ; Wajnberg 2004). En effet, les conditions
imposeées lors de la productioie masse sont souvent trés différentes de celles rencontrées
dans I'agrosystemeles pressions de sélection lors deplaase de production de masse
peuvent a long tene altérer les performances desiliaires initialementhoisis. De méme,

des phénoménes de dérive génétiquede consanguinité importante pourraiégalement
conduire a une réductiate la variabilité génétique avec une modification des caractédstiqu

initiales dessouches utilisées

La lutte par lachers inondatifs vise a contréler les populations de ravageurs par la
seule activitéde destruction réalisée par les auxiliaires lachés en grand nombre dans
I'agrosystemeContrairement aux deustratégies précédentes, lI'action des auxiliairedasur
population du ravagelge veut donc beaucoup plus brutale et limitée datsmes. L'effet
des descendants des individus lachés peut s’avérer également intguessgrblonger le

contréle du ravagur, mais il constitue ici rarement un objectif en soi.

La lutte biologique par conservationest de modifier I'agrosystéme ou les pratiques
culturales afin de protéger et de favoriser la présence d’ennemis nataoelg, l€acilitant
ainsi leur capacité controler les populations d'insectes nuisibles. A I'heure actuelle, cette
forme de lutte biologique est probablement la moins développée. Elle offre cependant des
solutions praques efficaces (Landis et &000). Trois tactiques non exclusives et
généralement étre mises en ceuvre dans cette stratégie. La premiére consiste a créer des abri
ou des microclimats susceptibles de favoriser I'installation et la pérennisasi@uxigaires.
La seconde stratégie consiste a mettre en place des souraagritere pour les auxiliaires
adultes. Par exemple, l'influence de différentes especes de fleurs sauvagegasasitoide
Diadegma insulargCresson)a été évaluée dans le cadre de la lutte biologique contre la
teigne Plutella xylostella (Idris & Grafius 1995).Une derniére tactique cherche a maintenir
des hétes afin de maintenir la population d’aakiéis sur la culture a protégé’'un point de
vue écologique, I'ensemble de ces pratiques a tendance a augmenter la bi@dieersi

I'agrosystéme tant aniveau des especes végétales qu’animales.

X Les différents auxiliaires utilisés en lutte biologique
La lutte biologique utilise des organismes vivants pour diminuer les niveaux de
population d'autres organismes, généralement nuisibles. Les agents de kiologique

(appelés aussi auxiliaireges plus souvent utilisés comprennent les microorganismes, les

25



Chapitre |: Présentation du modéle biologique étudié

nématodes, les prédateurs et les parasitoidesi®8). On conside que la mortalité causée

par les parasitoide est plus importanteque celle attribuée aux prédateurs et aux
microorganismes combinés. Des efforts importants sont menés en faveur de la lutte
biologique contreP. xylostella afin de ralentir I'apparition de résistances et de limiter la
quantité de pesticides libérés dans I'environnenteluisieurs agents de lutte biologique ont

été étudiés, mais peu d’entre eux sont couramment utilisés €ontystella(Fig. 7). Pres

de 135 especes de parasitoides (Talekar & Shelton ;1D@Bvare2004), 25 prédateurs, au
moins deux virus et deukacegries, ainsique septchampignons (Talekar 2004) ont été
recensés comme ennemis potentiels des différents stades de développemedntastelh.

Parmi eux, les parasitoides sont de loin les plus utilisés.

Les virus sont peu employés contke xylostellaen raison d’'un manque de virulence
(Kolodny-Hirsch & Van Beek 1997 Greval et al. 1998). Toutefois, certains granulovirus
semblent étre trés pathogénes, pouvant provoquer jusqu’a 90% de mortalité cheededelar
premier et second stad@sayama 1986).Toutes les souches d& xylostelh n'ont pas la

méme sensibilité. Des épidémies apparaissent naturellement, mais elles restent limitées

Les bactéries: la plus connue esBacillus thuringiensisBerliner (Bacillales
Bacillaceae) ouBt. Sa grande spécificité et les faibles risques qu’elle présente pour la santé
humaine en ont fait un outil révolutionnaire dans la lutte contre les ravageurs de &illéure
est utilis& sous forme de sporesntenantG H \éndotoxines protéiques « Csy Pluseurs
centaines de ces toxines sont connues, mais seules certaines classes sont gofies con
Lépidopteres (d’autres n’agissent que sur les Coléopteres ou les DipEragjaux 1995
Monnerat 199). Les variétés Kurstaki et aisawai (Eubactériales) ant utilisées pour le
contrdle des populations de chenillesRlexylostella Elles tuentles insectes en se fixant sur
la membrane des intestins et en créant des pores dans cette derniere (Gill eR)al. 199
Quoique considéré au dékie son utilisation comme une « arme abselue. xylostellaest
le premier insecte a avoir développé une résistance aux toximsedemilieu naturel, avec
des résistances croisées aux diverses classes de toxines (Tabashnik et alCd9£97).
résistance sont la conséquence d'une utilisation intensive des traitements avec les
formulations a base dB. thuringiensis.Les toxines deéBt présentent I'avantage d’étre non
toxiques visa-vis des parasitoides (Flexner et al. 1986n 1992).En Malaisie, I'utiisation
de ces toxines;ombinée a celle des parasitoidess la pierre angulaire des programmes de
lutte intégrée (Loke et al. 1992).
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Figure 7: Principaux agents de lutte biologique utilisés contre les différents
tadesdeP. xylostella(Sarfraz et al. 2005)

Les champignons entomopathogenesont difficilement utilisables car ils ne
proliferent qu'en milieu trés humide et se développent plus facilement dans les pays
tropicaux. Lesdeux champignons qui attaqueRt xylostella sont Beauveria bassiana
(Balsano) (Hyphomydes: Moniliaceae) etZoophtora radicangBrefeld) (Zygomycees:
Entomophthorales). lls attaquent les larves et parfois les nymphes (WigB6y. Cependant,
ces champignons sont peu spécialistes et peuvent aussi infecter les especedaidgsaetsi

réduire de ce fait leur efficacité (Furlong &IP1996).

Les microsporidies appartenantau genre Nosema (Microspora: Nosematidae)

peuvent infecter les larves &e xylostellaau niveau du systeme digestif et des tissus adipeux.
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Cependant, les chenilles infectgmeuvent nuire aux especes de parasitoides vivant & leur
dépensn réduisant considérablement leur efficacitédBoet al. 1994 ; Gruarin 1998

Les nématodes entomopathogénasnt peu utilisés car ils sont colteux a produire et
sensibles a la lumiére et a la sécheresse (Baur et al.;1981b et al. 1996). Au stade
infectieux, ils portent des bactéries du genXbenorhabdus (Steinernematidae) ou
Photorhabdus(Heterorhabitidae) qui iettent le ravageur en pénétrant dans I'hémocoele
(Ratnasinghe & Hague 1995). Les isolatsSieinernema carpocapsé@é/eiser) sont les plus

efficaces contre les larves Bexylostella(Baur etal. 1998).

Les prédateurs de P. xylostellapeuvent étre des Arachnides, des Insectes et des
Acariens (Alam 1992, Lim 1992). Malheureusement, ils ne sont pas spécifiqués a
xylostellaet leur taux de prédation est difficile a évaluer. D’aprés Goudegnon et al. (2804), le
fourmis Anomma nigricangllliger) (Hym. : Formicidae) peuvent étre dagents de contrdle

deP. xylostelladans les zones périurbairesBenin.

Les parasitoidesont un mode de développement et des caractéristiques écologiques
qui conduisent, au niveau individuel et dans lgpatti des cas, B mort de leur héte. Au
niveau populationnel, leurscaractéristiques contribuerégalement a la limitation des
populations hotes. Ae titre, les parasitoideg révelent intéressants pour réduire I'impast de
ravageurs de cultures.lls sont responsables de nombreux succes en lutte biologitjue
occupentans les écosystemes naturels une place impartante

Les parasitoides restent de loin le groupe d’organismes le plus étudie, lel@ésuti
le plus efficace dans la lutte contire xylostellaet souvent le moins coltelWaage &
Greathead 1986). Parmi lespéces de parasitoides recenséed suylostella on retient
principalement 6 parasites d'ceufs, 38 de chenilles et 18/mphes (Lim 1986 Monnerat
1995; Delvare 2004).Ces epéces sont présentes un pgeartout, mais individuellement
chacune possede une aire de répartition plus restreinte que celleigeda lta plus grande
diversité de parasitoides lie®axylostellase trouve dans la région méditerranéenne (Mustata
1992) mais également en Afrique dwé (Kfir 1998). Dans son aire d’originéespeceP.
xylostellaest relativement bien contr6lée par les populations locales de parasitoides (70 a
80%) (Lohr & Kfir 2009. Par contre, en zone tropicale, les successions deatjéns du
ravageur sont loin d’étre régulées par les parasitoides locaux souvent peu nomleeores

d’espéces et peu efficaces (15 a 2084 pdrasitisme) (Lohr & Kfir 2004 Pour renforceles
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populations autochtones dans de nombreuses régions du,rdesddroductions d’especes
exotiquesont étérealisées (Hardy 1938Talekar & Shelton 1993). Bien que les résultats
soient variables selon les régions, de nombreuses implantations ont réussipettiore
actuellede ces especes n'a plus rienar avec leur aire d’origine. Certains échecs observeés
lors d’introductions sont liés a l'usage continu et abusif des traitementtiditeesc(Travis &

Rick 200Q. Ceci conduit a la destruction des parasitoides qui sont plus sensibles que leur
hote. L'utilisation d’insecticides reste donc incompatible avec la lutte biologique.

Les principaux parasitoides de. xylostella appartiennent tous a l'ordre des
Hyménopteres. On trouve des parasitoides d’ceufs qui appartiennent tous aléa damil
Trichogrammatidaells ont fait I'objet d’études mais ne sont pas utilisés en lutte biologique
contreP. xylostella(Klemm et al. 1992 Pak 1992). lls contribuent faiblement au contréle
naturel et requiérent de fréquents lachers de masse (Talekar & Shelton H9%¥nte, les
espéeces qui s'attaquent aux stades larvaires sont les plus importantegluet kfficaces et
semblent donc offrir le meilleur potentiel de contréle (Lim 1986). Elles appartitimoe
familles des Braconidae, des Ichneonidae et des Eulophida®lusieursgenres sont
particulierement représente€otesiaet ApantelegBraconid&), Diadegma(lchneumonidae)
et Oomyzug Eulophidae)L’especeDiadromus collaris(lchneumonidae) est une espéce qui
parasite les nymphes &e xylostella(Tableau 3.

Tableau 3 :Principales espéces ¢imenopéres parasitoides ¢ xylostella

Stade parasité Famille Espéce Caractéristiques
Oeuf Trichogrammatidae = Trichogrammaspp. Généralistes, solitaires
Chenille Braconidae Cotesia vestaligHaliday) Spécialistesolitaire
Apantelespp. Spécialistes, solitaires
Microplitis plutellaeMusebeck Spécialiste, solitaire
Ichneumonidae Diadegmaspp. Spécialistes, solitaires
Eulophidae Oomyzus sokolowsKiKurdjumov) Spécialiste, grégaire
Nymphe Ichneumonidae Diadromus collarigGravenhorst) Spécialiste, solitaire

1.5.3.Les autres méthodes de lutte

La sélection variétale: Il existe des variétés de choux moins sensibles aux attaques
des chenilles dd°. xylostella par la production de toxines responsalies mécanisme
d’antibiose (Eigenbrode et al. 199&igenbrode & Shelton 1992) ou par des changements de
la structure des cires épicuticulaires qui diminuent I'appétence des feuildsdbDiet al.

29



Chapitre |: Présentation du modéle biologique étudié

1990; Stoner 1992 Shimabuku et al. 1997). Ces variétgsnt peu employées car les
modifications induites guvent favoriser le développematitiutres ravageurs (tels que les
altisesPhyllotretaspp (Coleoptera : Chrysomelidae) (Bodnaryk 1997) et donnent un aspect

brillant aux feuilles (glossy leaves), papprécié des consommateurs (Lim 1992).

Les plantes transgéniques La transgénése insecticide», avec intégration de géenes
codant pour la production de diverses toxines d'origine bactérienne, végétale ou
d’arthropodes venimeux, se développepties en plus (Schat et al.1998), surtout pour le
mais ou le coton. Les tests de toxicité montrent généralement une graodeitéffie ces
plantes dans la suppression de leurs ravageurs (Stewart et al. R@8@achandran et al.
1998). Cependarit existe déjades cas oudes populations dB. xylostellarésistantes aB.

thuringiensis consomment des choux transgéniques sans probleme (Tang et al. 1999).

Les phéromones sexuellede synthése d@. xylostellapeuvent étre utilisées en
pulvérisation pour désoriger les males quiecherchat les femellesdonfusion sexuelleou
en association avec des pieges englpésgé sexug¢l Cependant, les résultats sont peu
probants (Schroeder et al. 2000). Néanmoins, les pieges sexuels peuvent ésepatilisé
estimer & nombre d’individus présents sur le site afin de réaliser des traitements liersque

seuil économique est atteint ou dépassé (Reddy & Guerrerg ROEH & Kfir 2004).

L’irrigation par aspersionréduit significativement les infestations Be xylostella
de 40 & 60% en une année d’irrigation aux Bthts (McHugh & Foster 1995). Lorsque les
larves sont en présence d’'une humidité relative trés élevée (100%), le tauxalgénest de
70%. Ces résultats sont confortés par la mise en évidence de leplt@mt qu'un des
principaux facteurs de mortalité ch€z xylostella(Wakisaka et al. 1992). Cette méthode de
lutte est efficace mais colteuse et favorise I'apparition de maladies cryptogar(iglekar
& Shelton 1993).

L'utilisation de plantes piégesconsiste a introduirejans la parcelle cultivée, des
plantes présentant une plus forte attractivité a la ponte pour les femellede RassdeP.
xylostellg il s’agit d’introduire des plants de moutarde sur lesquels les femelles vonepondr
préférentellement (Charleston & Kfir 2000). Pour éliminerrivageur, il suffit de détruire
les plants de moutarde. Simple et efficace, cette méthodgileste en Inde (Srinivasan &

Moorthy 1992, Talekar & Shelton 1993) et commence a se répandre en Afrigugudu
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by

(Charleston & Kfir 1999).Cependant certains agritedirs sont réticents a utiliser cette
technique qui implique de détruire volontairement upartie des plantes cultivées

(observationgperonnelles).

La rotation culturale consiste a ne pas laissmr un cycle de culture se suivre deux
fois la méme plante ou des plantes de la méme famille sur une parcelle. En miliely ifopica
est fréquent de trouver des cultures de choux toute 'année sur une méme paraglie, c
permet a&P. xylostellade se maintenir a des densités élevees. La rotation permettrait de priver
temporairement le ravageur de sa plante héte et donc de réduire ses populatias & al
Shelton 1993). Mais cette pratique a un codt financier pour les producteurs. It iditfiicaie

d’arréter de produire du chou qui constjtdans certains calgur seule ressource.

Les cultures intercalaires(intercropping). son principe consiste a cultiver des rangs
alternés de choux et d’'une autre espéce végétale comme l'ail ou la tomate (Talekar et al.
1986), dont I'odeur inhibe l'oviposition des femelles (Srinivasan 1984). Certaines plantes de
grande taille peuvent agir comme une barriere physique limitant les déplacements d
ravageur, les contacts visuels avec ses congénéres ou encore avec sa plandehkates(
Shelton 1993). Moralkirejesus (1986) fait état de 88 plantes ayant un effet répulsi.sur
xylostella Les plantes intercaléemntre les plants de choux peuvent également servir de
refuge pour lesnsectes parasitoides (Risch 19&8heehan 1986 ette pratique’avere peu
intéressante car la plante intercalaire n’est pas d’un aussi bon r@pmoomique que le chou
et ne convient pas aux agriculteurs spécialisés dans une seule culturealbpguavoir des
problemes de compétition entre les deux plantes, ce qui nuit au rendement (Shellhdkn & Sor
1997).

1.5.4. Lalutte intégrée

Les résistances a tous les insecticides, le colt élevé de certaines pregiqnasjue
d’efficacité de certaineautres et tres souvent le manque de connaissance des populations
locales sur les pratiques a suivre, rendent la lutte céntrylostellaextrémement difficile.
Face a ces constats, I'importance d’'une stratégie intégrée pour la gestabie cieP.
xylodella est au centre des préoccupations depuis plus de 20 ans (Grzywacz et aLa2010).
lutte intégrée aborde la lutte contre les ravageurs d'une fagon économiquement et
écologiquement saine, en utilisant un ensemble varié de techniques pour réduirdestima

les populations de ravageussdes niveaux acceptables. La plupart des programmes IPM
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comportent des éléments de prévention et de prédiction qui s’efforcent de réduire, sinon
d’éliminer, le besoin en mesures de lutte a grande échelle. Parmi lesjteshutilisées dans

un programme IPM se trouvent la lutte biologiqmé prend une place fondamentales
pesticides et les méthodes culturales de lutte. Le concept de lutte intédjpdd (ategrated

Pest Managemen{Encadré lIl)est apparu dans les années 1980 etseegar cing grands
points: 1) aurveillance continue des parcelles par une présence constante sur le terrain et un
suivi des populations de ravageurs (monitoring, piégeage sexudl).gtablissement des
seuils économiques alela desquslun type bien déterminé d’intervention est préconié
utilisation conjointe de méthodes non chimiques (principalement auxiliairesuliges
(parasitoides), moyens mécaniques, plantes pieggsproscription des insecticides a large
spectre au prafde produits plus sélectif8() dont les quantités employées sont réduites afin

de faciliter I'implantation des auxiliaires utilises) information et/ou participatiores

acteurs locaux sur les programmes de lutte raisonnée.

Encadréll. IntegratedPest Management (IPM)

Dans lecode international de conduite de la distribution et de I'utilisation des pemtidesadopté par la FAQ

en novembre 2002, la définition de I'IlPM est la suivante

Integrated Pest Management (IPM)means the careful consideration of all available pest control techniques
and subsequent integration of appropriate measures that discourage tlo@rdermelof pest populations and
keep pesticides and other interventions to levels that are economicaligguatifl reduce or minimize risks to
human health and the environment. IPM emphasizes the growth of &yhealp with the least possible

disruption to agreecosystems and encourages natural pest control mechanisms.

L’application de tout ou partie de ces diverses recommandations ont donné de bons
résultats. Par exemplay Brésil,le seuil é@conomiqudixé a 6 trous sufa feuille centralea
permisde diminuer de 50% les quantités Beutilisées (Branco et al.2004. A Cuba, le
dépassement du seuil de 0,2 larves par plant préconise le lachei0@eé Bichogramma
pintoi Voegelepar hectare. Prés de 85% des fermiers cubains respectent ces conseils (Branco
et al. 2004). L’application de tels programmes est bénéfiqgue a de nombreuxnkeaffet,
en pls de la sauvegarde de la qualité des sols, de I'eau, de la santé humaine et-des agro
écosystemes, leur impact s’étend aux codts de production et de maniére comneoanixa
bénéfices. En Malaisie et en Thailande, plus de 80% des vaporisations de peasticites

réduits et les profits orété respectivemeroublés et triplés (Lim 1992Ces résultats sont
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observés également a Hawaii et ont@bdéenus en moins de sept ées a SingapoulNg et
al. 2009.
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2. Les parasitoides

2.1.0omyzus sokolowsk{Kurdjumov)
2.1.1.Systématique
L’espéce a été deécrifgar Kurdjumov en 1912t rattachée agenreTetrastichus En

1991,Graham I'a classégans le genr®omyzus

Embranchement Arthropoda Famille Eulophidae
Classe Insecta Sousfamille Tetrastichinae
Ordre Hymenoptera Genre Oomyzus
Super-famille Chalcidodea Espéece sokolowskii

2.1.2. Morphologie, biologie et écologie
L’'ceuf est de forme elliptique, transparent et mesure 0,3 x 0,06 mm. Les ceufs sont
souvent regroupés en amas de 3 a 15 unités dans la partie postéteznezie I'hbte bien
qgue la femelle n'ait made site de ponte préférenti€es ceufs se développent grace aux
éléments nutritifs de la chenille puis de la nymphe d’ou ils émergent sous daniultes.

L’incubation des ceufs dure en moyenne trois jours a 25a@ et al2013).

La larveest de forme vermiforme, arrondie aux extrémités, quasi transparente et
posseéde un tube digestif sur togte longueur. Leunombreestvariable dans la chrysalide
parasitée. Au fur et a mesure de leur développement, les pissegarvescolonisent la
totalité de la nymphe, tandis que la compétition qui s'instaure entre elles provoque une
diminution sensible de leur nombag détriment deplus petites. En fin de développement,
les larves ont vidé la chrysalide Be xylosteld. La durée d stade larvaire varie de quatre a
septjours a 25°@Saw et al2013).

La nymphosese déroule en quatétapeset dure en moyenne sgptirs a25°C.Une
prénymphe de couleur blanchprécedela nymphe caractérisée par I'apparition et la
coloration degeuxet ocelleenrouges. Bsuite la nymphe se développeisaille puis prend

une coloratiordéfinitive noire (Saw et al2013).
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L’adulte est de tres petite taille entre 1 & 2 mm. Son corps exiudeur noir brillant
avec des reflets métalliqueerts La durée de vie moyenneuti adulte est de sepburs
(Hirashimaet al. 1990).Un dimorphisme sexuel assez marqué permet de distinguer le male de
la femellea partir dda taille du corpgFig. 8) et de la morphologiges antennes
Le mélea un abdomen cylindrique, de méme diametre que le thorax. Il posséde des antennes
de grande taille pourvuede quatre articles portant sileoies nombreuses et longués
femelle présente un abdomen plus renflé et anguleux en forme de losange. Elle est
reconnaissable grace a son ovipositeur (tariere) disposé dans une gouitzesur la face
ventrale a I'extrémité de I'abdomeheurs antennes plus courtes possedent des soies plus

courtes et moins nombreuses.

Figure 8: Couple dadultesd’O. sokolowski{x 20) (femelle a gauchet méle a droite)

L’accouplement,qui a lieu dé I'émergence, stimule fortement les capacités de
parasitisme de la femell®@omyzus sokolowsléist unendoparasitoiddont la femelle pond
I'aide de son ovipositeudansles chenilles dé°. xylostella Tous les stadesont parasités
avecune nette préférence pour les chenilles L3 et L4 ou les tauxresit@nesont en
moyenne respectivement @&d% et 766 (Saw et al. 2013). Bien qu’'soit généralement
considér&comme un parasitoide larvai@di 1988 ; Talekar & Hu 1996Kfir 1997), cetiains
auteurs le décrivenaussicomme unparasitoide nymphal (Chelliah & Srinivaisd986;
Waterhouse & Norris 198//\Wakisaka et al. 1992Noyes1994).

35



Chapitre |: Présentation du modéle biologique étudié

Leslarves du parasitoide contimteen effetleur développement dans la nymphede
xylostella d’'ou émergeront les adulteka durée du cycle biologigueomplet varie en
fonction de la températuf@ableawd) ; elle est en moyenne de 15 jours a 25°C (Wang et al.
1999. Ce parasitoide commedagcoup d’hymeénoptéres, présente a la fois une reproduction

sexuée et une reproduction asexp@earthénogénese arrhénotoque.

Tableau:Durée du cycle biologique @. sokolowskia différentes
températures (Wang et 41999)

Température (°C) Durée du développementjours)
35,0 13,4+ 0,15
32,5 11,0+ 0,13
30,0 12,7+ 0,15
25,0 15,6 £ 0,18
22,5 20,9 £ 0,09
20,0 26,5+0,71

Dans le premier cal® descendance, issue d’ceufs fécondés, se compose de femelles
diploides Dans le second cds, développement embryonnaire des ceufs non fécondés donne
une descendance uniquement composée de males hapl@idemelle gravide détermine
sexe ratio de la descendancelle pond en général plusieurs ceufs fécondés, puis un pet
nombre d’ceufs non fécondés d’'ou un set® en faveur des femellebraichuen 1999).
Oomyzussokolowskiiest une espéceagrégaire plusieurs congénéeres se développauk
dépens d’un méme hjté-ig. 9). L’espéce esbioxene, son spectre d’hbte se tanita une
seule espéce, mais cet hyménoptére peut aussi agir comme un hyperparasiitiad du

parasitoide secondaire @e plutellae(Waterhouse & Norris 19871ju et al 2000Q.

2.1.3. Répartition géographique
Cette espece est répertoriée surcieg continents faisant suite a un certain nombre
d’introductions,dont la premiére fut réalisée a Hawaii en 1953 avec une popubaigpmaire
du Kenya. Sa répartition a I'’échelle mondiale, prouve sa grande capacité diaddpizd a
des conditions lagnatiques variées, qualité nécessaire pour une lutttrdiue efficace
(Gruarin 1998) Tableaus).
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Figure 9 : Plusieurs adultes @. sokolowskiemergeant d’'une nymphe de
P. xylostella

Tableau 5 Liste des paysu la présence @. sokolowskiest confirmé
(Delvare 2004 ; Talekar 2004 ; Shelton et al. 2008)

Europe: France, Suisse, Italielongrie, Roumanie, issie
Asie : Pakistan, Inde, Sri Lanka, Japon, Chine, Corée du nord
Afrique : Egypte, BéninSénégalKenya,Afrique du Sud,

Amérique du nord Canada, USA

Amérique du sud Brésil, Chili

Caraibes Martinique,Guadeloupe, Barbade, Jamaique, Républi2pminicaine

Océanie Australie, iles Fidji, Guam
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2.2.Cotesiavestalis(Haliday)
2.2.1.Systématique

Cotesia vestalis subi quelques modifications taxonomiquedscrit audébut du siecle
par Kurdjumov (1912), redécrit en détail par Wilkinson (1939), il a d’abord été nommé
Apanteles plutellaeLe genreApantelesa éclaté et a vu une i@ de ses especes reclassées
vers de nouveaux genres au sein de la-Bougle des Microgastrinae, entierement révisée
par Mason (1981)A. plutellae est devenuCotesia plutellae Fitton et Walker en 199@nt
proposéune synonyneg avecCotesia vestaligHaliday) récemment confirmée par Shaw
(2003).

Embranchement| Arthropoda Famille Braconidae
Classe Insecta Sousfamille | Microgastrinae
Ordre Hymenoptera  Genre Cotesia
Super-famille Ichneumonoide¢ Espéce vestalis

2.2.2. Morphologie, biologie et écologie
Les stades primaginaux snt décrits par Delucchi et gl1954).
L’ ceufest en forme de croissant, de couleur blanchatre et mesure 0.3 mm de long. La

femelle pond ses ceufs sans préférence @didation dans la chenillebte.

Le premier stade larvairest caractérisé par une larve a grosse téte, munie d'un
prolongement caudiforme avec une vésicule caudale. La larvesdisigmandibules qui lui
permettende lutter contre les autres larves en cas de spaeasitisme asgein de lachenille
héte (Lloyd 1940).

Au second stadda larveest vermiforme et possedae petite téte chitinisée avec des
mandibules légerement dentées. Elle vit en se nourrissant de I'hémolymphe deesen hét

évitant les organes vitaux pendant tout son développement.
La nymphosese réalise a I'extérieur de I'h6teéa larve émerge en perforane |

tégument de la cheniledte mourante eisise son cocon juste a c6té delépouilleLe cocon

long de 3 mm est de couleur blgacne avec un aspesbyeux. A lintérieur du coconal
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nymphe secoore et se ciinise progressivement, avec séparation des appendices qui

deviennent visibles, plaqués contre le corps.

L’adule énerge en découpant I'extrémité de son cocon. Il mesure entre 3 et 5 mm, son
abdomen n’est pas pétiolésatn corps est de couleur marron-noir. &ss sont transparentes
et la paire antérieure porte une tadhdong de la nervure costale. Cette espéce présente un
dimorphisme sexuel. Le male, qui est haploide, a une morphologeétdncée et des
antennes plus longues que le corps. La femelle qui est diploide, est plus massidesave
antennes plus courtesl égales a son corpSon abdomen est terminé par un ovipositeur (ou
tariere).Les adultes vivent généralement une a deux semaimesek & Wright1996).
La durée moyenne du développement complet de I'ceuf a 'émergence de I'adulte est de 13
jours a 20°C (Delucchi et al. 1954) (Fig. 10).

La vie des adultes s’organise autour des Brassicacées. La femelle détedte sar h
I'i ntermédiaire de I'odeur caractéristique émise par le chou endommageé par léssctieiil
xylostella (Bogahawatte &an Emdenl1996; Potting et al.1999) Il se constitue aingin
complexe trtrophique trés spécialis€eciest lié a la proprepécificitéalimentaire de son
héte, qui ne se nourrit que de Brassicacédsaedll s'adapter a la phytochimie particuliere de
cette famille végétaleQuantaux malesils vont, outre les phéromones sexuelles, utiliser ce
méme signal pour trouveres femelles afin de s’accoupler. Le male manifeste un
comprtement de couyui consiste en des vibrations des ailegccouplementtrés brefpeut
se réaliser dés I'émergendes adultes.La femelle commence a pondre au cours des 24
heures qui suiver{Saw etal. 2013).

Comme @& nombreux endoparasitoides, vestalisinjecte lors de l'oviposition un
polydnavirus qui permet d’éviter I'encapsulation de I'ceuf et qui est dbez cette espece
indispensable aasréussite parasitair€omme la plupart des Hyménomsrparasitoides;.
vestalisa un mode de reproduction hajliploide. La femelle a I'aptitude gmndre des ceufs
fécondés ou non. Les ceufs non fécondés (haploides) donnent des méales par parthénogénése
arrhénotoque et les ceufs fécondés (diploides) donnent des femelles. En condition
expérimentale, la femelle est capable de s’attaqueus les stades larvaires de son héte.
Cependant, elle préfére les L2 et L3 (Talekar & Yang 1,98hi et al.2002). Les L1 sont
endophylles et donc diffi@ment accessibles compte tenu de la taille réduitevpositeur

de la femelle. Les L4u contraire sont plus grosses et plus agdedonc rarement parasitées
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de P. xylostella

/

En fin de développement
larvaire, si la chenille de
stade L4n’est pas
parasitéeglle peut alors
se nymphose

Figure 10: Cycle de développement @e vestalisa 20°C (Delucchi et al. 1954).

(Lloyd 1940).Ce parasitoide préfere donc pondre dans des hétes plus petits que lui, ce qui en
fait obligatoirement un koinobionte. En effet, une fois parasitée, la chenille continue son
développement jusqu’au dernier stade larvaire d’ou sortira le parasitoideteyaimte son
développement larvaire.

Cotesia vestali®st un endoparasitoide solitaire quat&iqie a un microlépidoptére
qui ne fournit deressources nutritives que pour une seule ldrademelle ne possede pds
capacités de discriminatioli.n’y a pas de phéromone de marquage comme on I'obseeze ch
d’autres Hyménoptéres (LIoyd940). En dfet, il n'est pas rare qu'une femelle ponde

plusieurs fois dans le méme hdDansle cas de gperparasitismegquandplusieurs ceufs sont
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pondus par différentes femelles dans un méme héte, il y a compétitemetation des
parasioides surnumeérairgdlackauerl990). Généralement, c’est la premiére larve a éclore

qui détruit les autres ceufs (Vinson & Hegazi 1998).

2.2.3.Répartition géographgue

Cotesia vestaligst probablemenoriginairede la régiorMéditaranéenne comme son
hote. Sa répatrtitiorhien que plus restreinte que celle de son héte, reste relativement étendue.
L’aire géographique que l'espece occupe actuellenmEabl¢au6) n'a plus granechose a
Voir avec sa répartition naturelle. De nombreux programmes de contrBlexgiostellaont
conduit a introduire de nombreux parasitoides dans des zones qui n’en comptaient pas ou tres
peu. Dk ce fait,il est devenu l'un des parasitoidesRlexylostellale plus répandu au monde.
Tres tolérante a la chaleur (38°C), c’est une espece qui estfpréntiellement relachée
dans les zones tropicales. Introduite dans de nombreux pays depuis les années %0, elle a

s'acclimater rapidement, bien goertaines introductions seigat soldées par des échecs.

Tableau 6: Liste des pays ou larésence d€. vestalisest confirmégDelvare 2004 ;
Talekar 2004 ; Shelton et al. 2008)

Europe: Finlande, France, Autriche, Bulgarie, Serbie, Turquie, Russie,
Asie : Pakistan, Inde, Sri Lanka, Taiwan, Indonésie, Malaisie, Philippines,
Vietham,Chine, Japon,

Afrigue : Egypte, Sénégal, Bénin, Kenya, Afrique du Sud, Réunion
Amérique du Nord USA

Amérigue du Sud Brésil, Venezuela

Caraibes Martinique, Guadeloupe, Jamaique, Barbade, Ste Lucie,
Républiqgue Dominicaine

Océanie Australie, iles Hiji
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Chapitre Il: Interaction entre Plutella xylostella et le parasitoide Oomyzus sokoliowski

1. Introduction

Ce chapitre est consacré a l'interaction eRtreylostellaet ses auxiliaires naturels,
particulieremenO. sokolowskiiLes travaux correspondant ont été publiés et p@sents

ici sousla forme de trois articles

Nous avons choisel Sénégal comme site d’étudeur étudiercette interactionpour
plusieurs raisonsl) ce paygprésente des caractéristiques climatiques tropic&lge chouy
est cultivé toute I'annége3) Plutella xylostellaenest le principal ravageur sesdégats sont
importants; 4) la lutte chimiquey est pratiquée maislle s’avereinefficace; 5) a ce jour,

aucune étude approfondie wéit été réalisésurla teigne.

Afin d’identifier les facteurs environnementaux (biotiques et abiotiques) pbuva
favoriser ou inhiber le développement de la teigne, nous avons étudié les relaiiséss
entre les facteurs climatiqud3, xylostella sa plante héte et ses ennemis naturels. Cette étude

a été realisée en plein champ a Malika, dans la zone périurbaine de Dakar {article 1

Oomyzus sokolowskest I'un des parasitoidesde P. xylostella et on le rencontre
majoritairement au Sénégal (Delvare &irK 1999; SallSy et al. 2004). Pouautantce
parasitoide a étrés peu étudié. Afin de connaitre son potentiel comme éventuel agent de
lutte, nous avons étudié en conditions de laboratoire quelques traits de son histoire de vie
(article 2), ainsi que les facteurs qui yneent contribuer aconnaitre etaugmenter ses

performances parasitaires@svis de son hétefticle 3).

Dans la mesure oune partie des travaux proposés dans ce chapété aaliséeen
condition de plein champu Sénégalil nous a semblémportant d’exposer d’abordes
caractéristiqueslimatiques et agricolede @ paysde I'Afrique de 'Oueset de faire un point
sur le statut de la teigne du ch@nsuite nous avorfait une synthése degsultats obteus a

partir des tres articles puis une conclusion.
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2. Etude deterrain : le Sénégal

2.1.Présentation générale

Situé dans la zone intertropicale (ed&¢ropiquedu canceet!|’ équateur)le climaty
est detype sahélien au nord (région du fleuve Sénégal), voire-désartique de type
subtropical (humideau sud (Gambie et Casamance) et de type soudanien au centre. Il est

€galement caractérisé par I'alternanceléex saisons :

f Une saison des pluies, appelée « hivernggpii durede juin a octobreavec
un pic deprécipitatiors en aolt (250 mm)C’est la période des moussons. Les
prédpitations s’échelonnent entd®00 mm au sud et 200 mm par an au nord.

Les températures sont comprises entfe&C28 35°C.

f Une saison séche un peu plus fraicde, novembre a juin ae¢ des

températures comprises entre 17°C et 25°C.

L’agriculture sénégalaise est largement dominée par des exploitations getités
taille de type familial qui constituent la quastalité des activités agricoles villageoiskss
cultivateurs produisent des chouxessentiellementdans les Niayestoute I'année pour
répondre a la demande nationale, maissayour I'exportation dans laogs+égion
(Mauritanie, Mali, Burkina Faso, etcQette régiorfournit 80% deda production marahere
nationale.La régiondes NiayegFig. 11) couvre une bande dunaire littoratéyune longueur
de 180km et d’'une largeur d’environ 30 km, s’étendantiaéanlieue déakarjusqu’a celle
de SaintLouis, au Nord. Appelées aussi ‘fumons maraichers du Sénegal’, les Niayes
bénéficient de conditions hydriques (nappes phréatiques nombreuses @étislipsr et
pédoclimatiques (températures fraiches, faible amplitude thermique, dudépressions
exceptionndés, propices aux cultes maraicheres

Le chouestun produit de grande consommation au Sénégal puisg’partie du plat

national etil est consommé quotidienneme@’est une culture importante parce que son

cycle estrelativement court @90 jours apres repiquage)a lpossibilité de le cultiver toute
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'année, tant en saison seche gu’en hivernage, pelenftancer d’autres activités et d’autres
cultures En 2011, le Sénégal a produit 800 tonnes de choux sur une superficie del2
hectares (FAGTAT 2013. Ce paysest lesecond pays productede choude I'Afrique de

I'ouest, apres le Niger.

Figure 11: Les différents espaces agricoles du Sénégal. La région des Nial@®d en
mauve) esune zone geéographique du Nabdiest du Sénégajui s’étendde Dakar jusqu’a
SaintLouis. Elle représente la zone desltures horticoleta plus importante.

2.2.Statut de Plutella xylostellaau Sénégal

Bien que les tendances de consommatierchousoient a la haussée potentiel de
production est fortemeriteiné par I'impact négatifdes ravageurs swette cultureD’aprés
'ISRA (Institut Seénégalais de Recherches Agricoléx)xylostellaest le principal ravageur.
Il provoque d’'important dégats puisque les cultivateurs peuvent perdre jusqu’a 80% de leur

production.
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Face a ce probleme, les agriculteuiBsent beaucoup de pesticidesaispeu formés
ilIs ne connaissent pas la réelle action des pesticides utilisés, ni leur modeatiartilise qui
se traduit par une utilisation abusive et/ou mal adagg8eproduitphytosanitairesDe telles
pratiques ont pour conséquences d’affeleteranté des agriculteurs et des comsateurs, de
contaminer l'environnement et les nappes phréatiquésduire des phénomenes de

résistancehez les populations de ladgee tout en éliminant ses ennemis naturels.

Au Sénégal, les méthodes alternatives a la lutte chimique sont tres peu pés®lop
Cependant,ds produits a base dB. thuringiensis(Bt) et d’insecticides naturelslont les
extraits de grainesde « Neem» (Azadirachta indicg peuvent constitueune alternative
efficace et plus respectueuse I'environnement Grzywacz et al.2010). Bien que ces
produits constituent des palliatifs aux pesticides chimiques, I'optimisation dagplication
et la prise en compte du cortege parasitair® deylostellasont souvent négligéeka lutte
biologique estde ce fait,trés peu voirepas employéel’insuffisance de données sla
biologie et I'écologie de laeigne du chowet de ses ennemis naturetkans les conditions

tropicales que représente le Sénégal a aussiié cette étude

2.3.Site d’expérimentation

L’étude a étéealiséedans la zone périurbaine de Daldans les Niayesur le site de
Malika (latitude: 14°47'38 N et longitude: 17°20'20)WFig. 12 et Fig.13). Cette localité
bénéficie d'unclimat tropica de type cotier a deux saisomfluencépar les alizésnaritimes
et la mousson. Les précipitations y sont peu abondantes et dépassent rarement 508rmm par
Les températures moyennes varient ent®C28 30°C selon la saisoh'expérimentation a
éte réaliségpendant deux ansur la parcelle d'un agricultequi cultive du chouBRrassica
oleraceal. var. capitatg cultivar «<Marché de Copenhagw toute I'année, sans utiliser
d’insecticide.
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O

Figure 12: Localisationdu ste de Malika dans la zone
périurbaine de Dakar

Figure 13: Parcellede choux sur le & de Malika, dans laone pénurbaine de Dakar
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3. Synthésedes résultats

Parmi les facteurs climatiques étudiés, la saisonnalité influence particulierement la
dynamique des populations de la teigne. En effet, I'abondancé.deylostella est
significativement plus importante pendant la saison séche quand les précipitatiopgls
importanteset les températures plus basses, comprises entre 18°C el.2S°@récipitations
n'ont pas été un facteur de régulation du ravageutraioement aux températures élevéees
durant la saison chaude et humide (hivernage) plante héteinfluence également la
dynamique ded teigne. L’abondance des chenillest plus importanten début de culture
guand les choux sont jeunes.

Quatre especes d’hyménoptéres ont été identifiées comme parasitoides de
xylostella 1l s’agit d’Oomyzus sokolowskiApanteleslitae Nixon (Braconidae),Cotesia
vestaliset Brachymeria citraeNegwood (Chalcididag Apanteles litas’est evélée I'espee
la plus abondaeten saison sechpar contreO. sokobwskii a été I'espece rencontrée le plus
régulierement pendant toute la durée de notre étude. Le taux de parasitmadolé a été
de l'ordre de 10% et aucun controle de la teigne n'a été observé durant toute la période
d’étude.

La duréetotale du développemedtO. sokolowskjientre I'oviposition et I'émergence
de I'adulte, est relativement rapide (15 jours a 25aU&c troisjours pour l'incubation des
ceufs, quatre jours pole développement larvaire et huit jours pour la nymphose.

Cette espéece présente un dimorphisme sexuel basé sur la taille du corps et la longueur
des tibias des adultes. La femelle est plus grosse et ses tibias sonighigide ceux du
male. C’est une espeésynovogéniquepuisque la femelle produit des ceufs tout au long de sa
vie. Son mode de reproduction est basé sur un systéme-diploile avec une
parthénogénese arrhénotoque.

La sexratio de la descendanast en faveur des femelles avec en moyemie
femelles pour deurales. La femelle peut parasiter tous les stades larvaires (L2 a L4) et le
stade prénymphal, avec une nette préférence pour le stade L4. Le taux de parasitisme est
quatre fois plus élevé quara femelle a été accouplée

Une femelleisolée peut parasiter 14% de chenilles L4 et engendrer une descendance
tres faible. En présence de congéneéres, ce taux augmente sigeifigatt puisqu’ellgeut
parasiter jusqu'a 78 % des chenilles L4 mises a sa disposition et saddeseepeut étre

multipliée par cingLa population du Sénégal a des nymphes significativement plus grosses
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gue celles de la population de Martinique qui nous a servi de référence. Les febaelles
sokolowskidu Sénégal parasitent d’avantage les chenilles L4 martiniquaises quala@éerég
(81% et 66%, respectivementle taux de parasitisme varie en fonction de I'age de la femelle
parasitoide. Dés les premiers jours de sa vie, le taux peut atteindre 82% puisedasmpi’a
31% au bout de 28 jours.

4. Conclusion

Les facteurs climatiquesn conditions tropicalesnt une influence sur la dynamique
des wpulations de la teigne du chou, en effet la saison séche esfaptrable a son
développement et les précipitations ne sont pas un facteur de régulation.

Malgré la présence de quatre especes d’hyménoptéres parasitoides, le taux de
parasitisme est faible et le contrdle du ravageur reste insuffisa

O. sokdowskii présente une durége développement rapide (18ujs) et parasite
préférentiellement les chenilles de stades L4. Ses performances paragsépegadent du
nombre de congénéreate 'origine de |hote et de I'age de la femek le taux de parasitisme
obtenu en conditions de laboratoire peut atteindre 80%.

Pour conclureO. sokolowskiiest un parasitoide de. xylostellaqui présente des
performances parasitairésvidentes en conditions de laboratpice qui n'est pas le cas en
conditions de terrain. Malgré la présence des trois autres especes, le tatasdisme reste

faible et la teigne n’est pas controlée.
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ABSTRACT

The impact of abiotic and biotic factors (rainfall, temperature, host plant and natural enemies) on population
dynamics of thélutella xylostellal. diamondback moth was investigated. The experiments were conducted
during the rainy and dry seasons for two years (June 2009-April 2011) on unsprayed cabbage plots in Malika
(Senegal). Every 10 days, 10 cabbages were randomly seleketiila xylostelldarvae, pupae and parasitoid
cocoons were recorded on each plant. Before each sampling, the diameters and ages of plants were recorded.
Temperature and rainfall were also recorded during this study. Larvae and pBpagstellawere higher for

the dry season than the rainy season. There was a negative correlation between tempeRatyydoatedla
populations, and a strong relationship betwPenylostella populations and the age of cabbages. Females
oviposited on young cabbages where the presence of young larvae was important, whereas older immature
stages were mainly found in older cabbage plants. Parasitoid populations were higher for the dry season than
the rainy season. High temperatures did not increase the pest populations and parasitism rate. There was no
effect found on pest, plants and natural enemies due to rainfall. There was a positive correlation between
pest populations and parasitism. Four Hymenoptera species were@mmyzus sokolowskipanteles litag

Cotesia plutellaeandBrachymeria citrae EXW W K H\HZ HFRIYHRD W R/Q BV xylBstell&pepHlations.

These results are important for understanding the factors that promote or inhibit pest populations and their
natural enemies, and therefore essential for effective crop protection.

Key words: biological control, parasitoid, plant phenold®jytella xylostellarainfall, temperature

INTRODUCTION is oligophagous and considered to be the most
Cabbage,Brassica oleraceal., is an important important pest for the Brassicaceae family (Talekar
vegetable crop playing a key role in the economya”d_ Shglton 1993, Sarfraz et 'aI. 2006)- The
of many countries, particularly in Asia and Africa Proliferation of larvae pest populations is favoured

(Grzywacz et al. 2010). The diamondback mothby the short duration of the life cycle, with up to
Plutella xylostellaL. (Lepidoptera: Plutellidae) 20 generations per year under tropical conditions

*Corresponding author.
Tel.: +221 774 50 27 54; fax: +221 338 24 63 18;
e-mail: karamoko.diarra@ucad.edu.sn (K. Diarra).
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(Vickers et al. 2004) and a high reproductive HQ G HPREIDWXUDO HQHPLHV DQG FO

potential of the females (Justus et 2000). The (Regnault-Roger 2005). Temperature and humidity
damage caused by this pest has been estimatagle among the most important climatic factors
globally to cost US$ 1 billion in direct losses and affecting the biology of the diamondback moth (Guo
control costs (Grzywacz et al. 2010). The use ofand Qin 2010). According to Ansari et al. (2010),
synthetic insecticides is the main control strategythe development oP. xylostelladepends on the
(Kibata 1996). This pest has developed resistanchost plants and temperature. The development rate
against all major groups of pesticides, includingin relation to temperature plays an essential role in
Bacillus thuringiensibacterial based bio-pesticides pest management, especially in helping to predict
(Tabashnik et al. 1990, Zhou et al. 2011). the timing of the development of pests and natural
Several studies (Shelton et al. 1993, Hill andHQHPLHYV LQ ¢ HOG FRQGLWLRQV
Foster 2000, Liu et al. 2000) have shown that The biology and ecology of the pest population
the use of insecticides is not a sustainable pesind its relationship with the host plant and natural
management option for farmers, as it is fraughtenemies must also be studied (Campos et al. 2003).
with problems such as the improper handling ofBrassica IPM depends on a good understanding
pesticides, increased cost of pesticides, reducegf factors affecting P. xylostella population
FROQWURIDRAG FRQWDPLQDWLR@nEnhic¥) I fthid Brbli§, kHa dmpact of abiotic and
environment (Dobson et al. 2002). A possiblepjotic factors (rainfall, temperature, host plant and
alternative to pesticides in the development of amatural enemies) on the population dynamics of

integrated management strategy agansylostella  p_ yylostellawas investigated on cabbage plants in
is biological conservation control using endemic wkH ; HO G

parasitoids (Sarfraz et al. 2005). Parasitoids are

particularly susceptible to chemical insecticidespJATERIAL AND METHODS

and understanding their role in the ecosystem is _

important for the implementation of an integrated StUdy site

pest management strategy (Shepard et al. 1999). The study was conducted in Malika, a district in

More than 90 insect parasitoids have beerthe Niayes of Dakar, Senegal (N: 14°47°'552, W:

recorded, but less than 10 have bio-control potential 7°19'818 and 189 m above sea level). The area is

for P. xylostella (Noyes 1994). Among these characterised by a long dry season from November

natural enemies,Cotesia plutellae Kurdjumov  to June with a temperature range of 15-20°C and

(Hymenoptera: Braconidae) is the most abundané short rainy season from July to October, with

larval parasitoid ofP. xylostellain South Africa  temperatures ranging between 25 to 35°C (Pereira
.U ORVLDQH HWInDEhiopia, 1963). The yearly precipitations do not exceed

Oomyzus sokolowskKurdjumov (Hymenoptera: 500 mm between August and September. The

Eulophidae), Diadegma sp. (Hymenoptera: experiments were conducted during the rainy and

Ichneumonidae)and Cotesia plutellaeare the dry seasons for two years from June 2009 to April

most important ones, accounting for more than2011.

90% of the parasitoid complex (Ayalew et al.

2004). However, total parasitism & xylostella
UDUHO\ H[FHHGV LQU(DVW TdelbestmantsBrassica oleracea. var. capitata

$FFRUGLQJ WR,UIKU DQ®&H G L Yd9pewhagen Market' were grown in a small farmers’

Cabbage crops

5R

of the parasitoid fauna associated vittxylostella ¢H®& G QR LQVHFWLFLGH ZDV XVH(

in West Africa is relatively poor. Most common seedlings were transplanted to seven replicate
wereC. plutellaeandO. sokolowskiin Benin and  plots. Plot size was six rows of 5 m length, each
Senegal (Goudegnon et al. 2004, Sall-Sy et alwith a spacing of 40 cm between plants and 60 cm
2004), whileApanteles litaeNixon (Hymenoptera: between rows. Spacing between plots was 1 m. In
Braconidae) was predominant in Ivory Coast (Léhrorder to protect the plants from nematodes, Furadan
DQG .¢U at 500 g was applied in the soil prior to planting.
The agro-ecological concept, which integratesPoultry manure at 50 kg was applied 10 days later
agriculture into the natural ecosystem, has beemith intensive irrigation. Additional fertilizers NPK
found wuseful for population management of (10:10:20) at 5 kg and poultry manure at 75 kg
P. xylostella (Vandermeer 1995). Population were applied 15 days after planting. The crops were
management of pests integrates cultivated plantsyatered daily using sprinkler irrigation.
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Sampling methods analysed using one-way ANOVA (XLSTAT).

The samplings started 10 days after transplantind/€ans were separated using the Student Newman
and were performed every 10 days on unspraye euls test. Correlation analyses were performed
cabbage plots. Samples were collected randomI§P determine relationships between the abundance

by selecting 10 cabbages in the central rows of’f P. xylostella and rainfall, infestation_ levels
each plot. Each plant selected was examineé‘n_d temperature, plant age and infestation levels,

and numbers of. xylostellalarvae (second to rainfall and parasitoid populations, temperature

fourth instar), pupae and parasitoid cocoons Werg‘nOI parasitoid populations, plant age and parasitoid

recorded and left to develop in order to determineDOpmat'onS’ and abundance Bf xylostella and

asitoid populations using XLSTAT version
ZSOCE))S;J ?.r\]/e LeVg;/gI;\;rI? d gﬂi?gﬁl\/méﬁe th 12.1.01. In all statistical analyses, p = 0.05 was
| : eFRQVLGHUHG VLIQL{FDQW
eaves were not considered. The samples were
taken to the laboratory where they were maintaine
at 25°C, 60% relative humidity and 12 h Iight/(il:zESULTS
dark photoperiod. Emerging parasitoids wereRelationships between.Rylostella populations
LGHQWA\¢(WKH WD[RQRP\ /DERUBW HDati¢ (act®s & LUD G
Montpellier, France), and their incidence recorded.Effects of season

The diameters and ages of cabbage plantg»he population density of the pest varied

collected during each sample were noted. The ,
. . . VLJIQL ¢, EHQWZ GIH WKH GU\ DQG UD
temperature of the air was recorded with the aid OEF _ 1(1? 17° p = 0.002 TabQ 1). The abundance %f

an automatic tape recorder, “Tinytag”, progremmedp_ xylostellawas higher in the dry season than in
via the software Tinytag Explorer 4.1 (Tinytag the rainy season. Infestation levels by larvae and

Explorer 2005). Parameters were recorded all, a0 were high at the middle of the dry season

10 min and permitted to have a daily mean of YHE U X D U\ ASGRUN. XIDRW. DH H Q DQG
temperature. Rainfall was also recorded daily using;n/ae and pupae per plant. The immature stages of

a rain gauge. The effects of these factors on thg yyjostellawere low in the rainy season (1 to 200
populat!on dynamics d?. xylostellaand parasitoid  |5ry3e and pupae per plant) and the beginning of the
populations were assessed. dry season (16 to 120 larvae and pupae per plant)

Statistical analysis (Fig. 1).
The data were normalised by logarithmic Effects of rainfall and temperature

transformation before being subjected to an1RVLIQL /FRWWHODWLRQ ZDV IRXQ!
analysis of variance (ANOVA). The abundanc®of rainfall and infestation levels of. xylostella
xylostellalarvae and pupae, parasitoid populations, y + S 7 KWWK LZ:DAD @W
temperature and rainfall among the seasons wergifference between rainfall during the rainy and

, _ dry seasons (F = 13.75, p = 0.001, Tab. 1). Rainfall
Table 1. Overall relationship between the abundance ofWaS higher during the rainy season than the dry
Plutella xylostellalarvae and pupae, parasitism, adults VHDVRQ )LJ V7 IKHQUHE RGO D W L R

of parasitoid species, temperature and rainfall from Jun .
2009 to April 2011 Between temperature aid xylostellapopulations

u = S 7KHWVHIBRD Y HD@WR
Season difference between temperatures during the rainy
Parameter dry rainy and dry seasons (F = 65.37, p = 0.0001, Tab. 1).

P. xylostellalarvae/pupae  474.0+ 71.4a* 29.1+92b Temperatures were higher (30 to 42_°C) during the
rainy season than the dry season (Fig. 2).

Parasitism (%) 55+16a 04+0.1b

Oomyzus sokolowskii 7.7+15a 09+03b Relationship between Rylostella populations
Apanteles litae 103+23a 06+02b  and the age of the cabbage

Cotesia plutellae 39+21a 1.1+07a  There was a negative correlation between the young
Brachymeria citrae 0.0a 0.1+0.1a larval stages oP. xylostellawith the cabbage age
Mean temperature (°C) 238+15b 29.7+26a (r=-0.340, p=0.038). These young stages (L2 and
Total rainfall (mm) 0.0b 498.0+0.0a L3) decreased when the age of the cabbage was 50

9DOXHV PDUNHG ZLWK WKHWDRH FDPwe s i BR §Nci83sen- On the other hand,
atp=0.05 the number of old stage (L4 and pupae) increased
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Figure 1. Abundance oP. xylostella ODUYDH DQG SXSDH RQHXGS UQIHWGEKHDEBEDQH DQG G
from June 2009 to April 2011
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Figure 2. Total rainfall and mean temperature recorded at Malika (Senegal) during the rainy and dry seasons from June

2009 to April 2011
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Figure 3. Relationship between the abundance of immature stagesylbstellaand the age of the cabbage in the dry
season. Arrow indicates the beginning of hearting (cabbage maturation)
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Figure 4. Relationship between the relative abundance of immature staBesytdstellaand the age of the cabbage
in the dry season. Arrow indicates the beginning of hearting (cabbage maturation)

with the age of the cabbage (r = 0.44, p = 0.007}he parasitoid complex (Fig. 5). It was the only

LIV DQG 7YX HUQL ZBNWQDNM O QrégarRee parasitoid recorded during this study.
between the diameter of the cabbage plants and peshe population densitpf O. sokolowskiivaried
populations (r = 0.39, p = 0.018). The diameter of yy L JQ L ; EHQWZBIHQ WKH GU\ DQG UD

cabbage plants increased with plant age. (F = 14.49, p = 0.001, Tab. 1jpanteles litae
Relationships between natural enemies and Dixon (Braconidae), a larval parasitoid, was most
climatic factors predominant in the dry season (F = 7.55, p = 0.009,
Effects of season Tab. 1) Cotesia plutellad&urdjumov (Braconidae),

3DUDVLWRLG SRSXDLWY ER QW E @wl parasitoid, was also recorded throughout
depending on the seasons (F = 29.81, p = 0.0001Y. year, but its activity was sporadic (Fig. 5). There

7KH DYHUDJH S DV DYQ W By amaicHc @R QL SRPIWHQFH EHWZHHQ Wi

seasons. It was high in the dry season, and very loff” = 1.71, p = 0.19, Tab. 1). Only two specimens
in the rainy season (Tab. 1). of Brachymeria citraeWestwood (Chalcididae),
Four indigenous parasitic Hymenoptera wered pupal paraSitOid, were recorded and there were
found in the pest populations (Fig. ®omyzus QR LIQLGSGRDIIWHQFHYV EHWZHHQ WKH
sokolowskii Kurdjumov (Eulophidae), a larval- 0.23, p = 0.06, Tab. 1). Hyperparasitoids were not
pupal, was active throughout the year and dominatececorded.

O Oomyzus sokolowskii
O Apanteles litae

m Cotesia plutellae

B Brachymeria citrea
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Figure 5. Abundance of parasitoids associated Witlylostella RQ XQVSUD\YBEBRWEHERIJHWKH UDLQ\ D(
seasons from June 2009 to April 2011
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Effects of rainfall and temperature between cabbage age anasokolowski(r =—0.44,

1R VLFQDRW FRUUHODWLRQ zDV IRXQGLEHWARSRUUWMODWLRQ -
rainfall and parasitoid populations (r = —-0.27, pfou_nd betweeil the age of the ca b_age/&ridae_

= 0.1) (Fig. 2). There was a negative correlation(’ ==0-23, p = 0'16_)C' pIuteIIae_(r =-0.32,p =

between temperature and parasitoid population9-056) orB. citrae (r = -0.041, p = 0.8).

(r = —0.34, p = 0.04). There was also a negativeRelationships between.Rylostella populations
correlation between temperature afudiitae (r =  and natural enemies

~0.35, p = 0.032). There was a positive correlationryq ¢ rrelation between passpulations and total

between temperature afil citrae (r = 0.36, p = hapasitism was %(l)sitive (r = 0.36, p = 0.003)(Figs

*RZHYHU (RIRQ WL FRIU U H O?aWd"?'i GPher% Xs a positive correlation between
found between temperature ad@ sokolowskii  p " yinstella populations and. sokolowskii(r =

(r=-0.29, p = 0.08). There was also no correlatiorb_38’ p = 0.02)A. litae (r = 0.98, p = 0.0001) and

between temperature ai@ plutellae(r = —0.13, p C. plutellae U S VLIGR .FDQW
=0.4). correlation was found betweef®. xylostella
Relationships between natural enemies populations and. citrea (r = 0.08, p = 0.6).

and the age of the cabbage

The correlation between the age of the cabbagQISCUSSION
DQG WRWDO S\DLUDV i \E&BEXBEY D V The relationships betweéhxylostellgpopulations,
0.0004%, Fig. 6). There was a negative correlatiorclimatic factors, cabbage phenology and the natural

a1 il o1l

Ce (8§ &E SCE& ve%o VvS]VP

Figure 6. Relationship between. xylostellaparasitism and the age of the cabbage in the dry season. Arrow indicates
the beginning of hearting (cabbage maturation)

m Cotesia plutellae
OApanteles litae

O0Oomyzus sokolowskii

Abundance of parasitoids

50

20 30 40

Days after transplanting

60 70 80

Figure 7. Relationship between the abundance of natural enemies and the age of the cabbage in the dry season. Arrow
indicates the beginning of hearting (cabbage maturation)
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enemy fauna were examined. The importancepopulations (Elliott et al. 2002), and the parasitoid
of climatic factors in the population dynamics of complexes develop more in relation to plant
this pesthas been emphasised by several authorsuccession (Price 1973). Temperature can have
(Cohen 1982, Vickers et al. 2004). Tiexylostella  considerable effects on host susceptibility and/
population was low in the rainy season. It isor parasite virulence with parasitoids (Matthew
possible that rainfall may cause the mortality ofand Blanford 2003). Our study showed that the
immature stages d?. xylostellg but it is unlikely  temperatures in the dry season (20 to 25°C) were
to be a major factor in the reduction of the pesta favourable range for the development, survival,
populations during this period. The detrimentaland reproduction of parasitoids particularly @r
effect of rainfall and high temperature on pestsokolowskii{Wang et al. 1999).

populations has been reported by several authors However, the impact of parasitoids Bnxylo-
(Wakisaka et al. 1992, Lui et al. 2000, Shiraistella populations was low. Parasitoid populations
2000, Waladde et al. 2001). In the present studyvere not able to control this pest. Shepard et al.
ZH REVHUYHG WKDW QMBH QNRHHGS I ddddXtkiall in Southeast Asia, indigenous
dynamics of theéP. xylostellapopulation. The pest parasitoids of cabbage moth were not able to regulate
population increased when the temperature fellpopulations of this pest. Many agro-ecosystems are
In the rainy season, the mean temperature Wagnfavourable environments for natural enemies due
29.7°C, in the transient season it was 26.8°C angb high levels of disturbance (Landis et al. 2000).
LQ WKH GU\ VHDVRQ LW ERPY¢ UP fiqesd kddlts! ral? WeDdue to the particular
Atwal (1955), where the optimal temperatureRor  |ocation of the cabbage plots, but the importance
xylostelladevelopment was 17 to 25°C. However, of the selection pressures present in each agro-
several authors have reported that xylostella  ecosystem and the effects of natural selection
is a more important pest in tropical areas than i the totality of viable species and the change
a temperate climate. This pest has a high number Gf their behaviour during successive generations
generations per year in tropical areas; 20 in Taiwahould be recognised. For examp®, plutellae

and 28 in Malaysia (Miyata et al. 1986, Talekar an?opulations controP. xylostellalarval populations
Shelton 1993). In Senegal (semi-urban Dakar areajp soyth Africa (Smith and Villet 2002) and in some
P. xylostellalarvae damage is most important in |gcalities in Benin (Goudegnon et al. 2000), have
the dry season, probably due to many consecutiviecreased a few larval populations in Martinique

cabbage crops growing in this area for a long perioggjang (Smeralda 2000) and have had no incidence
of time. In the rainy season, vegetable farmers d¢, pakar Niayes.

not grow cabbages continuously. Generally, the immediate environment of

$ VLIQLJIADADWLRQVKLS ZDV g Ry EVIE I & SR RIW W.IVD BRRUER Q H ¢,
the immature stages &. xylostellaand the age not) on the population of pests than on natural
of the cabbage. The number of young larval stageénemy populations (Burel et al. 2000). Further
decreased on aged plants, whereas pupal Stageg,jies in other environmental conditions in the

increase considerably. According to Nofemela ; L 5600 EH ER B @ PMRHG AW RRQ F H
DQ&x U WKH SUHSRQGHUD fﬁézééle&ié)n bfé%%&e?s"b xylostellapopulations

individuals is an indication of a growing population, and their natural enemies in a cabbage crop agro-

yvheregsd_thet_ hlghflnugenlge_ of olderl 'tnd'v'ql_uh"’.llssystem. Despite four species of natural enemies,
'S an indication ot a ceclining poputation. ThiS y,o 4, parasitism rates found dh xylostella

phenomenon is probably ‘also due to the IOWimmature stages cannot control pest populations

attraction of old cqbbages to ovipositing femalesand may necessitate additional control measures.

because the glucosinolates produced by the cabbage

decrease in concentration during tissue maturatio

(Hopkins et al. 1998, Spencer et al. 1999), an ONCLUSIONS

the effect of declining resource quality (Camposl. The present study showed that climatic factors

et al. 2006). According to Campos et al. (2003), LQAXH Q\FKHHG G\ Q D PR. FylosRlla

plant ageing increased pre-imaginal mortality and populations and their natural enemies. The

reduced the larval development rate and fecundity. density of pests increased when the temperature
Relationships were found betweBn xylostella was low. Females oP. xylostella oviposit on

and parasitoid populations. Generally, the abundance relatively young cabbages where the presence

of natural enemy populations increases with host of young larvae was important, whereas older
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immature stages were mainly found in older
cabbages.

2. Farmers can avoid chemical treatments 40 day5°

after planting; the cabbages were not attractive to
female pests. The limitation of these treatments

scale brassicas and tomatoes. Natural Resources
Institute (NRI), Kent, UK: 179.

7T N.C., KeckHErer R.W., McHeLs G.J., GLEs

K.L., BUHGDWRU DEXQGBQEN LQ
LQ UHODWLRQLWRLEBHEBOWDWLRQ D
landscape matrix. Environ. Entomol. 31(2): 253-260.

promotes the survival of parasitoid fauna, GoupecNoNA.E., Kirk A.A., ARvANITAKIS L., BorbpaT D.,

despite its low observed incidence.

3. For treatments against larval populations,
farmers should use bacterial insecticides, such
as Bacillus thuringiensigBt) to control them.
These products have no effect on natural
enemies.

2004. Status of the diamondback moth @udesia
plutellag its main parasitoid, in the Cotonou and
Porto Novo periurban areas of Benin. In: Improving
biocontrol of Plutella xylostella A.A. Kirk and D.
Bordat (eds), Proc. Intl. Symp., 21-24 October 2002,
Montpellier, France: 172-178.
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Life history traits o©Domyzus sokolowsKiurdjumov (Hymenoptera: Eulophidae), a
parasitoid of the diamondback moth

G. Sowl*, L. Arvanitakisz, S. Niassy1'3, K. Diarra' & D. Bordat®

1Equipe Production et Protection Intégrées en Agroécosystémes horticoles, Département de Biologie Animale,
Faculté des Sciences et Techniques, Université Cheikh Anta Diop de Dakar (UCAD), BP 5005, Dakar, Senegal
2| aboratoire de Biodiversité des Agrosystémes Horticoles TAB/L, Campus International de Baillarguet, CIRAD,
34398 Montpellier Cedex 5, France

3International Centre for Insect Physiology and Ecology, P.O. Box 30772-00100, Nairobi, Kenya

In this study the life-history of Oomyzus sokolowsk{iKurdjimov), a parasitoid of the
diamondback moth (DBM) Plutella xylostellgL. ) as characterized. The life cycle, adult size,
fecundity, ovigeny, parthenogenesis, host age preference and host-searching behaviour by
parasitoid females were studied under laboratory conditions. Oomyzus sokolowsldilife cycle
lasted 15. 6 days. Sexual dimorphism was recorded, with females being bigger than males.
The species is synovigenic. The parasitism rate was significantly different between mated
and unmated females, which implied that mating stimulated the behaviour of parasitism.
Thelythokous parthenogenesis was not recorded. Females could parasitize all larval stages
and pre-pupae, but the parasitism rate was higher in the fourth larval stages of DBM. The
host-seeking behaviour was influenced by host spatial patchiness; O. sokolowskifemales
performed better when they were placedina 7 cm 3oviposition box. This study gives a better
understanding of the life history traits of O. sokolowskiiwhich has been neglected in the
biological control of DBM in tropical regions. The study suggests the use of O. sokolowslas a

promising candidate for the management of DBM in cabbage in combination with other

IPM strategies.

Key words: Plutella xylostella sexual dimorphism, ovigeny, parthenogenesis, koinobiont,

behaviour, biological control.

INTRODUCTION

Parasitoids are insects that feed on the body of
anotherinsect or arthropod during the larval stage
of their life cycle. The host organism will die as a
result (Jervis et al.2001). The study of parasitoid
biology and behaviour was first motivated by
their interest as auxiliaries in biological control
programmes (van Alphen & Jervis 1996). The life-
history traits are directly related to the organism’s
fitness, hence to its reproductive success and sur-
vival (Roitberg et al.2001; Le Lannet al.2011). For
example, the hind tibia length is the best indicator
of body size among parasitoids and is usually
correlated with fitness (Riddick 2005; Da Rocha
et al.2007).

Parasitoids can be koinobiont, i.e. parasitoids
whose larvae are associated with the development
of their hosts and emerge at the end of their
development, and idiobiont, which kill or paralyse
their host at the time of parasitism and use the re -
sources available at the time of oviposition
(Quicke1997). Comparative studies on a wide
number of species have shown that the mode of

*Author for correspondence. E-mail: logasow@yahoo.fr

parasitoid development is correlated with
parasitoid life history traits (Mayhew & Blackburn
1999; Jerviset al.2003).

Most parasitic wasps reproduce sexually as well
as parthenogenetically. Apart from a number of
species or strains that reproduce by thelythokous
parthenogenesis, most parasitic wasps reproduce
by arrhenotokous parthenogenesis (Wenseleers
& Billen 2000). In arrhenotokous species, mated
females store sperm in their spermatheca and may
have the ability to control the sex ratio of their
offspring by modifying the proportion of fertilized
eggs laid (Ratnieks & Keller 1998).

In parasitoids, egg production has been identi-
fied as an important life history trait (Rosenheim
et al.2000; Jerviset al.2001). Flanders (1950) classi-
fied parasitic wasps into two groups: pro-ovigenic
species whose eggs mature prior to laying, and
synovigenic species that continue to mature eggs
throughout their reproductive lives. Ovigeny is a
concept that helps in the understanding of the
evolution of life history strategies in insects, and it
is measured by the ovigeny index which ranges

African Entomology 21(2): 231-238 (2013)
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from Oto 1 and is defined as the ratio of the mature
egg load at emergence (initial egg load) on maxi-
mum potential lifetime fecundity (Jervis etal.2001).

Parasitoid foraging behaviour affects the number
of successfully developing offspring (Mackauer &
Vo6lkl 1993; Godfray1994). For this reasonknowl -
edge of parasitoid foraging behaviour can enhance
the implementation of a successful biological con-
trol programme (Godfray 1994). To find their host,
parasitoids may use chemical signals such as host
sex pheromones (Lealet al. 1995) or aggregation
pheromones (Yasuda & Tsurumachi 1995), or the
volatile compounds produced by the infested
plant (Choh et al.2008; Kawazuet al.2010).

Oomyzus sokolowsKiKurdjumov) (Hymenoptera:
Eulophidae) is an important parasitoid and a
potential biocontrol agent of the diamondback
moth (DBM) Plutella xylostella(L.) (Lepidoptera:
Plutellidae), a major pest of Brassicaceae (Fitton &
Walker 1992). This gregarious parasitoid is adapted
to high temperature conditions and has been
introduced in tropical and subtropical zones to
control DBM (Talekar & Hu 1996), where it has
been recorded as an effective parasitoid (Ooi 1988;
Liu et al.1997). In Senegal, it is the most common
parasitoid of DBM (Sall-Sy et al.2004). Therefore,
studies are needed to improve the knowledge of
the biology and ecology of this beneficial for its
integration in a DBM management programme
in cabbage.

In this study the life history traits of O. sokolowskii
were determined under laboratory conditions.
These included the parasitoid development cycle,
adult size, fecundity, ovigeny, parthenogenesis,
host age preference and foraging behaviour of
females. The establishment of these traits in
O. sokolowskwill be useful for the improvement
of biocontrol strategies against DBM in tropical
areas.

MATERIAL AND METHODS

Insect rearing

The study was conducted at the Entomology
Laboratory of the Centre for International Coop-
eration in Agronomic Research in Development
(CIRAD) in Montpellier, France.

The parasitoid population was obtained from
parasitized pupae of DBM collected in 2011 from
cabbage crops Brassica oleracéa var. capitata in
the Niayes area, situated in northwest Senegal
(12°54°44"N 12°8'84"W, and at 189 m altitude).

Cultures of DBM were maintained by allowing

African Entomology Vol. 21, No. 2, 2013

the adult females to oviposit on brown mustard
plants (Brassica junce&. Czern. ) in oviposition
boxes (50 cm x 50 cm x 50 cm). Egg clutches were
collected every 24 hours. At hatching, larvae were
placed on fresh leaves of cauliflower (Brassica
oleraced. var. botrytis). Mature larvae were trans-
ferred to new leaves in alarge plastic box (28 cm x
27 cm x 8 cm) where they pupated. The pupae
were collected daily. At emergence, adults were
placed in oviposition boxes and fed with water
and honey.

Cultures of O. sokolowskiivere maintained by
exposing fourth-instar DBM larvae to parasitoid
femalesin a clear plastic container (5 cm high, 8cm
diameter). After 24 hours exposure, all larvae were
removed and placed in an identical container.
Adult parasitoids emerging from parasitized pupae
were recovered and fed with honey.

Allrearing and experiments were conducted at a
constant 25 °C, 60 % relative humidity and 12L/
12D photoperiod.

Development of O. sokolowskii

Fifteen one-day-old females and 30 fourth-
instar DBM larvae were placed in a clear plastic
container (5 cm high, 8 cm diameter) daily. After
24 hours of exposure, all pupae were recovered and
placed individually in clear plastic pill bottles
(2 cm high, 3 cm diameter). To determine the
immature stages of O. sokolowskiji30 parasitized
pupae were dissected and observed under a micro-
scope. The development time in days of the
parasitoid was measured from oviposition to adult
eclosion.

Adult size and ovigeny

The size of adult O. sokolowskiwas assessed by
measuring the length of the hind tibiae of 30
one-day-old males and 30 one-day-old females
using a microscope equipped with an ocular
micrometer.

The ovigeny index was calculated using the
formula of Jervis et al. (2001). To determine the
initial egg load, we used virgin females obtained
by dissecting them as pupae out of parasitized
DBM pupae and placing them in separate pill
boxes (1cm x 3 cm). Upon emergence, 30 virgin
females were dissected and the number of eggs in
each was counted. Maximum potential lifetime
fecundity was determined by presenting 30 one-
day-old mated female parasitoids, each with two
new fourth-instar DBM larvae every day until the
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female died. After 24 hours of contact, formed
pupae were placed individually in pill boxes. The
number of eggs laid in host larvae and the duration
of female oviposition were recorded. Each dead
female was dissected and the number of eggs
remaining was counted.

Parthenogenesis

Thirty parasitized DBM pupae were dissected to
recover parasitoid pupae, and each was isolated in
a pill box (1 cm high, 3 cm diameter). Thirty of the
resulting unmated females were each presented
with two fourth-instar DBM larvae. The same
experiment was performed using 30 mated females.
After 24 hours, each DBM larva that successfully
pupated was placed individually in a pill box and
monitored until the emergence of parasitoids or
adult moths. Parasitoids were sexed, and the para-
sitism rate, the number of parasitoids produced
and the sex ratio (% females) was calculated and
compared with offspring of unmated and mated
females.

Host age preference

Five stages of immature DBM (L2, L3, L4,
prepupae, and pupae) were exposed to 24h-old
unmated parasitoid females. Thirty individuals of
one stage were exposed to 15 female parasitoids in
aclear plastic container (5 cm high, 8 cm diameter).
After 24 hours of exposure, the immature DBM
were recovered and placed individually in pill
boxes, where they were monitored until emergence.
Five replicates were performed for each DBM
stage. The parasitism rate was calculated from the
number of parasitized larvae and pupae recovered.

Foraging behaviour

To study foraging behaviour, three different
oviposition boxes; 3 cm® (A), 7 cm® (B) and 40 cn?
(C) were used. In each box, one 24h-old female
O. sokolowskiwas exposed to two fourth-instar
larvae of DBM for 24 hours. DBM pupae were
placed individually in pill boxes, and were moni-
tored until emergence. Ten replicates were per-
formed for each oviposition box size. Parasitism
rate, female productivity, number eggs laid per
female, sex ratio (% female) and offspring devel-
opment time were compared among the three
oviposition boxes.

Statistical analysis
Data were normalized by logarithmic transfor -
mation before performing an analysis of variance
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(ANOVA) using Statview version 4. 55 (Statview
1996). The sizes of parasitoid adults, female pre
ductivity, parasitism rates, and progeny sex ratios
from mated and unmated females were compared
with t-tests. Parasitism rates of the different stages
of DBM were analysed using one-way ANOVA.
Female productivity, parasitism rate, sex ratio,
and offspring development time from the three
oviposition boxes were analysed using one-way
ANOVA. Means were separated using the Stu-
dent-Newman-Keuls test (XLSTAT software ver-
sion 2012.1.01). The sex ratio (% female) was
calculated using the formula by Silva-Torres et al.
(2009). In all statistical analysesP-values < 0. 05
were considered significant.

RESULTS

Development of O. sokolowskii

The incubation period was 3.2 + 20 days. The
eggs were aggregated to each other forming one
or more clusters of 5 to 20 units . Most eggs were
located in the back of the host larvae but isolated
eggs were sometimes observed. Vermiform larvae
hatched three days after host parasitism and con-
tinued growing until filling the entire body of the
host pupae. The duration of the larval stage
ranged from four to seven days (mean 4.6 + 0.24).
The parasitoid prepupae were whitish with red
eyes, and the pupae were dark. The nymphal
stage lasted 7.8 days on average. Adults emerged
from the pupae parasitized by drilling several
holes through the host cuticle. Males and females
of the parasitoid emerged simultaneously from
DBM pupae. The overall development time of
O. sokolowskifrom egg to adult was 15.6 £ 0. 40
days (Fig. 1).

Adult size and ovigeny

Females were significantly larger than males
(Table 1), and the size difference was significant
(t=-8.71, d.f. =58, P < 0. 0001). After the emer-
gence,O. sokolowskiemales had an average initial
eggload of 14 eggs. The average potential fecundity
was four times higher. The ovigeny index of this
species was 0.3 (Table 1).

Parthenogenesis

The parasitism rate was significantly different
between unmated and mated females (t = 6.39,
d.f. =6, P=0.0007). The mated females produced
normal sexual offspring (males and females) while
unmated females produced only males (Table 2).
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Fig. 1. Development time in days of Oomyzus sokolowskiifrom egg to adult at 25 °C. Different letters indicate signifi-

cant differences (Student-Newman-Keuls, P < 0.05).

Table 1. Sexual dimorphism, fecundity and ovigeny index (mean * S.E.) of Oomyzus sokolowskii.

Tibia length (mm)

Initial egg-load

Potential fecundity Ovigeny index

Male
Female

03+001a -
04+0.01b

14.1+168

53.6+1.60 0.3

Means in columns followed by the same letters are not significantly different (+test, P > 0.05).

Host age preference

The parasitism rate varied significantly with the
host age (Fs.16= 26.23, P <0.0001). It was signifi-
cantly higher at the L4 larval stages (P < 0. 05).
However, there was no significant difference
between L2 and L3 stages (FisherP > 0. 05). The
parasitism rate was significantly lower in prepupae
and no parasitism was recorded on pupae (Table 3).

Foraging behaviour

The parasitism rate was significantly different
in the three oviposition boxes (Fz18= 15.87, P <
0.0001). It was significantly higher in box B (Fisher,

P <0. 05) than in the boxes A and C. Ten females
laid in B, whereasin Aand C, 3and 1, respectively.
The number of male and female offspring in box B
was significantly different from those in boxes A
and C (F218=5.87, P = 0.008, and F..1s = 10.00,
P=0.001, respectively). Similarly, the total number
of offspring was significantly higher in B ( Fo.18=
10.29,P = 0. 001). The sex ratio of offspring was
not significantly different between the three ovi-
position boxes (F2.16=1.42, P=0.28). The offspring
development time was significantly higher in
box C, not statistically different in A and B ( Fz.1s
=9.01, P=0.004) (Table 4).

Table 2. Offspring productivity, parasitism rate and sex ratio (mean + S.E.) between mated and unmated Oomyzus

sokolowskii females.

Males Females Total progeny Parasitism (%) Sex ratio
Mated female 1.8+0.41a 8.4+0.73a 10.2+1.04a 45.6+3.92a 83.0£2.03a
Unmated female 10.3+0.87b 0.0+ 0.00 b 10.3+0.86 a 12.2+0.14b 0.0+ 0.00 b

Means in columns followed by the same letters are not significantly different (-test, P > 0.05).

Sex ratio corresponding to percentage females.
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Table 3. Host age preference (immature DBM stages) of
female Oomyzus sokolowskii.

Host age (instars) Parasitism (%) Range (%)

Second 39.9+757b 23.3-63.3
Third 547+8.71b 23.3-73.3
Fourth 759+ 243c 70.0-83.3
Prepupa 15.3+586a 0.0-36.7
Pupa 0.0+0.00 a 0.0-0.0

Means (+ S.E.) in columns followed by the same letters are not
significantly different according to the Student-Newman-Keuls test.

DISCUSSION

Oomyzus sokolowsks a larval-pupal endopara-
sitoid and its life cycle takes place entirely inside
its host larvae, P. xylostella Males and females
emerge simultaneously, unlike in Tetrastichus
howardi (Olliff) another Eulophidae parasitoid
where females are the first to emerge (Birot et al.
1999). Under our experimental conditions, the
cycle duration was 15.6 days, which is similar to
the development time reported by Wang et al.
(1999).

According to La Barbera (1989), sexual dimor-
phism in respect to size is commonly observed in
the animal kingdom, including wasps. Our study
confirms that females of O. sokolowskiare gener-
ally bigger than males. These results have been
reported in many species of hymenoptera. For
example, Bokonon-Gantaetal.(1995) and Aruna &
Manjunath (2010) showed that females of Anagyrus
mangicola(Noyes) (Hymenoptera: Encyrtidae)
and Nesolynx thumus(Girault) (Hymenoptera:
Eulophidae) are bigger than males. Mackauer &
Sequeira (1993) and Thompson (1993) attributed
the sexual dimorphism in the hymenopteran
parasitoids to their development time and to the
efficiency of their metabolism. The males emerge
first and are smaller than females, though there
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are some exceptions (Harvey & Strand 2003;
Da Rocha et al.2007). The size of a parasitoid is
considered one of the most important life-history
traits contributing to the success of biological control
of a pest (Aruna & Manjunath 2010). Moreover, it
is related to other relevant factors such as fecundity,
longevity and their fithess (Jervis & Copland 1996;
Eijs & van Alphen 1999; Mayhew & Glaizot 2001).

Our results showed that mated females and virgin
females produced the same number of offspring.
They are similar to those reported by Metzger etal.
(2008) onVenturia canescersravenhorst (Hyme-
noptera: Ichneumonidae) which produced the
same number of offspring.

After emergence, O. sokolowskfemales have few
eggs to lay. However, they do not seem to be
limited in the number of eggs for the first attack.
Our results also show that female parasitoids con-
tinue maturing eggs throughout their reproduc-
tive life. According to Jervis et al. (2001), the
number of eggs that a female lays is determined by
the interaction of three factors: the number of suit-
able hosts encountered, the number of mature
eggs during the female’s life and the behavioural
manipulation of the rate of egg laying. The work of
Ellers & Jervis (2003) on parasitic wasps revealed
an initial egg load between 15 and 435 eggs and
potential lifetime fecundity between 40 and
835 eggs. InOomyzus sokolowskithe ovigeny
index was less than unity; thus, it is a synovigenic
species according to the classification of Jervist al.
(2001). However, the average number of eggs
corresponding to the O. sokolowskiifetime seems
relatively low as compared to those described by
Eller & Jervis (2003). Mayhew & Blackburn (1999)
have shown that koinobiont species have a shorter
adult lifetime, higher fertility levels and a greater
oviposition rate than idiobiont species. According
to Jervis et al.(2001), the ovigeny index seems to
be related to the mode of development of the
parasitoid. Koinobiont parasitoids tend to have an

Table 4. Oviposition box volume effect on the parasitism percentage and Oomyzus sokolowskii female production

(mean £ S.E.).

Laying box % Parasitism  Females Males Females Total adults  Cycles (days) Sex ratio
laid
3(A) 30.0+15.31b 3 0.7+£034a 59+30la 66+343a 143+035a 895%+0.84a
7(B) 855+ 7.60c 10 21+063b 13.6+1.70b 157+204b 157+0.30a 86.8+236a
40(C) 5.0+ 3.93a 1 0.2+0.12a 08+054a 1.0+0.61la 18.0+0.04b 80.0+0.02a

Means in columns followed by the same letters are not significantly different according to the Student-Newman-Keuls test.

Sex ratio corresponding to percentage females.
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ovigeny index on average higher than idiobiont
species. However, O. sokolowskiis a koinobiont
gregarious larval-pupal parasitoid. According to
Talekar & Hu (1996) and Wang et al.(1999) 0. soko-
lowskii parasitizes all larval stages and even the
prepupae of DBM, which is confirmed by our
study. Koinobiont parasitoids have developed
various adaptive mechanisms to operate a wide
range of host stages, such as altering the host’s
behaviour (Slansky 1986), manipulating the host’s
development (Vinson & Iwantsch 1980) and con-
trolling the host's immune responses (Strand &
Pech 1995). This mode allows parasitoid develop-
ment to increase diverted food resources. Koino-
biont species can manipulate their physiology and
feeding behaviour of their host to their advantage
(Harvey et al. 1999). Strand (2000) found that
koinobiont parasitoids have developed strategies
to make the host resources more predictable.

The parasitism rate is higher in the fourth larval
stages of DBM. Nakamura & Noda (2001) found
that the larval stages were more appropriate for
0. sokolowskiecause they produce more interfer-
ence than other stages. This could be explained by
the increase in resources in the larger larvae.
According to Harvey et al.(2004) large hosts are
more profitable than small ones because they have
more resources available for development of
the parasitoid offspring. Older larval stages are
preferable because they are likely to escape
superparasitism close to pupation (Silva Torres
et al.2009).

Several authors have shown that volatile chemi-
cals such as kairomones, pheromones or alle
mones from the host can influence the parasitoid’s
behaviour (Mattiacci et al.2000; van Alphen et al.
2003). The stimuli diffuse through the air and the
receivers are sensitive to very small amounts of
products (Roux et al. 2007). In most parasitoids,
patch quality is closely related to the proportion of
good (unparasitized hosts) and bad (parasitized
hosts). Parasitoid insects are able to evaluate the
quality of the patch in which they are currently
searching for hosts and the travel time between
patches (Pierreet al.2002). Insects may also rely on
chemoreceptors found on the antennae, mouth-
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Chapitre 1l : Interaction entre Plutella xylostella et le parasitoide Cotesia vestalis

1. Introduction

L’'espéceCotesia vestaligHaliday) a subi des modifications taxonomiques et dans les
articles elle peut avoir été dénomntéetesia plutellagKurdjumov). Les travaux présentés
dans ce chapitre sont présentés ici sous la forme de trois articles, dont un $odewis e

publiés.

Une étude a été réalisée dans un premier temps en plein champ aleBgréaentée
dansl’article 4. Nous avons vouldéterminer quelsont les ennemis naturels Bexylostella
qui peuventjouer un rble dans un environnement tropical, ebmprendrequand et
comment’interaction héte-parasitoide pouvaitfluencerla dynamique des populatiodsP.
xylostellaen I'absenced’insecticide En second lieu, nous avons vowamparer l'impact
direct des parastfidesaveccelui indirectdes conditionsabiotiques tropicalespuisqueles
précipitationssont, d’aprés plusieurs auteurs, un facteur impodantontrdle dda teigne.
Pour atteindre ces objectifspus avons étudigpendant39 mois consécutifs dans la zone
périurbaine deCotonou (Bénin)les variations d’abondance & xylostelladans un champ
de choux pommés non traités, ainsi que calles autres ravageurs également inféodés aux

Brassicacéestde leurs ennemis naturels.

Ensuite, nous nous sommes intéressés au systéeme de reconnaissan€: yestais
a P. xylostella en conditions de laboratoir€ette étude porte d’abord sur le mode de
détection et d’identification de I'hn6éte par le parasitoide en recherchanCchlestalisquels
sont les organes impliquéarticle 5, puisnous avons tenté de déterminer la nature exacte du
stimulus permettant cette identification et l'initiation de I'ovipositiarti¢le 6).

En effet, pur qu’'un parasitoide réussisse son infestation et son développement, il est
communément admis que plusieurs étapes chronologiques doivent étre franchmsceaec
(Doutt 1959 ; Vinsorl976).Nous nous sommes intéressés plus particulierement a la phase
qui correspond a la perception par une femelle, dédi@ de stimuli qui vont lui permettre de
réduire progressivement son aire de recherche pour aboutir a la découverte d'uralste et
acceptation en tant que site de ponte (on parle alors d’ovipysities étaps de cette
premiere phaseualifiées de préovipositionnelles, sont tres importantes car eflégendent
du comportement des femelles adultes (Vinson 1981) et conditionnent 'impact sitigraea
sur la dynamique des populations hotes.
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Bien qu’une préférence ait été démontrée chez des femelléswastalisd’une partpour
I'odeur émise par le chou et par un régurgitat de chenilke. dglostella(Shiojiri et al. 2000
a, b, 2001) et d’autre part par 'odeur des sécrétions laissée sur la feuille @Redld®002),
les mécanismes de reconnaissance au contact de I'héte restent a ce jour enzmrausal

Décrite comme spécialiste, cette espece devrait powaxac exactitude localiser et

surtout reconnaitre son héte. Peaomprendre le mécanisme par lequel les femelles effectuent
cette tache, nous avons procédé par étapes:

- (1) Observation du comportement de recherche et de reconnaissance a laide
d’enregistrements vidéo afite déterminer quels stimuli pouvaient étre a 'origine du
réflexe d’oviposition,

- (2) Essai d’identification des difféerents organes sensoriels des ferdel&svestalis
impliqués daa la perception de ces stimuli,

- (3) Etude de I'équipement sensillaire @e vestalisen observant en microscopie

électronique a balayage les antennes des males et des femelles.

Dans un deuxiéme tempspus avons tentde déterminer la nature chimique exacte du
stimulus impliqué lors de la rencontre physique e@treestaliset P. xylosella.

Selon Nelson & Charlet (2003), les substances impliquées dans la reconnaissance de
I'héte par les parasitoides sont des lipides claices non volatils. Vinson (197@&nnoncait
déja que des hydrocarbures cuticulaires étaient les substancesapgimeipt impliquées dans
ces phénomenes. Pour vérifier cela, nous samalysé par chromatographiphase gazeuse
couplée a une spectrométrie de masse-8BA} un extrait cuticulaireet réalisé une série de
tests comportementaux visant a tester les réactions du parasitoideisvisi’extraits

cuticulaires de la chenille h6te appliqués sur des leurres (chenille non-hote).

88



Chapitre 1l : Interaction entre Plutella xylostella et le parasitoide Cotesia vestalis

2. Etude de terrain: le Bénin

2.1.Présentationgénérale

Le Bénin(Fig. 14) se situe dans la zone intertropicale de I'Afrique de I'Ouest qualifiée
de « Diagonale de sécheresse caractérisée par la faiblesse relative des précipitations
annuelles.De forme étirée entre le fleuve Nigau nord et la plaine cétiere dans le sud,
le reliefde I'ensemble du pays est pegidenté. Le nord du pays est principalement constitué
de savane et de montagnes samndes. Le sud du pays est constitué d'une plaine cétiere basse
parsemée de marécages, lacs et lagudest un petit pays d’'une longueur de 700 km et
d’une largeur de 120 km au sud et de 300 km au nord. Le climat varie fortement du sud au
nord. Le sud a un climat subéquatorial (type Guinéen) qui se caractérise par tane for
humidité (1200 mm de pluie par an), par deux saisons séches et deux saisons pluvieuses
(avril a juillet et septembre a octobre) et par uneptEature comprise entre 25°C ef 3.
Au nord, le climat est tropical (type Soudanien), marqué par des températurétepies
pouvant atteindre 46° C, des précipitations annuelles plus fafid@snimde pluie) et par
I'alternance de deux saisons, dont une pluvieuse (mai a octobre). La partieuastd
occupée par la chaine de I'Atacora, bénéficie d’'un climat particulier ou les sorpérsont

plus fraiches et les précipitations plus élevées que daaste du pays.

Depuis une quinzaine d'année chou pommeést rentré dans leuisine traditionnelle
du Béninet constitue une composante importante des régimes alimentaires quotitksns
feuilles coriaces sont bien adaptées aux cuissons longuesttdecuisineCe légumeest
devenu incontournablet est particulierement consommétemps que ®@t traditionnel pour
la période de NEl. Les pommes de ces choux sont de petite taille comparées a celles des
variétés cultivées en Europe. C'est une culturbéaute valeur ajoutée actuellement en
extension qui génére des sources importantes de evearsiculierement dans les zones
urbaines et périurbaine€ependantes opportunités économiques offertes peslégumes
sont souvent affaiblies par des domesmgprovoqués par desuisibles affectant leur

production et leur commercialisation
2.2. Statut de Plutella xylostellaau Bénin

Au Bénin,P. xylostellaest le principal ravageur des cultures de chou. L’'ampleur des
dégats qu’il provoque peut aller jusqu'a la destruction totale de la culture (obmesvati
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personnelles Les agriculteurs appliquerde maniere inappropriée des pesticides, utilisés
souvent pour les cultures de coton, qui sont de toute évidesffieaces contre la teigne du
chou.Au Bénin comme dans la plupart des autres pays africain, des stratégies att®rativ
I'utilisation de pesticides sont nécessaires mais peu ou pas développgasraA@ropos de

la lutte biobgique,les agriculteurdéninoissont peu sensibilisés a ce mode déelar la
plupart ne connaissepasles différences qu'il y a entre un auxiliaireuet ravageur.

Figure 14: Carte du Bénin avdocalisation (en rouge) du site d’étude dans la zone
périurbaine de Cotonou
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2.3.Site d’expérimentation

Notre étude s’est déroulée sur le site de KouhoRinu 15, dans la zone pénibaine
de Cotonou. Nous avonéfectué des prélevements sur gescelles de choux pommeés non
traitésdurant 39 mois consécutifs. Dans cette zone, les agriculteurs cultivent le chou toute

'année sans arrét de culture.

Figure 15 : Parcelle de choux sur le site de Kouhounou dans la zone périurbaine de Cotonou.
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3. Synthése desésultats

Nous avons pu établir la composition des communautés de ravageurs et d’ennemis
naturels associées a la culture du chauBénin, dans la zone périurbaine de Cotoheu
systeme hotgarasitoide comprend presque exclusivententylostella et son parasitoide
larvaire Cotesiavestalis (Haliday) (Hymenoptera: BraconidaeCes deux especemnt des
niveaux similaires d'abondance (en moyenne 7,5 £ 0,3 et 7,2 + 0,3 individpapig
respectivement)Plutella xylostellaet C. vestalisont montrédes oscillationsd’abondance
couplées avec un décalage d'environ deux semaines degrepics de héte et ceux du
parasitoieé. Une forte abondancee parasitoids a entrainé une diminution significativke
I'abondance de la teigmendant plusieurs semaind®utefois, la populatiomle parasitoide
diminuanta son tour n'a pas pu empéchar la suite la remontée des effectiéla teignedu
chou. L'abondanceale lateigne au cours des saisons n’est pas cori@ée les variables
météorologiques (précipitations et températures), mérde $&vrtes précipitationdurant la

principale saison des pluies onttemporairement affecter le ravageur.

Des expérienced’ablation ont montré que les antennes jouaient un réle prédominant
dans l'induction de I'oviposition. L'analyse des séquences vidéo a révelé que l'oviposition ne
pouvait avoir lieu sans un contact antennaire préalable. La femelle dispasstesases en
crosselors du comportement de recherche. Les observations en microscopienéee a
balayage ont révélé sefypes de sensilles sur les antennes, parmi lesquels un type particulier

est 4,5 fois plus présent chez les femelles que chez les males.

Le stimulusa l'origine de la réponse de la femelle parasitoide (oviposition) est bien
d’'origine gustative. ks lipides cuticulaires des chenilles semblent impliqués puisque la
femelle réagit a un extrait lipidique complet appliqué sur une chenillehdien Le
fractionnement de cet extrait inhibe I'effet des lipides cuticulaires car aucune des deux
fractions engendrées (hydrocarbure et-hgdrocarbure) ne permet 'ovipositiob’analyse
en chromatographie ghase gazeuse des deux fractions a révélé la présenceomgdsés.
L’identification des composés cuticulaires en spectrométrie de masse n'a raeéles
produits tres communs dans la fraction contenant les hydrocarbures, excep&rpentitie

apparenté a I'amyrine.
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4. Conclusion

Aucun contréle stable du ravageur n'a été observé durant la longue période de mesures
effectuées. Dankes conditions tropicaledu Bénin, les populations d& xylostellacroissent
rapidement, avec une forte probabilité de recolonisatipartirdes zones environnantesa L
lutte biologique en utilisant urparasitoide spécialiste bien étabdipmmeC. vestalis montre
ici ses limites et degecherchse de mesures de contrble supplémentaisraissent
nécessaires.

Seules les sensilles trichoides de type Il révélent un dimorphisxoelsqui hisse
sous-entendre qu’elles jouent un réle tout particulier dans les processus menapoaitioni
(localisation et identification de I'hételeur absence chez d’autres especes procmsme
C. glomerataet C. rubecula suggere g&lles sont spécifiqgues a I'espeCe vestalis Ces
sensilles ont tres certainement une fonction gustative (Vinson;1®&tmidt & Smith 1989).
Cependant, 'influence du contact chimique est difficile a séparer de l'influenteicler et
de la texture (Vinson 1976).

Nous avons pu identifier avec exactitude que le stimulus impliqué dans la
reconnaissance de I'héte et dans le déclanehé du réflexe d’ovipostion était bien d’origine

gustative et qu’il étaitnatérialisé par les lipides cuticulaires de la chenillieh

Cotesiavestalisest la seule espéce de parasitoide rencontrée dans notre site d’étude
dans le sud du Bénin. Malgré des abondances importantes et un fort taux de par&sitisme,
vestalis n'arrive pas a contrbler la teigne. Les précipitations ne sont pas un faeeur
régulation des populations du ravageur. Nous avons pu mettre en évidence trois points
importants du systéme de reconnaissance €hezstalisenvers son héte(1) les femdes
détectent et reconnaissent leur héte a partir de leur signature chimiquesée par les
lipides cuticulaires (2) le stimulus chimique constituant le signal de reconnaissance est
compose de plusieurs molécules appartenant a deux classes de lipides eteagssaergie
(3) ce stimulus chimique est percu par des sensilles gustatives implantéesastiehe®s des
femelles du parasitoide.
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Abstract

ImmaturePlutella xylostella(Lepidoptera: Plutellidae) and parasitoids were sampled for 39
months in an unsprayed cabbage field near Cotonou, Benin, to determine how and when host
parasitoid interactions influence the population dynamics of the moth in a tropica
environmet. Eightythree samples were taken at approximately-week intervals. There

were no seasonal patterns in moth abundance, which was not correlated with weather
variables, although heavy rainfall during the principal rasegsonmay have temporarily
affected the population. The heggarasitoid system consisted almost exclusivelyPof
xylostellaand its larval parasitoi@otesia vestaligHymenoptera: Braconidae), both species
occurring at similar levels of abundance (on average 7.5 £ 0.3 and 7.2 = 0.3 individuals per
plant, respectively). The tendency for hparasitoid dynamics to cycle was apparent in the
field. Plutella xylostellaandC. vestalisshowed coupled oscillations in abundance, with a time

lag of about two weeks between host and parasitoid peaks. High parasitoid abundance
resulted in significant decreases in moth abundance over several. Wweekever, the
parasitoidpopulation in turn decreased, couidt prevent the moth from rebounding, and
there was no stable control of the p&ge conclde that under tropical conditions in whieh
xylostellapopulations grow rapidly, combined with a high probability of recolonization from
surrounding areas, biological control by a westablished specialist parasitoid reaches its

limits and additional @ntrol measures are necessary.

Keywords: Plutella xylostellaPlutellidag Cotesia vestaliBraconidae, Hosparasitoid

dynamics,Tropical agroecosystems
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INTRODUCTION

The diamondback motiRlutella xylostella(L.) (Lepidoptera: Plutellidge is the most
destructive pest of Brassicaceae, especBibssicavegetable crops, in many parts of the
world (Furlong et al. 2013). Insecticide resistance is high in this specie$) whgthe first
crop pest to develop resistance to DDT and has now developed field resistancedty alari
products, includind@acillus thuringiensidased products (Talekar and Shelton 1993; Furlong
et al. 2013). This problematic situation has stimulated research activitiefteomatave
methods of control, particularly on classical biological control programmnigizing
parasitoids.

Many species of parasitoid wasps (Hymenoptera) are known to @&tagklostella
(Delvare 2004; Sarfraz et al. 2Q0%arval parasitoids in the gene@otesia(Braconidae),
Diadegma(lchneumonidae) anMicroplitis (Braconidae) have the greatest contrdieptial,
although a few prepupal and pupal parasitoids of the gerassomus(lIchneumonidae) also
contribute to reduce populations of this pest (Sarfraz et al. 2005). Their impact on n®ths wa
clearly demonstrated in some studigsSouth Africa, for example, Kfir (2004) showed that
the suppression of parasitoids following the use of a selective insecticide iaeldhe$ulted
in significantly higher levels of infestation bl. xylostella In other studies, however,
parasitism was insufficient to prewesevere outbreaks in unsprayed cabbage fields (Guilloux
et al. 2003). Introductions of parasitoids against the diamondback moth in a number of
countries also resulted in both successes and failures. Follogleases of large numbers of
the larval paradpid Cotesia vestaligHaliday) [= C. plutellae(Kurdjumov)] and the pupal
parasitoid Diadromus collaris (Gravenhorst)on the island of St Helen&. xylostella
infestations remained so low that chemical control became unnecessary2(Kfl).
However, unsuccessful introductions have also been reported and their causes aig general
poorly understood (e.g. Mitchell et al. 1997; Upanisakorn et al. 2011). Failures éave b
mainly attributed to (1) the use of bresgectrum insecticides that affect both the pest and its
parasitoids; and (2) the inability of parasitoids to maintain abundant populations amgéie t
population's environment, presumably due to the use of inappropriate species or ecotypes
(Sarfraz et al. 2005; Kfir 2011; Furlong et al. 2013). However,-pasisitoid population
dynamics is not straightforward, depends on many abiotic and biotic factatsit as
uncertain whether webstablished populations of parasitoids necessarily translate into
effective pest control (Vickers 2004). For example, host plant qualityncirectly influence
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the development time and performance of specialist parasitoids (Sarfraz €%lFathi et
al. 2012), and obligate hyperparasitoids can limit the impact of primary padagidnfemela
2013).In Australia, Furlong et al. (2004) found largely unpredictable variations in treeafate
parasitism among. xylostellapopulations and concluded thabre research was needed to
understand the processes underlying the activity of natural enemies.

In the present study, we monitored changes in the abundance of the diamondback moth,
other insect herbivores, and their natural enemies, in an unsprayed cabbageGiiohiou,
Benin, with the following objectives: (1) to determine which natural eneafifs xylostella
play a key role in this tropical area; (2) to clarify how and when-pastsitoid interactions
can influence the population dynamicsRofxylostellain the absence of any insecticide; and
(3) to compare the impact of parasitoids with #ffects of hot and humid conditions in
Benin, since rainfall has been reported to be an important factor of control of thennaoth i
number of studies (Guilloux et al. 2003; Kobori and Amano 2003; Tonnang et al. 2010).
Some results of this field study veesummarized elsewhere (Goudegnon et al. 2004) but the

present paper gives the first detailed analysis of the data.

MATERIAL AND METHODS

Study site and sampling

This study was conducted near Cotonou, Benin, in western tropical Africa, where the
mean annal temperature is 27.2°C, with a low temperature range between the hottdst mont
(28.9°C in March) and the coolest (25.6°C in August). Annual rainfall averagesri3aa
the region, with two rainy seasons. The principal rainy season is from Apulytalde peak
rainfall occurring in June, and a less intense rainy period occurs in Octoberiedtermmths
are December and January.

CabbageHRrassica oleraced..) is grown throughout the year in the periurban areas of
Cotonou. Our study was conducted in an unsprayed cabbage field located at Kouhounou
(6°24' N; 2°31' E), in which the KK Cross cultivar was grown in monoculture. Cultivation
was done by local farmers who transplanted, watered and fertilized cabbageslasng
were compensated for crop losses due to the presence of pests.

All lepidopteran larvae (from the second instar onwards) and pupae, as well as pupal
cocoons of hymenopteran parasitoid wasps, were sampled oveman®9 period (January
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1995March 1998). Aphids (Hemiptera: Aphididae) and hoverfly larvae (Diptera: Syrphidae
were also sampled for 36 months over the same period (JanuaryD&88&ber 1997).
Eighty-three samples were taken, mostly at -tweek intervals, with some temporal
irregularity and two gaps in June and December 188é.elapsed time between two samples
was on average 14.0 = 0.3 days but ranged from 7 to 20 days. On each sampling date, about
20 randomly selected cabbages were collected from-ayed plots 1.5 month after
transplanting. In totall 737 cabbages were examined, i.e. 21 + 1 per sampling date. Leaves
were thoroughly inspected and the numbers of insect larvae and pupae found in each plant
were recorded. Aphid abundance was estimated-gearititatively on a scale of 1 to 5.
Subsamplesof lepidopteran larvae were taken to the laboratory, where they were
maintained under ambient temperature, humidity and photoperiod conditions, and fed on fresh
cabbage leaves until pupation. Pupae and parasitoid cocoons were then kept in plestic box
(2.5 cm in diameter) until adult emergence to identify the primary parasitoids and
hyperparasitoids associated with each species. Specimens were identified dRARR C

laboratory, Montpellier, France.

Statistical analyses

Abundance data were expressed asmnumbers of individuals per plant (plus or minus the
standard error of the mean). Relationships between moth abundance and weathksvari
were tested using the Pearson correlation coefficigntShapireWilk tests for normality
were performed befehand and variables were povieansformed when necessary. Pearson's
r was also used to test the correlations between host and parasitoid abundansgeafter
root transformation. These correlations were assessed for host and parasitoich@dsuimda
the same samples (lag 0) and after shifting one variable several lagsd®vebackwards
(lagged correlation). Differences in moth abundance before and after parasitoidtipopula
peaks were tested using unpaitei@sts on squarmot transformed data. llAcalculations
were done using Stata statistical software (StataCorp 2005).
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RESULTS

Community composition on cabbage leaves

Larvae and pupae of four moth species were colle®kdella xylostella Hellula undalis
(Fabricius) (Crambidaepodoptera littoralisBoisduval andChrysodeixis chalcite@Esper)

(both Noctuidae). Mean abundance during the study period was 8.0 £ 0.3 immature moths per
plant, 93.4% of which belonged B xylostella The other three species accounted for only
3.6%, 2.9% and 0.1% of the moths, respectively. Cocoons from three primary parasitoid
wasps (Hymenoptera) were also collect@€aitesia vestalisMeteorus laphygma&iereck
(Braconidae) andeuplectrus laphygma€&erriere (Eulophidae). Mean abundance was 7.2 *
0.3 cocoons per plant, 99.9% of which belonge€ twestalis Laboratory cultures showed

that C. vestaliswas strictly associated witR. xylostella M. laphygmaeand E. laphygmae

with S. littoralis No parasitois were found i€. chalcites Therefore, the hagarasitoid
system at this site was strongly dominated byRheaylostellaC. vestalisassociation, both
species occurring at similar levels of abundance.

The aphidLipaphis pseudobrassicd®avis (Hemiptera: Aphididae) was often abundant
on cabbage leaggmean score 1.8 + 0.1 on the scale of 1 to 5; range 0 to 5), as well as larvae
of Ischiodon aegyptiu§Wiedemann) (Diptera: Syrphidae) (on average 2.2 + 0.1 larvae per
plant), which is an important predator of aphids.

Only small numbers of hymenopteran hyperparasitoids were obtainedCireestalis
cocoons in the laboratory, the most common beikghanogmus reticulatugFouts)
(Ceraphronidae) andTrichomalopsis orizae (Risbec) (Pteromalidae). Five other
hyperparasitoids were recorded sporadicallyAphanogmus fijiensis (Ferriere)
(Ceraphronidae)Elasmussp. (Elasmidae)Hockeria sp. (Chalcidae)Notanisomorphella
borborica(Giard) andPediobiusaff. afronigripesKerrich (both Eulophidae).

Seasonal aspects

The monthly mean abundance Pf xylostelladid not show consistent seasonal fluctuations
(Fig. 1). Temporal variation followed a different pattern in each year and theshignonthly

mean abundance values were observed under a variety of weather conditions, namely in
August 1996 (cool with moderate rainfall), January 1998 (quite hot and very dry), March
1997 (hot and dry) and September 1996 (cool and dry). After two periods of heavy rainfall (
500 mm) in June 1996 and 1997, abundance was very low in samples taken in |la@June-
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Fig. 1 (a) Variation in the monthly mean abundancePtdtella xylostella(larvae 2 to 4 and
pupae) onBrassicacrops in Cotonou, compared tb) (monthly rainfall (bars) and mean
temperatures (line) during the period of study (January 1995-March 1998)

July (0.3 £0.3 larvae and 1.3 = 0.3 pupae per plant). However, there were no significant
correlations between diamondback moth abundance and monthly precipitatioi®.07),

temperaturer(= 0.12) or relative humidityr (= -0.13) during the study period.

Hostparasitoid dynamics

Changes in the mean abundanc® okylostellaandC. vestalisn the 83 cabbage samples are
shown in Fig. 2. Populations of both species fluctuated markedly over short time intervals
Lagged correlation analysis showed that the abundainCe vestalisvas strongly correlated

with that of P. xylostellain the preceding sample € 0.74;P < 0.001) (Fig. 2). This indicates
that high and low population densities of the host tended to be followed two weeHlsylater
high and low population deities of the parasitoid, respectively. There was a highly
significant linear relationship between the abundance of the parasitoid amd tivathost at

lag 1 (Fig. 3).
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Fig. 2 Variation in the mean abundanceRititella xylostella(larvae 2 to 4 and pupae) (solid
line) andCotesia vestali€ocoons (dotted line) in 83 cabbage samples collected. avo-
week intervals in Cotonou. The inset shows correlation coefficients betwetvothariables
at lag 0 and at neighbouring lags

The impact ofC. vestalison P. xylostellacan be assessed by comparing the mean abundance

of immature moths before, during and after peaks in parasitoid abundance. Fplegxhen
UHVXOWY JLYHQ LQ 7DEOH ZHU €. Jefidlis€ocans\Wei @arit{t) DO O S|
20). They show that, on average, the abundanc®.akylostella which was about 16
individuals per plant in samples immediately preceding parasitoid population peaks,
decreased significantly in subsequent samgles (P < 0.05). The abundance of larvae
decreased first, during parasitoid peaks and two weeks later, while the abundance of pupae

was still significantly reduced four weeks after parasitoid peaks (Table 1

Relationships between P. xylostella and other insect hedsvor

There was no significant correlation between the mean abundance of imfakytestella
and that of the other three moth species. There was however a significant newatilaion
between the mean abundance of young larvde. af/lostella(secondnstar) and that of the
aphidL. pseudobrassicag@ = -0.35;P < 0.01). Secondhstar larvae were found in abundance

on cabbage leaves only when aphids were absent or not very numerous.
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Parasitoids in sample n+1

0 1 2 3 4 5 6 7

Hosts in sample n

Fig. 3 Linear relationship between the mean abundandgotésiavestalisin a sample and
that of Plutella xylostellain the preceding sample (squaw®t transformed data). The
equation of the regression line is y = 0.02 + 0.8B x 0.001;r? = 0.53)

Table 1 Variation in the mean abundance Rititella xylostella(number of individuals per

plant+ SBE before, during and after abundance peakSotesia vestalis ¢ FRFRRQV SHU
plant). Moth abundance was high in sampiepist before the occurrence of parasitoid peaks

in samples+1, and subsequently declinedstérisks indicate significant decreases in moth
abundance in samples1, n+2 andn+3 (P < 0.05)

samplesn  samples+1 samplesn+2 samplea+3

(parasitoid peaks)

larvae and pupa 15.9+2.2 11.5+2.3 94+19* 94+1.7*
larvae 96+18 51+1.7* 51+18* 58+1.8
pupae 6.3+10 6.4%£09 43+0.7 36+06*
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DISCUSSION

Climate conditions in Cotonou are favouralbte the yearound persistence of the
diamondback moth. In the present study, samples that contained at least eigfouréermoths
per cabbage plant were collectedany month of the year, eveturing the principal rainy
season from April to July. Although several studies showed that large numberss ainelyg
larvae could be washed off by rainfall or watering with sprinklers (Wakistle €992;
Kobori and Amano 2003), we found no correlation between diamondback moth abundance
and monthly precipitation in Cotonou. The only obstaclé’taxylostelladue to weather
conditions in southern Benin may be heavy rains that occasionally pour down on the crops
during the principal rainy season, which seems to affect moth populationtefeveeeks, as
in Ghana(Cobblah et al. 2012). Climate conditions are also favourable for thergeaal
persistence of the larval endoparasit@idvestalis which is obviously an important natural
enemy ofP. xylostellain the system studied. This braconid wasp is common in imeatel
southern Africa and has already been reported as the most abundant parasitoid of the
diamondback moth in South Africa (Nofemela and Kfir 2008) and Ghana (Cobblah et al.
2012). AlthoughC. vestalisvas relatively less abundant in the first year ofstudy, possibly
because of relatively dry conditions and former spraying of insecticides, ptaes
subsequently reached higher population densities and its rate of parasitsmyilostella
larvae was frequently well above 60% (Goudegnon et al.)2004

At first sight, our results show aseasonal, apparently erratic fluctuatiorthei
population ofP. xylostella However, the results also show tlratxylostellaandC. vestalis
populations are linked together by coupled oscillations in abundancea Witk lag of about
two weeks between abundance peaks in the two species. This may reflect the inherent
tendency of an insect host to show beanatbust cycles in the presence of a specialist
parasitoid (Snyder and Ives 2009). Such oscillations are predicted by a number of models
involving one prey species and one predator or parasitoid species (Ricklefs Emcd2®iD;
Begon et al. 2006). Similar oscillations were observed in laboratory microcogaigimg an
insect species and its parasitoid (Utida 1957; Begon et al. 1996), notaldpoiratory
cultures ofP. xylostellaandC. vestalisunder controlled conditions (Karimzadeh et al. 2004).
To our knowledge, this phenomenon has not been reported so far Rorxglostella
population attacked by a parasitoid under field conditions. In the cabbage field studied near
Cotonou, the community of moths and parasitoids is strongly dominatBd »xyjostellaand
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C. vestalisand close to a oAleost-oneparasitoid system. AlthoudB. vestaliscan develop in
other lepdopteran hosts in the laboratory (Cameron et al. 1997), it is generally regarded as
highly specific toP. xylostella In theory, this situation is conducive to oscillations. Indeed,
abundance peaks in immatuPe xylostellawere often followed by abundam@eaks inC.
vestalis cocoons two weeks later, and high parasitoid population densities significantly
reduced diamondback moth population densities over several weeks. When moths became
scarce, the parasitoigpopulation also declined strongly, whictould make the crop
susceptible to subsequent pest infestations.

In our field study, oscillations were much less regularly spaced out thaa reootels
predict, which can be explained in several ways: (1) not all samples wieretexblat regular
time intervals;(2) due to the destructive sampling design, insects were not observed on the
same individual cabbage plants on each date, which could influence the results when species
distributions were patchy; (3) in the field, many biotic and abiotic factanspotetially
interfere with hosparasitoid dynamics and cause erratic patterns of population density
change; for example, our results indicate that the presence of aphids mathafedaindance
of second-instar larvae &%. xylostellaon cabbage leaves.

Coupled oscillations occurred repeatedly at our study site, in contrast with whes oc
in laboratory studies, in which populations of hosts and parasitoids often crash ragdly (e
Karimzadeh et al. 2004 fét. xylostellaandC. vestali$. The persistere of interactions in the
field may be favoured by dispersal from and to surrounding areas. Adult diamondback moths
move readily among fields (Shirai and Nakamura 1994; Schellhorn et al. 2008apbagea
fields are quite common around Cotonou, therepapbably many places that may serve as
sources of recolonization when population density is very low at a giveCstiisia vestalis
also moves readily among fields to find the host required for its reproduéiemding
damage byP. xylostellaleads to increased amounts of volatiles reledseglants, which
attracts the parasitoid (Potting et al. 1999). The-pastsitoid system may thus function not
at the field scale, but as a metapopulation system at the landscape or regionabsdales
further stulies are needed to fully understand its dynamics in a spatial co8tdllhorn et
al. 20080).
As regards the efficiency @@. vestalisas a biological control agent, significant decreases in
diamondback moth abundance after parasitoid population peaks suggeSt tlestalisis
able to stop pest outbreaks. However, the parasitoid had onlytstroreffects at our study
site and there was no stable control of the moth population at a sufficiently low déhsity

key problem is that the abundancefvestalisstrongly decreases when there are few
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xylostellg so that the parasitoid cannot prevent a resurgence of the pest. Under temperature
conditions prevailing in Cotonou, the intrinsic rate of increask.ofylostellais nearly at a
maximum (Golidaeh et al. 2009) and, in the absence of parasitoids, small numbers of adult
moths can produce considerable numbers of larvae in one or two generati@svessalis
numerically responds with a time lag roughly equal to two weeks, thiecaeseach high
densities before the parasitoid population becomes large enough to be effectigoré@r
vestalisis unable to control moth populations before damage exceeds acceptable levels.
Although it is likely that cabbage infestation By xylostellawould hawe been more severe in

the absence gfarasitism(Kfir 2011), thepopulation density recorded in the presenc€ of
vestaliswas on average 7.5 immature moths per plant in our study, which is hardly tolerable
for Brassicavegetable growers. Clearly, addited control measures are necessary to reduce

the damage caused by the diamondback moth in this system.

CONCLUSION

The inherent tendency for hegsarasitoid dynamics to cycle can become apparent in
field populations ofP. xylostellaattacked by a specialist parasitoid. Although vestalis
populations are well established in the Cotonou region and seem able to contain diamondback
moth outbreaks by drastically reducing large populations, this parasitoid cannot greadnt
populationsof the pest from rebounding rapidly. This may be linked to the environmental
conditions in southern Benin, i.e. a tropical climate in which moth populations can grow very
rapidly when parasitoid density is low, combined with a high probability of reaalbon
from surrounding areas. Under such conditions, biological control by a specialistoghras
reaches its limits and additional control measurgseferably compatible witlC. vestalisn

an integrated pest management programme should be taken against the diamondback moth.
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Although several species of the genus Cotesia are used in biological control pro-

grams against insect caterpillars throughout the world, little is known of their oviposition behav-

ior. We describe here the types and distribution of antennal sensilla in

Cotesia plutellae, a larval

parasitoid of Plutella xylostella , and we analyze its oviposition behavior. Seven types of sensilla
were found on both males and females. Only sensilla trichodea type II, with a putative contact che-
moreceptive function, was signi“‘cantly more abundant in females than in males, and its morphol-

ogy and position on antennomeres were linked to the antennation behavior used by females during
host search. We conclude that gustatory stimulus following antennal contact is probably the key
stimulus inducing oviposition behavior. The sensilla type assumed to be implied in oviposition
behavior was present in C. plutellae but not in two closely related species ( C. glomerata and
C. rubecula), which is discussed. Microsc. Res. Tech. 68:36...44, 2005. v 2005 wiley-Liss, Inc.

INTRODUCTION

The genus Cotesia comprises 400 described species
among an estimated total number of nearly 1,000 spe-
cies worldwide (Shaw and Huddleston, 1991). Several
Cotesia species are used for biological control of pest
caterpillars throughout the world, while some are used
as key model organisms in studies of the physiology
and molecular biology of host-parasitoid interactions,
behavioral ecology, and the ecology and genetics of
metapopulations in fragmented habitats (Michel-Sal-
zat and Whit“eld, 2004).

Cotesia plutellae (Kurdjumov) (Hymenoptera: Braco-
nidae) is a primary solitary larval endoparasitoid, spe-
cialist of the Diamondback Moth (DBM),  Plutella xylo-
stella (L.) (Lepidoptera: Yponomeutidae) (Velasco, 1982;
Verkerk and Wright, 1996). C. plutellae originates from
Europe (Oatman, 1978) but has been reported world-
wide. It is largely used as biological control agent for
DBM management (Talekar and Shelton, 1993), and
numerous attempts have been made to introduce it into
different areas of the world, with mixed results (Talekar
and Shelton, 1993; Velasco, 1982; Verkerk and Wright,
1996). In Asia, it is the only larval parasitoid of DBM,
able to survive in tropical and subtropical plains (Tale-
kar and Shelton, 1993; Verkerk and Wright, 1996).

Hymenopteran parasitoids commonly “nd their
hosts, using chemical stimuli produced by the host or
by the plant (Vet and Dicke, 1992; Vinson, 1976). When
searching for hosts, wasps use different stimuli in a
hierarchical process that lead them gradually to the
host habitat, the host plant, and “nally the host itself
(see for review, Quicke, 1997; Vinson, 1976). During
long range searching, C. plutellae females use monoter-
penes and glucosilonate produced by wounds left by
herbivores or mechanical damages (Potting et al.,

v 2005 WILEY-LISS, INC.

1999; Reddy et al.,, 2002; Vuorinen et al., 2004a,b).
After landing on a cabbage leaf, C. plutellae females
appear to search randomly until they “nd a host (Guil-
loux, 2000). There is no “ne description of the oviposi-
tion behavior in this species.

Cotesia glomerata, a gregarious and generalist para-
sitoid, is phylogenetically closerto C. plutellae (solitary
and specialist) than to Cotesia. rubecula, a solitary par-
asitoid specialist of Pieris rapae larvae (Michel-Salzat
and Whit“eld, 2004). Signi“cant differences have been
shown between C. glomerata and C. rubecula in the
number of some sensilla types, but not among types
and topographical arrangement (Bleeker et al., 2004).

In the present study, we describe the antennal equip-
ment of male and female C. plutellae , using scanning
electron microscopy. The complete oviposition sequence
of C. plutellae is also described and series of experi-
ments were performed to determine which organs were
really involved in host recognition. We hypothesized
that a speci“c sensilla type was linked to oviposition
behavior sensus lato and to the detection of the host
sensus stricto. This possible adaptive link is discussed,
as well as the possible contribution of comparative and
phylogenetic analysis to the test of this hypothesis.

MATERIALS AND METHODS
Plants and Insects

C. plutellae and its host DBM originated from Coto-
nou in Benin and were collected on cabbage, Brassica
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TABLE 1. Patterns of oviposition behavior of ~ Cotesia plutellae
and abbreviations used in text and “gures

Pattern De“nition

walk The female walks continuously with antennal
movements (right/left, up/down, U-shape position
with dorsal side or tip in contact with the leaf)

ant-c Antennal contact with external, internal, or dorsal
side or with the tip

line The female takes place in line parallel to the
caterpillar body

reab The female moves toward the caterpillar and
begins to bend the abdomen

ex-ca Extension of abdomen, outspread wings, and
antennal contact

dset-abd The abdomen is deep-set in the host, wings are

perpendicular to the body and antennal contact
ovip Oviposition (the abdomen is quickly extended)

sting Sting without oviposition (the abdomen is quickly
extended, no egg was found)
b-ant Antennae back to normal position (above the head)
b-abd Abdomen back to normal position (in the same
line as thorax)
b-wingl Wings back to outspread position
b-body Body back to normal position

groo Grooming (wasp rubs its antennae and
abdomen with legs)

y The female "ies away
ov-att Oviposition attempt on the leaf
chase The caterpillar escapes and the female chases it
wigg The caterpillar wiggles to escape from the
wasp after contact or sting
eject The female is ejected by the caterpillar

oleracea var. capitata. DBM (adults and larvae) was
reared on Indian mustard, Brassica juncea, in Plexi-
glas cages of 503 50 3 50 cm, with water and honey
provided separately ad libitum for adults. During ovi-

position of DBM, a new cabbage was placed in the
cages every day to avoid larval stages overlapping. Lar-

vae were transferred on a new cabbage every day.
Cocoons were collected regularly and kept in a plastic

box until emergence.

Parasitoids were reared in Plexiglas cages of 50 3
50 3 50 cm for mating and oviposition, with water and
honey provided ad libitum . For oviposition, a cabbage
with L2 larvae was introduced in the cage. Nymphs of
parasitoid were collected and kept in a plastic box until
emergence. DBM and parasitoids were maintained in a

climatic room at 25 6 18C, 40...50% RH, and a 12 h

light...dark photoperiod. All insects used were spring
from second rearing generation.

Scanning Electron Microscopy

Newly emerged parasitoids were killed by freezing
and serially dehydrated in alcohol (70, 75, 80, 90, 95,
and 100%), then placed in 100% acetone for 15 min,
and in 100% chloroform at 60 8C for 4 h. Preparations
were kept in 100% acetone until the observation.
Before observations, samples were critical point dried
using CO, with a Balzers CPD-010 (Balzers, Liechten-
stein) and gold/palladium coated using a JEOL JFC-
1100 sputter unit (JEOL Ltd., Tokyo, Japan). Observa-
tions were performed at 2.5 kV with a JEOL SEM-
6400.

We will use the sensilla denomination and classi“ca-
tion of Bleeker et al. (2004), Zachuruck (1980, 1985),
and Keil (1999).
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Behavioral Oviposition Sequences

Ten second instar caterpillars feeding on a piece of
cabbage leaf (33 mm in diameter) were individually
exposed to a parasitoid female in a glass Petri dish
(33 mm in diameter and 8 mm depth). Each host was
attacked once (a host was considered as being attacked
when the female had stung and departed from it). All
caterpillars were dissected in a saline solution a few
hours after oviposition so as to con“rm that an egg has
been deposited by the female wasp. Ten females were
tested (10 ovipositions per female for a total of 100
observations). Each oviposition sequence (from search-
ing for host to departure of the female) was video-
recorded with a camera (Canon Powershot A80),
mounted on a binocular microscope (Wild Heerbrugg),
and analyzed image by image (Pierre and Kasper,
1990; Van Baaren et al., 1993, 2002, 2003, 2004). On
the basis of these observations, we obtained a descrip-
tion of the sequential structure of behavioral patterns
(from the interpretation of factorial axes), and the pat-
terns were placed in factorial space, their distance
being inversely related to the frequency of their tempo-
ral succession. This analysis yielded a "ow chart on
factorial maps in which two patterns occurring fre-
quently in succession will appear closely and linked
with thick arrows. Conversely, two patterns occurring
rarely in succession will be represented far apart and
linked with thin arrows. The behavioral patterns, used
in the analysis, are described in Table 1.

Sequences with oviposition (one egg was found) and
with sting without oviposition (no egg was found) were
analyzed separately and relative frequencies of pat-
terns were compared with a v? test, using R statistical
software (lhaka and Gentleman, 1996). After a “rst
analysis with all patterns, some rare patterns (i.e.,
recorded less than 10 times) were pooled to reduce the
number of low values. Four classes of behavioral pat-
terns were de“ned as follows: the “rst comprised rare
patterns linked to preoviposition behaviors, the second,
patterns linked to oviposition, the third, patterns
linked to avoidance of defensive behaviors by the cater-
pillar, and the last, behaviors following oviposition,
before the female returned to host location behavior.

Determination of Organs Involved
in Host Detection

Six tests were performed to evaluate the importance
of chemical and contact detection of different organs,
vision, hearing, and perception of movement in suc-
cessful ovipositions: in each test, six second instar cat-
erpillars were exposed to a parasitoid female in a glass
Petri dish (50 mm in diameter) for 2 h. For the “rst
test, females were untreated (control), for tests 2...6,
antennae were cut off in test 2, tarsus on “rst pair of
legs were cut off in test 3, palps were cut off in test 4,
glass Petri dish were exposed in dark in test 5, and cat-
erpillars were killed by freezing in test 6. Fifteen repli-
cates were done for each test. To perform ablations,
females were anesthetized on ice and manipulated
under a binocular microscope (Wild Heerbrugg). All
caterpillars were dissected in a saline solution a few
hours after oviposition so as to determine the total
number of eggs the female oviposited in each test. To
compare tests, data were normalised by decimal loga-
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Fig. 1. Length (| m) of male and female antennomeres, and length
(I m) of their sensilla placodea, from the proximal (1) to the distal (16)
part of the antenna.

rithm (log ( x p 1)) or square transformations ( HXx)
tested with the Kolmogorov...Smirnov nonparametric
test (Lilliefors method) (SYSTAT 8.0, 1998). An
ANOVA was performed and the post hoc Bonferroni
test were used (SYSTAT 8.0, 1998).

RESULTS
Microscopy

Antennae. Antennae of males and females had a
long uniform slender shape and had both 16 antenno-
meres whose length decreased from that of the proxi-
mal to the distal one (Fig 1). Antennae of males were
thicker (diameter of antennomeres 52.6...82.0 | m) than
those of females (49.2...65.51 m), and their antenno-
meres were longer than those of females (Fig. 1). The
space between antennomeres was larger in females
than in males (Figs. 2a and 2b).

Sensilla Types. Seven different types of sensilla
were found on both male and female antennae, and the
numbers on each antennomere are given in Table 2.

Sensilla Trichodea Nonporous (NP). They were
the most abundant on all antennomeres and were dis-
tributed in several rows between each sensilla placo-
dea. They were inserted in a socket, had a grooved sur-
face, and a droplet shape at the tip (Fig. 2c). Their
length was about 35 | m and their diameter 2 | m at the
base on the “rst antennomere, and they became thin-
ner and shorter toward the distal end of antennae (L
241m, g 11m).

Sensilla Trichodea With Wall Pores (WP). These
sensilla had a smooth cuticle, covered by small pores,
and had a socket (Fig. 2d and Table 3). They were
slightly bulbous at the base with a diameter of 2lm
and had a conical tip. They were only distributed
around the distal side of antennomeres and were
absent in the last one (Figs. 3a, 3b, and Table 2).

Sensilla Trichodea With Tip Pores (TP). Two dif-
ferent types were identi“ed. They were both inserted

in a socket, and had a grooved surface (Figs. 2c, 2e, 2f,
4e, and 4f). Type | had a classical conical shape with
two pores on the tip (Fig. 4e). It had a length of 221m
on ‘“rst antennomere vs. 18 | m on the last one in
males, and 15 | m in females, with a diameter of 1 I m
at the base. These type | sensilla trichodea were
present on all antennomeres in two rings, one on the
middle of the antennomere and one (with more sen-
silla) at the distal part of the antennomere. At the apex

of the last antennomere stood three TP type | sensilla,
longer than those on last distal antennomeres (Figs. 4a
and 4b).

Type |l sensilla trichodea was characterized by a
cuticular projection over apical pores. This cuticular
projection had an opercula shape and the opening was
turned towards the proximal end of the antennomere
(Fig. 2c). It had a length of 19 | m on proximal antenno-
meres vs. 16 | m on distal antennomeres in females,
and a constant length of 16 | m in males. They were
thicker than Type | sensilla (Fig. 2c) with a diameter of
21 m at the base. Pores were numerous and distributed
in an oval ring under the cuticular projection (Figs. 4e
and 4f). These sensilla were 4.5 times more abundant
in females than in males. They appeared on all anten-
nomeres in females and only on antennomeres 6...16 in
males (Table 2). In males, the cuticular projection
seemed to be less developed than in females (Fig. 2f).
These type Il sensilla stood always in a ring on the
middle part of antennomeres, but never on the ventral
side. In females, they appeared in two rings on the last
antennomere (Figs. 4a and 4b). They were distributed
equally on dorsal and lateral sides. These sensilla
appeared sometimes under a slightly different mor-
phology (Fig. 4f): the cuticular projection seemed to be
malformed or broken. This different morphological
type appears everywhere on the antennomeres.

Sensilla Placodea (or Multiporous Plate Sen-
silla). These sensilla were found on all antennomeres
and were distributed into two regular rings on each
antennomere, one proximal, and one distal (Fig. 3a).
They were more numerous in males (Table 2). They
had a carina shape and had a length of 61.6...81.5 I miin
females and 69.5...87.0l m in males, a width of 3lm
and 2 I m high. In comparison to antennomeres, they
had a relative constant length (Fig. 1). Therefore, the
more the antennomeres shortened, the more sensilla
placodea become imbricate (Fig. 3b). This phenomenon
was more evident in females because of their smaller
antennomeres. On the last female antennomeres, the
repartition became random (Fig. 4a). They were cov-
ered by pores of 20 nm in diameter. These pores were
found in V-shaped rows (Fig. 4c).

Sensilla Coeloconica Type I. They were described
as a peg protruding from a pit in a donut-shaped ring
(Bleeker et al., 2004). They had at maximal a width of

11 mand4 | minlength, and the pit had an external
diameter of 6 I m. The peg was deeply striated (Fig.
4g). They were present in males and females on the
ventral side of antennomeres 6...15 (only one on each)
and were situated at the end of the proximal half part
of them (Fig. 4d).

Sensilla Coeloconica Type Il. These sensilla had
an oval donut shape of 7.5 | mlong and 5 | m wide with
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showing s. trichodea WP. The box shows pores on the cuticle. (e) S.
trichodea TP type | showing the double pores on the tip. () S. tricho-
dea TP type Il on the 9th male antennomere showing a thin cuticular
projection.

Fig. 2. Sensilla trichodea NP (thin black arrows), s. placodea
(stars), s. trichodea TP type | (white arrows), sensilla trichodea TP
type Il (white double shafted arrow). (a) Apical part of male antenna.
(b) Apical part of female antenna. (c) Detail of 16th female antenno-
mere. (d) Detail of the apical part of the 2nd female antennomere

TABLE 2. Number of different types of sensilla on each antennomere in males (M) and females (F) of  C. plutellae ,
from the proximal (1) to the distal (16) part of antenna

Antennomere 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
s. trichodea NP F Numerous on each antennomere

M
s. placodea F 19 22 22 23 23 25 25 26 26 27 25 24 22 20 20 13 362

M 37 39 40 41 42 40 38 38 40 37 35 35 30 28 26 24 570
s. trichodea WP F 20 14 14 11 12 11 13 16 17 22 18 21 22 17 21 " 249

M 15 15 11 9 8 11 10 13 17 13 14 15 16 14 10 N 191
s. trichodea TP type | F 7 6 7 7 8 8 8 10 10 9 8 8 11 10 10 24 151

M 5 6 6 6 5 7 6 7 8 8 9 7 8 9 9 17 123
s. trichodea TP type Il F 1 1 2 2 2 2 3 4 6 6 6 6 6 6 8 13 74

M N N N N N 1 N 1 1 1 1 2 2 3 2 2 1 6
s. coeloconica | F N N N N N 1 1 1 1 1 1 1 1 1 1 N 10

M N N N " N 1 1 1 1 1 1 1 1 1 1 N 1 0
s. coeloconica F N N N N 1 N 1 N 1 N N N N 6

M N N N N 1 N 1 N 1 N N N N 6
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TABLE 3. Differences between sensilla of C. glomerata, C. rubecula (Bleeker et al., 2004), and C. plutellae (this article)

C. glomerata ®

C. rubecula® C. plutellae ®

6...7mm
2.8...3.7mm

Body size

Length of antennae in
female and male

s. trichodea NP

s. trichodea WP

No differences
Length: 30 | m; pore
diameter: 20 nm

s. trichodea TP type | Length: 30 I m;
diameter 2 I m
s. trichodea TP type Il Absent

s. placodea Length: 70...132I m

Arrangement of pores: in rows

Peg: 2...3 m width; pit diameter:
81 m on antennomeres 2...15

Diameter:9 I'm

s. coeloconica type |

s. coeloconica type Il

6...7mm

3.8...3.9mm

Length: 30 | m; pore

Length: 30 | m;
Absent

Length: 81...1321 m
Arrangement of pores: in rows

Peg: 2...3 m width; pit diameter:

Diameter: 9 I m

4..5mm
2.1...2.9 mm

Length: 23 | m; Pore
diameter: 30 nm

Length: 15...22] m;

Diameter: 1 I m

Present
Length: 61...87I m
Arrangement of pores: in V-shape

Peg: 11 m width; pit diameter: 6
on antennomeres 6...15

Maximal diameter: 7.5 |Im

diameter: 20 nm

diameter2 I'm

I'm
81 m on antennomeres 2...15

2Generalist and gregarious.
bSpecialist and solitary.

a small bulb of 0.8 | m of diameter in the middle (Fig.
4h). Only one was present on distal ventral side of
antennomeres 3, 5, 7, 9, 11, and 13 (Fig. 4d) in males
and females.

Behavioral Sequences

The typical oviposition sequence was divided into
three parts that appear clearly on the factorial map: (1)
host detection and self positioning before oviposition,
(2) oviposition, and (3) return to normal position. The
“rst axis separated the patterns linked to host detec-
tion and positioning (negative side) from the patterns
linked to the behaviors following oviposition (positive
side). The second axis separated the searching pattern
(walk) (negative side) from oviposition (positive side).

Once the female landed on a leaf, it started to walk
rapidly in a random pattern with antennal contact with
leaf, feces, and silk. Most of the time, the antennae
were U-shaped with the dorsal side of apical an-
tennomeres (or sometimes only the tips) in contact
with the leaf. This typical searching behavior (walk)
(Table 1, Fig. 5), ended when the female had an anten-
nal contact (ant-c) with the host. This antennation
always occurred with the dorsal or lateral side or the
tip of antennae, but never with the ventral side. Imme-
diately after this contact, the female moved towards
the caterpillar and began to bend its abdomen under
the thorax (reab). The abdomen was then pushed far-
ther on and the wings were slightly outspread above
the abdomen (ex-ca). Oviposition was divided into two
patterns. During the “rst one, the abdomen was “rmly
deep-set in the host, the wings were perpendicularly
erected under the thorax, and the antennae were always
in contact with the host (dset-abd). The second pattern
was the oviposition sensus stricto. The female quickly
and violently extended the abdomen (ovip), and during
this movement antennal contact was lost. After oviposi-
tion, the body returned to a normal position in three
steps, starting with antennae moved back above the head
(b-ant), abdomen back in line with the thorax (b-abd),
and “nally wings starting to regain their resting position
(b-wing 1). Then, the female regained normal position (b-
body), began grooming (groo), and walked again (walk).

This sequence of patterns shows a clear Guttman
effect (Guttman, 1941) on the factorial map (Fig. 5).
This effect results in a hyperbola-shape of majority pat-
terns corresponding to the ideal sequence of oviposi-

tion. This effect is representative of a low variability in
pattern succession between different repetitions. How-
ever, this sequence was sometimes modi‘ed by the
defensive behavior of the host. DBM larvae can react
violently to the presence of the parasitoid (wigg) or can
let themselves fall along a silk line. Although these
defensive behaviors could temporarily interrupt the
sequence, the female parasitoid rapidly reacted by the
insertion of the ovipositor (dset-abd) before the cater-
pillar escaped, or chased it (chase).

Dissections of host larvae showed that 84% of ovipo-
sitions were successful. No behavioral differences were
observed between ovipositions and stings without ovi-
position, except for the following patterns: at the end of
the sequences, the grooming frequency (groo) was sig-
ni“cantly superior in case of oviposition and the walk
frequency (walk) was superior in case of sting without
oviposition ( v (5) ¥411.53; P ¥ 0.042).

Organs Involved in Host Detection

The ANOVA performed on rate of parasitism and on
the number of eggs by the female revealed that treat-
ments were signi“cantly different (  Fsgq ¥2 14.116 (P <
0.001); R ¥4 45.7% and Fs g4 ¥412.974 (P < 0.001); R* ¥4
43.6%, respectively) and the Bonferroni post hoc
adjustment showed that treatments 2 and 3 were dif-
ferent from the control (Table 4).

DISCUSSION

We described the antennal sensilla of the larval para-
sitoid C. plutellae , and its behavioral oviposition on its
host DBM. Seven different types of sensilla were found
to be common in both sexes. Six of these sensilla types
had already been described in other hymenopteran
families (Ochieng et al., 2000; Van Baaren et al., 1996,
1999). The putative function of sensilla can be deduced
from the number of pores (Bleeker et al., 2004; Keil,
1999). Sensilla trichodea NP are considered to be
mechanoreceptors, TP type to be contact chemosensi-
tive and involved in gustatory function, and WP type,
such as sensilla coeloconica type 1, to be olfactory sen-
silla. Sensilla coeloconica type Il could be thermo- or
hygroreceptors (Altner and Prillinger, 1980), while sen-
silla placodea have probably an olfactory function. The
remaining type described in our study, the sensilla tri-
chodea TP type I, had a particular tip that we can
describe as a series of wide pores protected by a cuti-
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Fig. 3. Dorsal side of the 14th male (a) and female (b) antennomeres showing classical disposition of
s. trichodea TP Il (white double shafted arrows), s. trichodea TP (white arrows), s. trichodea WP (thick
black arrows), and imbrications of s. placodea (stars) in females.

cular excrescence. Similar sensilla tips have been Ablation experiments showed that antennae were
described in Braconidae and Encyrtidae and were con- essential in host detection. The effect of ablation of tar-
sidered to be contact chemosensitive (Ochieng et al., sus on ‘“rst pair of legs was also signi“cantly different

2000; Van Baaren et al., 1996). from controls, but observations revealed that these dif-
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Fig. 4. Sensilla placodea (stars), s. trichodea TP type | (white ar-
rows), sensilla trichodea TP type Il (white double shafted arrows ), s. coe-
loconica type | (white open arrow), s. coeloconica type Il (black open
arrow). (a) Dorsal side (on top) of the 16th female antennomere. (b)
Dorsal side (on top) of the 16th male antennomere. (c) Detail of s. placo-
dea showing the V-shape stripe pores organization. (d) Ventral side of

ferences are probably due to a physical handicap when
females tried to oviposit on their host.

Antennal Sensilla and Behavior

Our results showed that antennal structure, sensilla
number, and topography were different between males
and females and were probably linked to the use of
antennae during the searching behavior of C. plutellae .
First, when the female walks searching for its host, its
antennae form a U-shape. This position was never
observed in male antennae (pers. obs.) that had most
often a straight erected or slightly curved position. The
antennomeres in the distal half part of the male anten-
nae are more narrowly spaced than in females, prob-
ably preventing the malees antennae from adopting the
U-shape position.

0. ROUX ET AL.

the 9th female antennomere. (e) Detail of the tip of a s. trichodea TP
type Il showing the pore series in oval shape disposition.  (f) S. trichodea
TP type Il showing a broken c uticular projection. (g) Detail of s. coelo-
conica type | on 7th male antennomere. (h) Detail of s. coeloconica type
Il on 7th female antennomere.

We also showed that an antennal contact was obliga-
tory to initiate the oviposition sequence. This antennal
contact was the last step of host research and the “rst
step of positioning for oviposition, and it was always
done using the external side, the tip, or the dorsal side
of the antennae. It should be noted that the sensilla tri-
chodea TP type Il are distributed on the dorsal and lat-
eral sides of antennomeres. These sensilla, that are
probably contact chemosensory sensilla, are perpendic-
ularly erected from the cuticle and emerge from the
layer of other sensilla, and are more numerous in
females than in males. This suggests that the sensilla
trichodea TP type Il are closely related to the gustatory
recognition of the host. Moreover, this type of sensilla
have normally their opening oriented backwards, but
in the U-shape antennal position, these opening are
oriented toward the front and are the more exposed to
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Fig. 5. Flow chart on factorial map obtained with 100 oviposition
sequences of Cotesia plutellae . Behavioral patterns correspond to the
abbreviations given in Table 1. Axis | and Il are the two “rst axes of
the Factorial Correspondence Analysis. The circles represent, from

the smallest to the largest, respectively less than 10, 11...30, 31...60,
61...80, 81...90 and more than 90 behavioral patterns. The arrows rep-

resent the number of successions between two patterns. Small dashed
lines represent less than 10 successions; solid lines are directly pro-
portional to the number of successions (10...90).

chemical contacts. The dorsal location of contact che-
mosensory sensilla is uncommon. Usually, in parasi-
toids (Encyrtidae, Mymaridae, Trichogrammatidae),
sensory equipment linked to oviposition are present on
the tip or on the ventral side of apical antennomeres
(Consoli et al., 1999; Isidoro et al., 2001; Van Baaren
et al.,, 1995, 1996) and an increase in the variety of
types is observed from the proximal antennomeres to
the distal ones (Sen and Mitchell, 2001; Van Baaren
etal., 1996, 1999). In the present case, we observed “ve
sensilla types present from the “rst antennomere on,
including sensilla trichodea type Il involved in oviposi-
tion behavior. Moreover, the ablation of antennae sup-
pressed totally the oviposition behavior.

The egg passage through the ovipositor may be
observed in several parasitoid species, enabling the
observer to distinguish oviposition from insertion of the
ovipositor without oviposition (Van Baaren et al., 1995).
Although dissection of DBM larvae showed that some
females inserted their ovipositor without depositing an
egg, in behavioral sequences, no differences were found
between sequences with or without oviposition. Only
the pattern eegroomingee was frequently linked to true
oviposition, but this connection was not exclusive.

Comparison With  C. glomerata and C. rubecula

In C. glomerata and C. rubecula, six types of sensilla
were found: sensilla trichodea NP, WP, TP type I, sen-
silla placodea, and sensilla coeloconica type | and Il
(Bleeker et al.,, 2004). They were similar to those

observed in C. plutellae , in which they were slightly
smaller. The distribution of sensilla on antennomeres
was very similar in the three species except for sensilla
coeloconica type I. In C. glomerata and C. rubecula, a
single sensilla coeloconica type | was found on each
antennomere from the 2nd to the 15th one. In  C. plutel-
lae, they were less numerous and were found distrib-
uted from the 6th to the 15th antennomere (Table 4).

In C. plutellae , an additional sensilla was described,
the sensilla trichodea TP type I, which represent the
major difference with C. glomerata and C. rubecula.
This sensilla type seems to be important in oviposition
behavior (detection and identi“cation of host).

In C. glomerata, as in C. plutellae , female antennae
are shorter than in males, but notin  C. rubecula where
the length of antennae is equal in both sexes. This sex-
ual dimorphism seems to be common in other hyme-
nopteran (Ochieng et al.,, 2000; Van Baaren et al.,
1999). The length of antennae is directly linked to the
length of the antennomeres in the three species and
with the length of sensilla placodea in both  C. glomer-
ata and in C. plutellae. Nevertheless, the decrease in
antennomere length toward apical side of female
antennae was not proportionally re”ected in the length
of s. placodea. Sensilla were slightly shorter, but it was
the imbrications of proximal and distal s. placodea that
allowed the narrowing of antennomeres. The length
difference of s. placodea between sexes was greater in
C. glomerata and C. plutellae thanin C. rubecula.

A particular type of sensilla has been observed in  C.
plutellae , and neither in C. rubecula nor in C. glomer-
ata. It is tempting to hypothesize a correspondence
between sensillar equipment and types of parasitism
(e.g., generalist vs. specialist). In the present case, C.
plutellae and C. rubecula are specialists, while C. glom-
erata is a generalist, hence it does not seem that these
sensilla are a general adaptation to specialization in
parasitism. However, it could be an adaptation to a spe-
cial character of the speci‘c host DBM, like kairo-
mones or some defensive behavior. To test these points
further on, other close relative species should be
studied concerning their type of parasitism, host char-
acteristics, and sensillar equipment. Also, a phyloge-
netic perspective could help determining whether the
presence of some particular sensilla types is a histori-
cal novelty (apomorphy), hence, a possible adaptation
relatively to other species equipment. Phylogenetic
hypotheses are available for the genus Cotesia (Michel-
Salzat and Whit“eld, 2004; Papp, 1986, 1987). The
presently available data concern only three species,
which does not allow any phylogenetic conclusion con-
cerning evolutionary scenarios of biological characters
(Brooks and MacLennan, 1991; Harvey and Pagel,
1991; Martins, 1996). A promising research program
would consist in analyzing the relevant biological traits
in species of the C. rubecula and C. glomerata group
(Michel-Salzat and Whit“eld, 2004) so as to both check
for further possible correspondence between morphol-
ogy and specialization in this parasitoid group, as
already shown in Aphidiinae, Encyrtidae, Aphelinidae,
Trichogrammatidae, Pteromalidae, Eucoilidae, Chari-
pidae, and Megaspilidae by Le Ralec et al. (1996), and
polarize the evolutionary scenarios for traits of interest
into possible adaptations.
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TABLE 4. Effects of the six treatments performed on female parasitoids and described in Material and Methods section, on the proportion of
parasitized hosts and the mean number of eggs laid by each tested individuals

Treatments (sense or organ tested)

Movement and

Control Antennae Tarsus Palps Vision hearing
N2 89 90 90 90 88 90
% of parasitized caterpillars 62.92 0.00 20.00° 56.67 52.27 34.44
Mean number of eggs laid by female 6 SEM 526 3.6 0.06 0 156 2.1 8.96 12.1 4.26 3.2 3.66 1.7

2The number of caterpillars.

Values signi“cantly different from control (ANOVA, followed by post hoc Bonferroni tests for 2
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Chapitre 1l : Interaction entre Plutella xylostella et le parasitoide Cotesia vestalis
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Summary. Cotesia plutellaeis a specialist parasitoid of moth (DBM) (Lepidoptera: Plutellidae), the greatest pest of
Plutella xylostella This specificity is potentially under the crucifers in many parts of the world (Velasco 1982; Verkerk
control of several factors before and after oviposition. & Wright 1996). It is largely used as a biological control
Thereby, the stimuli that lead female parasitoids to hostagent for DBM management and numerous attempts have
locations and to oviposition, might be at the basis of the been made to introduce it into different areas of the world,
specificity. We explore here the responseofplutellae with mixed results (Velasco 1982; Talekar & Shelton 1993;
females exposed to host cuticular lipids. A total cuticular Verkerk & Wright 1996). In Asia, it is the only larval para-
lipid extract of host caterpillars was fractionated into a sitoid of DBM able to survive in tropical and subtropical
hydrocarbon fraction and a non-hydrocarbon fraction. plains (Talekar & Shelton 1993; Verkerk & Wright 1996).
Neither fraction alone had any effect on oviposition behav- The females ofC. plutellaeare primarily attracted by
iour in C. plutellaebut the hydrocarbon fraction alone did green leaf volatiles produced by wounds left by herbivores or
seem to have a positive effect on the rate of antennal contaamnechanical injury (Pottingt al. 1999; Liu & Jiang 2003).

by the females. To induce oviposition behaviour, both frac- They also tend to show a specific response toward the
tions were necessary and reflect cooperation between ahost/plant versus non-host/plant complex odour (Shedja.
least one compound in each fraction. Identification of cutic- 2000a; 2001). After landing on a damaged cabbage leaf,
ular lipids shows that hydrocarbons were dominant (77%). C. plutellaefemales have the ability to recognize a plant
Non-hydrocarbon compounds were mainly represented byinfested by its host through antennal contacts with
15-nonacosanone (18% of the total lipid extract). This kairomones. Host regurgitant, frass and plant contain the info-
ketone is rare in insect cuticle lipids and is thought to origi- chemicals and are important in host recognition (Shjiai.

nate from the cabbage epicuticle where it is dominant with 2000b; Reddet al. 2002). In contrast, encounters with non-
n-C,, and 14- and 15-nonacosanol also found among thehost kairomones put an end to the searching behaviour of

cuticular lipids of the host caterpillar. females (Shiojiret al.2001). Despite all these mechanisms of
host location, females are likely to encounter non-host insects
Key words. Cotesia plutellae - Plutella xylostellacuticu- on cabbage. To ensure that eggs are laid in a suitable host,

lar lipids - host-recognition - host-acceptance - parasitoid. cues perceptible at very short range are necessary.
Cuticular lipids are often involved in relationships
between insects (Howard & Blomquist 1982; Blomquist
et al 1998). In social Hymenoptera, the cuticular lipids used
Introduction in insect/insect relationships are mainly hydrocarbons and
are involved in a variety of functions such as nest-mate
Hymenopteran parasitoids commonly find their hosts using recognition, reproduction, or parasitism (Dettner & Liepert
various chemical stimuli produced by the host or by the 1994; Turillazziet al 2000; Rutheet al 2002; Daniet al
plant (Vinson 1976; Vet & Dicke 1992). These different 2005). In parasitoid wasps, non-volatile host cuticular lipids
stimuli lead the wasps to the host habitat, then, in a hierar-are used in very short range and in specialist parasitoids
chical process, to the host plant and finally to the host itselfserve as chemical recognition signals to identify host
(Vinson 1976; Quicke 1997). species (Vinson 1976; Rutledge 1996; Howetréhl 1998;
Cotesia plutellae (Kurdjumov) (Hymenoptera: Padmavathi & Paul 1998; Kumazadi al 2000) or to dis-
Braconidae) is a primary solitary larval endoparasitoid, and criminate suitable individuals for oviposition (Vinson &
a specialist ofPlutella xylostella(L.), the diamondback  Guillot 1972; Buckner & Jones 2005).
We have recently shown that the female€oplutellae
Correspondence thuc Legal, e-mail: legal@cict.fr detect their hosts through a short antennal contact, and we
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hypothesize that gustatory stimuli are elicitors of oviposition
behaviour (Rouxet al. 2005). In the present paper, we
investigate the role of cuticular lipids as gustatory stimuli
for host acceptance. We characterized the cuticular lipid
composition of DBM caterpillars and assessed their biologi-
cal activity on the oviposition behaviour &f. plutellae
females through behavioural tests. We used bioassays t
isolate active fractions and to detect additive or cooperative

CHEMOECOLOGY

were observed and counted: short antennal contact followed by an
oviposition movement, as described in Raetxal. (2005), and
short antennal contact without oviposition movement. Any female
which showed no searching behavior during the first minute (i.e.
inactive or running around the box) was discarded and replaced by
another one.

Statistical AnalysisData were analysed in two manners: (1)

&Gounting the number of each response and (2) the proportions of

each response. The number and proportions of each response to the
treatments were analyzed using one-way\A. Before analysis

processes among them in eliciting behavioural responses ifhe number of events was normalised by square root transformation

C. plutellae.

Methods and Materials

Plants and Insects. Cotesia plutellard its host DBM originated
from Cotonou (Benin) and were initially collected in the field on
Brassica oleraceavar. capitata DBM (adults and larvae) were
reared in the laboratory on Indian mustaBdassica junceajn
Plexiglas cages of 5950 x 50 cm, with water and honey provided
separatelyad libitumfor adults. During oviposition of the DBM, a

( X) and proportions by the arcsine of the square aasine p).
Data normalisation was tested with the Kolmogorov-Smirnov non-
parametric test (Lilliefors method) Y§at 8.0, 1998). Aova were
performed and thpost-hocBonferroni test used with the two data
sets (Sstat 8.0, 1998).

Chemical AnalysisThe total extract and the two fractions was
analysed on an HP 5890 series Il gas chromatograph (GC) with a
split/splitless injector at 280 °C, an apolar HT5 capillary column
(25 mx 0.22 mm ID, 0.1 pm film thickness, 5 % diphenyl and 95%
dimethylpolysiloxane), and a flame ionization detector (FID) at
320 °C. The GC was coupled to a computer and data were
processed with HP millennium software. One pl was injected into

new potted plant was placed in the cages every day to avoid overthe column and elution was carried out with helium at 1 ml/min.
lapping of larval stages. Larvae were transferred to a new pottedThe oven temperature was programmed from 50 °C (for 1 min)

plant every day to provide them sufficient fresh leaves for optimal

to 140 °C at 20 °C/min, from 140 °C to 280 °C at 4 °C/min and

development. Cocoons were collected regularly and kept in a plas-280 °C for 5 min.

tic box until emergence.

Parasitoids were also reared in880 x50 cm Plexiglas cages
for mating and oviposition, with water and honey provided sepa-
ratelyad libitum For oviposition, a cabbage with second stage lar-
vae (L2) was introduced into the cage. Larvae in their final stage

The determinations and checks were performed on a Finnigan
Trace GC-MS 2000 Series chromatograph directly coupled to a
mass spectrometer quadrupole detector. The whole system was
controlled by the Xcalibur data system, version 1.2. MS spectra
were recorded in EI mode (70 eV), over a mass range of 50-550

leave the host to form cocoons; these were collected and kept in anass units with 2 scans per second. One pl was injected in splitless

plastic box until emergence of the imago. DBM and parasitoids
were maintained in a climatic room at 25+1 °C, 40-50 % RH and
a 12L.:12D photoperiod.

Cuticular Lipid Extraction and Filtration Cuticular lipids of
200 P. xylostellalarvae (stage L2) were extracted in 600of

mode with an injector temperature of 280 °C and a detector
temperature of 300 °C. An apolar Rtx®-5MS capillary column (30
m x 0.25 mm IDx 0.25 um film thickness, 5 % diphenyl and 95 %
dimethylpolysiloxane) was used. Carrier gas conditions and oven
temperature were the same as for GC analyses. ldentifications were

hexane. Of this 200l were put aside and used as total lipid extractprocessed with a spectral database and with a series of standard

The 400Qul remaining were fractionated on a silica gel column (1 cm,
70-230 mesh, 60A). Elution was done successively with 2 ml of
hexane, 1 ml of chloroform and 2 ml of methanol. The hexane frac-
tion contained only hydrocarbons. The chloroform and methanol
fractions contained non-hydrocarbon lipids and were pooled. The
two resulting fractions (hydrocarbon and non-hydrocarbon) were
dried under nitrogen and re-dissolved in 200f hexane.

BioassayAll bioassays were performed with dead caterpillars
(killed by freezing) or dummies. Dummies were made of second
instar DBM larvae killed by freezing, washed twice in hexane for
1 min and dried under a stream of nitrogen. In order to exclude an
ambiguities that could be linked to the possibility of incomplete

W

linear alkanes. The standard linear alkanes were also used for
alignment of GC profiles.

Results

Bioassay.The behaviour of 27 females Gf plutellaeswas
observed for each treatment. Results of the oviposition pro-
ortions (Fig. 1) are presented in two separate figure panels
r better readability of two-by-two comparisons, but only

fo

washing of the host caterpillars, a second kind of dummy was pre-one Avova was performed. The first part (Fig. 1a) presents

pared similarly but usin@strinia nubilalis(Htbner) (Lepidoptera:

Pyralidae), a non-host caterpillar from a mass-reared Iaboratoryt

strain maintained by thdnstitut National de Recherche
AgronomiqueINRA) “Le Magneraud” (Aquitaine, France).

Nine different treatments were performed: (1) Untreated DBM
caterpillar (Host); (2) Untreate®. nubilalis caterpillar (Non-
Host); (3) DBM dummies+ 3 pl pure hexane added per dummy
(Washed Host); (40. nubilalis dummies+ 3 pl pure hexane
(WashedNon-Host); (5) DBM dummies 3 pl total lipid extract
(Host + total extract); (6)O. nubilalisdummies + 3 pl total lipid
extract (Non-Host total extract); (7)0. nubilalisdummies+ 3 pl
hydrocarbon fraction (Non-Host + Hc); () nubilalisdummiest
3 ul non-hydrocarbon fraction (Non-Hostn-Hc) and (9)0. nubi-
lalis dummies+ 3 pl recombined fractions (Non-HostHc + n-

Hc). The amount of 8l was the equivalent to the extract obtained
from one caterpillar giving the dummies physiological concentra-
tions of lipids.

For each treatment, 3 identical dummies or untreated caterpil-
lars were exposed to a mated naive parasitoid female in a glas
Petri dish (33 mm in diameter and 8 mm depth) for 3 min.

Caterpillars or dummies were placed on corners of a triangular

positive (total hexane extract) and negative (washed) con-
rols on host and non-host dummies and the second part
(Fig. 1b) presents tests of the different host extract fractions
applied to non-host dummiesndva showed that oviposi-
tion proportions differed between treatments, (,, =
18.011;P = 0.001). As expected, non-host caterpillars were
significantly less attractive than hosts. Washed host caterpil-
lars were also less attractive than untreated hosts (Fig. 1a.).
When the total extract was applied to host dummies, no sig-
nificant difference was observed with untreated host cater-
pillars. Nevertheless, activity tended to be not fully
recovered. The application of total extract on non-host dum-
mies provided the same activity as an application on host
dummies. In fact, washed host caterpillars were not signifi-
cantly different from host dummies with total extract. To
test fractionated extract, we used only non-host dummies to
be sure that no active compounds remained on them. The

piece of cabbage leaf with 1.5 cm edges. Two kinds of responsetwo fractions of total extract tested separately on non-host
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D Fig. 1 Relative proportions of
oviposition (£ SE) produced by
Cotesia plutellagemales after
:—I" a antennal contacts with different
treatments applied to caterpil-
lars. Treatments with different
letters were significantly differ-
ent (P<0.01). The results are
a,c separated into two parts for a

Non -Host + total extrac

better readability of compari-
sons. _
Host + total - extract ac a. Comparison of effects of

total lipid extract when applied
to host and non-host dummies.
b. Comparison of effects of
hydrocarbon fraction (Hc) and
non-hydrocrabon fraction (n-Hc)
when applied to non-host dum-
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© Fig. 2 Mean number of anten-
3337 a nal contacts (+ SE) produced
£ by Cotesia plutellaefemales
L;) 30 - with the different treatments
g applied to caterpillars. Treat-
£ 95 ments with the same letter
3 were not significantly different
< b (P<0.01). Hc: hydrocarbon frac-
c 20 - b H . .
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dummies were inactive. The hydrocarbon and non- the females. The ¥ova revealed that the mean number of
hydrocarbon fractions had the same activity as solvent alonecontacts produced differed among treatmeris , =
applied to washed non-host caterpillars (Fig. 1b). However,29.521;P = 0.001). Greater the numbers of antennal con-
when the two fractions were recombined, the oviposition tacts associated with greater oviposition responses, suggest-
proportion was the same as with the total lipid extract. ing the female’s interest in the caterpillars. The results were
Mean number of antennal contacts (Fig. 2), also slightly different from those obtained with the observation
indicated that the treatments differed in acceptability to of oviposition proportions. As previously, it was for
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Table 1. Cuticular lipid compounds d®lutella xylostellacaterpillars detected by GC analysis and identified by GC-MS analysis

Compound Retention time Relative abundance Diagnostic ions m/z

HC fraction .
n-tricosane fC,,) 19.63 0.6 S
9-methyltricosane (9MegQ) 20.52 0.2 140/141, 224/225
Unknown 21.45 0.4 S
n-tetracosanenC,,) 22.15 tr S
n-pentacosanenézs) 24.72 13 S
9-methylpentacosane (9MeaL 25.61 2.5 140/141, 252/253
7-methylpentacosane (7MgL 25.74 2.2 112/113, 280/281
5-methylpentacosane (5Mel 25.94 1.4 84/85, 308/309
3-methylpentacosane (3Mgf 26.58 1.6 56/57, 336/337
n-hexacosanenC,,) 27.33 0.4 S
9-methylhexacosane (9Mgg 28.04 0.9 140/141, 266/267
Unknown 28.21 0.3 S
n-heptacosanenC,,) 29.75 0.8 S
11-methylheptacosane (11MglC 30.64 131 168/169, 252/253
9-methylheptacosane (9MeglL 30.71 3.6 140/141, 280/281
7-methylheptacosane (7MgL 30.82 3.7 112/113, 308/309
9,14-dimethylheptacosane (9,14diMgC 31.22 3.2 140, 211, 224, 296
7,16-dimethylheptacosane (7,16diMeC 31.42 6.8 112, 182, 252, 323
10,16-dimethylheptacosane (10,16diIMgC 31.62 1.9 182, 253, 267, 281
n-octacosanenC,,) 32.25 11 S
11-methyloctacosane (11Mgf 32.92 0.7 168/169, 266/267
n-nonacosaneng,,) 34.80 21.4 S
13-methylnonacosane (13MglC 35.29 1.8 196/197, 252/253
7,16-dimethylnonacosane (7,16diMgIC 36.12 3.1 113, 211, 253, 351
Unknown 36.92 0.6 S
Unknown triterpenoiti 39.24 2.3 S
Unknown$ S 0.9 S

Non-HC fraction
15-nonacosanone 40.36 18.2 2241225
14+15-nonacosanol 40.50 0.9 213, 226/227, 241
Unknown 43.13 1.4 .
Unknown$ S 2.7 S

2Unknowns which were present in traces in GC analyses and were not detected by GC-MS analyses were pooled, the supiedieript digit
cating the number of pooled compounds.
Pnon-hydrocarbon compound but not retained in a silica gel column on elution with hexane.

untreated host caterpillars that the interest of females wadraction, which contributed to 22.5 % of the cuticular lipids,
highest and significantly different from other treatments was composed of 11 compounds, but despite pooling the
with a mean of 30 antennal contacts per fem&esd.001). cuticular lipids extracted from 200 caterpillars, only 2 com-
Host dummies, non-host dummies with total extract, washedpounds were present in sufficient quantities to be identified
host and non-host with hydrocarbon fraction showed a highby GC-MS. Two compounds were unusual in insect cuticu-
number of antennal contacts. Fem@leplutellaeproduced lar lipids, a ketone (15-nonacosanone) and an unspecified
fewer antennal contacts for non-host caterpillars, washedtriterpenoid belonging to the amyrin family.

non-host dummies and non-host dummies with the non-

hydrocarbon fraction. With approximately 4 antennal con-

tacts recorded per females, non-host dummies withDjscussion

recombined fractions were the less attractive.

Chemical AnalysesForty compounds were detected Most of the compounds identified by GC-MS analyses are
by the GC analyses, but only 28 were sufficiently concen- common in cuticular lipids of insects. Only two compounds
trated for analysis by GC-MS (Table 1). The chain length of (15-nonacosanone and a triterpenoid belonging to the
these compounds ranged from 23 to 29 carbon atoms. Themyrin family) present in high quantities are unusual in
cuticular lipid pool was mainly composed of linear, insects. 15-Nonacosanone is one of the most abundant lipids
monomethyl-branched, or dimethyl-branched alkanes with in the epicuticular waxes of cabbage together wi@, and
an odd-number of carbons in the chain. Four compoundsl4- and 15-nonacosanol (Terroine 1936; Eigenbeidal.
were dominant and represented more than 59 % of the totall991). The triterpenoid was eluted with the hydrocarbon
cuticular lipid extract:nC,, (21.4 %), 15-nonacosanone fraction on the silica gel column. To our knowledge, only
(18.2 %), 11MeC, (13.1 %) and 7,16diMeg£ (6.8 %). The and -amyrin (triterpenol) have been described as con-
hydrocarbon fraction represented more than 77 % of thestituents of the epicuticular waxes in cabbage (Eigenbrode
amount of total cuticular lipids. The non-hydrocarbon et al. 1991). These two compounds were not identified in
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Chapitre IV: Structuration génétique de Plutella xylostella

1. Introduction

Dans les deux précéderisapitres nous nous sommes plus particulierement penchés
sur la biologie et I'écologie de deux parasitoides de la teljoes avons également étudié
I'influence des facteurbiotiques et abiotiquede I'environnement tropicalau Sénégal et au
Bénin, sur la dynamique des populations du ravageur et de ses ennemis naturedfiohous
dans ce dernier chapitre nous intéresser particulierement au ravageur.

Plutella xylostellaest une espéce cosmopeldont I'aire de répartition est mondiale.
L’étendue de sa propagation est due essentiellement a son importante cep@@i@cement
par migration passive I'extension des cultures de Brassicacées due a l'activité hugtane
son importante capacité d’adaptation a des conditions de vie les plus extréeeplas
variées.Cda apour consequence de former un véritablgatchwork» de populations aux
contours souvent indéterminés, ce qui rend son contréle encore plus. (Rdigatutant, ce
ravageur est toujours considécémme une seule et méme espé@aelques études ont
montré une certaineariabilité génetique au sein de populationsPdeylostellaoriginaires
d’'uneméme région (Corée, Sikbt de I'Australie et de la Ché) Kim et al.2000; Endersby
et al. 2005 Wei et al. 2013)Cependant, aucune étude kuvariabilité et la structuration des
populations dé. xylostellaa I'échellemondialen’avait été menée a ce jaur

On peut supposer que les populatigresentesdans des régions géographiques
éloignées peuvent étre différenciées génétiquement. Des études sur Enaesisi
pesticides cheP. xylostellaont mis en évidence des niveaux de sensibilité différents entre
des populations séparées par moiesix kilometres danslesrégions des iles Hawaii ee
Taiwan (Cheng 1981 Liu et al. 1982 Tabashnik et al. 1987). Ces variations sont
probablement induites par des variations de la pression de sélection dues aux différent
composeés insecticides utiis. A Hawaii, les flux gégues entre les populations ne sont pas
suffisants pour réduire les différences de sensibilité aux insecticidesfaigutes adultes des
populations situées en zone tempérée sont capables de migrer sur de longusss disda
exemple entre le sud de la Finlande et I'Angleterre (McKenzie 1958) ou entre le sud des
EtatsUnis et le Gnada (Harcourt 1986). Dans certaines régions, lesdfiugénes entre les
populations pourraient donc réduire les effets d’'une dérive génétique eau de ces

populations.
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Chapitre IV: Structuration génétique de Plutella xylostella

Notre étude a pour objectif de déterminer si des populations d’origésedifférentes
au niveau mondiasont génétiquement différenciées, d’évaluer lesquelles semblent les plus
isolées génétiqguement et de déterminer s’il existerelation entre les distances géenétiques et
les distancegéographiques entre les populations.

Nous avons pour cela compardes populationsde P. xylostella d'origines
géographiqueslifférentes a I'échelle intercontinentalde de la Réunion, Afrique du Sud,
Bénin, Egypte, Brésil, EtatsUnis, Canada, Martinique, France, Roumanie, Autriche,
Ouzbékistan, Japon, Philippinddpng Kong, Laos, et quatre localités australiennesur
réaliser cette étude, nous avaridisé deux marqueurs moléculairekes isozymes et les ISSR
(Inter Simple Sequence Repe&les résultats font I'objet des articles 7 et 8

2. Synthése desésultats

Marqueur enzymatique sur 21 enzymes eétudigeseulement sep{IDH, MDHP,
G6PDH, MPI, PGM, HK, AAT)ont révélé desoci polymorphes avec des bandes clairement
lisibles permettant une interprétatiohes tests d’'HardyWeinberg ont montré que les
populations deP. xylostellasont en déséquilibre pour de nombreux loci. Les déviations de
I’équilibre sont dues a un déficit d’hétérozygotes pguatreloci (IDH, MDHP, G6PGH et
MPI) et & un excés pour locus (AAT).

Marqueur ISSR septamorces ont été testées mais tcbentre ellesn’ont produitque
des «smears> en raison d’une trop ifale spécificité. A partir deguatreamorces restantes,
188 bandes ont été sélectionnées et utilisées dans les différentes anaysasgaliilité
observée entre les populations est maximale (100% de polymorphisme) et les qapatait
hautement différenciées sur le plan généti@bst - 0,238). Toutefois, la plus grande part de
la variabilité est exprimée entre les individus au sein des populations mais les [Eigupu
étudiéegestentcependanparfaitement identifiables.

Avec les deux marqueurs, on ne constate pas de corrélation entre les distances
géographiges et les distances génétiques. Par comrebserve clairement une structuration
génétique des populations a I'échelle mondial€ependant avec les isozymesette
structurationgénétiquesembleplus cohéremt. En effet, on distingue un premier groupe
réunissant toutes les populaticasstraliennes, un second groupe représenté uniqguement par

la populationdu Japonet un troisieme groupe réunissant le redds autreopulations
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étudiées. Si on fait un lien avée type de climatJes populations sont réparties en deux
groupes les populationsoriginaires de régions tropicales (Brésil, Philipps, Bénin et
Réunion) et les populations originaires sl@égions tempéréegAustralie, Ouzbékistan,
France, USA, Afrique du Sud).

3. Conclusion

Les résultats obtenus avec les deux marqueurs moléculaires ont décrit ungedres fo
variabilité au sein de chacune des populations. Malgré tout, la variabilité emopldations
reste trés importante puisqu’elles sont parfaitement bien séparéestdlwasstructuration
génétique des populations &e xylostellaa I'échelle mondialeOn peut penser que cette
structuration est influencée par le tygeclimat: tropical outempéré.

Ces résultats étaient attendus en raison de la grande échelle géographigrie panv
notre étude. Cependant, méme des populations relativement proébgsaphiquement
(moins de 600 km) présentent une forte différenciation la ou Endersby ¢2086)
concluaient a des populations identiques en utilisant des microsatellites commeursarq

Cette tres haute variabilité intra et inpeypulations trouve son origine dans la nature
du marqueur utilisé (ISSR) ainsi que dans la biologie du ravagewffet, les ISSR étant des
fragments d’ADN situés sur des portions famuantes (marqueurs neutres), ils tendent a
accumuler les mutations qui apparaissent au cours des générations. Camsnptatvent
apparaitre en trés grand nombre en raistone part, de l'usage d'insecticides, agents
mutagées par excellenced’autre part, d'un grand nombre de générations (plus de 20)
susceptibles de se succéder au cours du@meannée sous des conditions climatiques de

type tropical.
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Abstract

Genetic variation among 14 populations of Plutella xylostella(Linnaeus) from
USA (Geneva, New York), Brazil (Brasilia), Japan (Okayama), The Philippines
(Caragan de Oyo), Uzbekistan (Tashkent), France (Montpellier), Benin (Cotonou),
South Africa (Johannesburg), Raunion Island (Montvert), and ve localities in
Australia (Adelaide, Brisbane, Mareeba, Melbourne, Sydney) were assessed by
analysis of allozyme frequencies at seven polymorphic loci. Most of the populations
were not in Hardy—Weinberg equilibrium and had a de cit in heterozygotes. The
global differentiation among populations was estimated by the xation index (Fst)
at 0.103 for the 14 populations and at 0.047 when populations from Australia and
Japan, which differed most and had a strong genetic structure, were excluded from
the analysis. By contrast, the populations from Benin (West Africa) and Brazil
(South America) were very similar to each other. Genetic differentiation among the
populations was not correlated with geographical distance.

Keywords: Plutella xylostella allozyme, population differentiation

Introduction

Plutella xylostella(Linnaeus) (Lepidoptera: Yponomeuti-
dae), the diamondback moth, is a major pest of Brassicarops
and has a worldwide distribution (Talekar & Shelton, 1993).
Its geographical origin is considered to be in the eastern
Mediterranean region or South Africa because of the number
of wild and endemic brassicas in these regions and the
presence of a high number of known parasitoid species
(Tsunoda, 1980; Kr, 1998).

*Author for correspondence
Fax: 00 33 (0)5 61 55 61 96
E-mail: legal@cict.fr

Populations of diamondback moth in tropical areas cause
severe damage (as in Southeast Asia), but in temperate areas
(e.g. Canada, USA, UK) damage to crops is usually less
dramatic (Lim, 1986). Measures to control this pest were
estimated globally at US$ 1 billion in 1992 (Talekar &
Shelton, 1993). The main strategy of management has
traditionally been insecticides (Talekar & Shelton, 1993). As
a major consequence, resistance to synthetic insecticides has
appeared in a relatively short period of time in the eld (Sun
et al, 1986). In addition P. xylostellahas become the rst
species to develop eld resistance to some of the toxins of
Bacillus thuringiensis Berliner (Eubacteriales) (Tabashnik
et al, 1987; Talekar & Shelton, 1993).

Genetic differences and gene ow between populations
of P. xylostella have been investigated in the context of
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Table 1. Location and date of collection of Plutella xylostella

Country Locality Latitude Longitude Abbreviation Date of collection
South Africa Johannesburg 26 08°S 27 54°E SA 07/1999
Benin Cotonou 6 29N 2 37°E BEN 09/1998
Reéunion Island Montvert 20 52S % 28°E REU 08/1998
Brazil Brasilia 15 52°s 4 55°wW BRA 08/1998
United States Geneva, NY 4251°N 76 5°W USA 08/1999
France Montpellier 43 38N 3 53°E FRA 08/1998
Uzbekistan Tashkent 41 1N 69 15°E UzB 06/1999
Japan Okayama 343N 133 55°E JAP 07/1999
The Philippines Caragan de Oyo 7 04°N 125 36°E PHI 01/1999
Australia Adelaide 34 46°S 13832°E AUAd 06/1999
Australia Brishane 27 30°s 15310°E AUBr 05/1999
Australia Mareeba 17 0’s 14526°E AUMa 08/1999
Australia Melbourne 37 52°s 14508°E AUMe 03/1999
Australia Sydney 33 58°S 15117°E AUSy 06/1999

insecticide resistance. Differences have been shown in the
level of susceptibility to insecticide between populations less
than 10km apart, both in Taiwan and in Hawaii (Cheng,
1981; Liuet al, 1982; Tabashniket al, 1987). These differences
were probably induced by local selection pressure due to
local variations in the insecticide treatments and the
compounds used. Gene ow might not have been suf cient
to overcome the differences in insecticide susceptibility
between the populations in Hawaii (Tabashnik et al, 1987).
Therefore it could be assumed that in some regions, isolated
populations of P. xylostellamay differentiate from each other,
because of a strong selection pressure and because of
reduced migration and therefore reduced gene ow.

However, adults can migrate over very long distances;
mass migrations have been reported in temperate climates,
between the south of Finland and England (Mackenzie,
1958), The Netherlands and England (Chapman et al, 2002)
and between the southern USA and Canada (Harcourt,
1986). In these areas, the gene ow may be sufcient to
overcome differences between the existing populations;
however, differences in levels of insecticide resistance
between populations may also result from different selection
pressures due to local variation in insecticide use.

The genetic variation among world populations of
P. xylostellausing neutral alleles was not estimated. It was
assumed that environmental factors, such as variations of
temperature and rainfall could affect the selection pressure.
Therefore it could be considered that genetic differences
between populations of P. xylostella could also occur on
genes which were not linked to insecticide resistance. In this
study, these genetic differences between widely separated
populations of P. xylostella were investigated with the
objective of determining whether they were related to the
geographical distance between populations. An earlier study
of the estimate of gene ow from neutral or quasi-neutral
allelic variation among populations from Hawaii, Wisconsin
and Florida in the USA showed low levels of differentiation
and suggested a substantial gene ow occurring between
them (Caprio & Tabashnik, 1992). The enzyme electrophor-
esis technique, used in the study has been used to analyse
geographical variations among populations of lepidopterous
species (Daly & Gregg, 1985; Bus et al, 1994; Wainhouse &
Juke, 1997).

The aims of the present study were to measure
differences among P. xylostellapopulations worldwide and

investigate possible reasons for these differences. Allelic
variation was measured in populations from 14 different

areas: USA, Brazil, South Africa, Benin, Reunion Island,
France, Uzbekistan, Japan, the Philippines and ve areas in
Australia (Sydney, Brisbane, Melbourne, Mareeba, and
Adelaide).

Materials and methods
Sampling

Strains of P. xylostellawere obtained from 14 localities
worldwide (table 1). Each sample comprised a minimum of
100 larvae and pupae. One of us (A. Kirk) and foreign
collaborators collected pupae and larvae (second and third
instars) by hand from plants from one eld at each locality.
They were immediately placed in plastic dishes with leaves
of their host plant (cabbage) and dispatched by air to the
CIRAD laboratory (Centre de Coop€ ration Internationale en
Recherche Agronomique pour le Développement, France)
within 48 h. Samples received were reared at 25 C, + 2 C,
75% relative humidity, and a photoperiod of 12L/12D on a
sequence of cultivated Brassicaspecies. Different Brassica
species were used in order to maintain moths in good
condition at each stage of their development. We observed
that second instar larvae developed better when placed on
fresh leaves of cabbage B. oleraced.. var. Chateaurenard),
whereas third instar larvae did best on cauli ower leaves
(B. oleraced.. var botrytis) until pupation. All pupae were
placed in a plastic box until emergence of adults (males and
females) which were placed in a Plexiglas cage with Chinese
mustard B. juncea(L.) plant. Chinese mustard was used for
oviposition and rst instar larval development. When the
number of eggs was sufcient to establish a laboratory
colony, the adults were deep frozen in liquid nitrogen
and conserved at x 80 C. If the number of individuals
was insuf cient for a complete analysis, offspring of the
moths were reared under the same conditions for another
generation. Adults were deep frozen in liquid nitrogen and
conserved atx 80 C.

Enzyme electrophoresis

Horizontal starch gels (13%) were prepared following the
protocol of Pasteur et al (1987) and stored at 4C for up to



Differentiation among populations of Plutella xylostella 139
Table 2. Enzymes screened in populations of Plutella xylostellaand running conditions for electrophoresis.
Buffer Enzyme stained EC Abbreviation
Tris-citrate pH 8 Isocitrate dehydrogenase 1.1.1.42 IDH
NADPH * malate dehydrogenase 1.1.1.40 MDHP
Glucose-6-phosphate dehydrogenase 1.1.1.49 G6PDH
Histidine pH 6 Mannose-6-phosphate isomerase 5.3.1.8 MPI
Phosphoglucomutase 5.4.2.2 PGM
Tris-maleate EDTA pH 7.4 Hexokinase 2711 HK
Adenylate kinase 2743 AK
Acid phosphatase 3.1.3.2 ACP
Glucose-6-phosphate isomerase 5.3.1.9 GPI
Glutamate dehydrogenase 1.41.2 GTDH
Hydroxybutyrate dehydrogenase 1.1.1.30 HBDH
Phosphogluconate dehydrogenase 1.1.1.44 PGDH
Glycerol-3-phosphate dehydrogenase 1.1.1.8 G3PDH
(S)-2-hydroxy-acid-oxidase 1.1.3.15 HAOX
Tris-ctrate pH 8.7 Aspartate amino transferase 26.1.1 AAT
Superoxide dismutase 1.15.1.1 SOD
Glucose dehydrogenase 1.1.1.118 GCDH
Xanthine dehydrogenase 1.1.1.204 XDH
Alcohol dehydrogenase 1111 ADH
Gluthatione reductase 1.6.4.2 GR
Pyruvate kinase 2.7.1.40 PK

one day. Gel buffers used were Tris-citrate pH 8, histidine
pH 6, Tris-citrate pH 8.7, Tris-maleate-EDTA pH 7.4.

Each entire frozen adult was homogenized in 20 m of a
NADP 2.3% solution using a pestle and mortar. This solution
was then centrifuged for 10min at 13000rpm and 4 C.
Fifteenm of the resulting supernatant was maintained at
x 20 C or used immediately.

Each sample (151 of supernatant) was loaded on a wick
of Whatman no. 3 Iter paper and placed into a well of the
gel. Each gel consisted of 15 wells equivalent to 15 adults
from ve populations, therefore three adults per population.
Migration (150V, 70 mA) lasted 6 h at 4 C. Migration buffers
used were: Tris-citrate pH 8, Tris-maleate EDTA pH 7.4,
borate/NaOH pH 8.25, Tris-citrate pH 8.7 (Pasteur et al,
1987; Hillis et al, 1996).

Soon after migration, each gel was horizontally sliced to
four layers, 2mm thick. Stains were prepared as required
following the procedure of Pasteur et al (1987) and Hillis
et al (1996). Different enzymes were tested (table 2) and each
enzyme was stained in one slice. The following seven enzymes
exhibited discernable bands and polymorphic loci: isocitrate
dehydrogenase, NADPH * malate dehydrogenase, glucose-6-
phosphate dehydrogenase, mannose-6-phosphate isomerase,
phosphoglucomutase, hexokinase and aspartate aminotrans-
ferase. The banding patterns characteristic of the seven
enzymes were observed in moths. Soon after their appearance,
bands were noted and a scan of the gel was done to conserve a
permanent recording. For each population and each enzyme, a
minimum of 30 adults was used.

Data analysis

Bands were interpreted in terms of loci and alleles
and the allelic frequencies were determined. GENEPOP
version 1.2 (Raymond & Rousset, 1995) was used to test for:
(i) departures from the Hardy—Weinberg equilibrium (using
Fisher's exact test); and (ii) the proportion of heterozygotes
estimated under a Hardy—Weinberg equilibrium (He) and

the proportion of heterozygotes observed (Ho). Differences
among allelic frequencies for all pairs of populations were
tested using Fisher's method, i.e. when genotypic frequen-
cies were not independent, due to a linkage disequilibrium
between loci, these were not maintained for the analysis of
population structures. Deviations from equilibrium were
estimated using Wright's F statistics (Weir & Cockerham,
1984). Values of Fis (deviation from random mating within a
population), Fit (deviation from random mating in all
populations) and Fst or ‘xation index’ (deviation from
random mating among populations) were given. The mean
number of migrants (Nm) from each generation was
estimated using the inverse relationship between Nm and
Fst (Wright, 1951): Nm=[(1/Fst) x 1]/4, where N is the size
of the population and m the mean migration ratio.

An unrooted neighbour-joining tree was constructed with
the values of Fst among each population pair, using DARwin
version 3.6.40 (Perrier & Jacquemoud-Collet, 2000).

Results

Of 21 enzymes screened inP. xylostella four loci did not
show a band: superoxide dismutase (EC 1.15.1.1), alcohol
dehydrogenase (EC 1.1.1.1), glutamate dehydrogenase (EC
1.4.1.2) and phosphogluconate dehydrogenase (EC 1.1.1.44).
Some loci had diffuse bands: xanthine dehydrogenase (EC
1.1.1.204), acid phosphatase (EC 3.1.3.2), adenylate kinase
(EC 2.7.4.3), hydroxybutyrate dehydrogenase (EC 1.1.1.30),
(S)-2-hydroxy-acid oxidase (EC 1.1.3.15), glucose dehydro-
genase (EC 1.1.1.118), glutathione reductase (EC 1.6.4.2) and
glucose-6-phosphate isomerase (EC 5.3.1.9). Sometimes,
bands had a good resolution but loci appeared to be
monomorphic in each population: glycerol-3-phosphate
dehydrogenase (EC 1.2.1.12) and pyruvate kinase (EC
2.7.1.40). Enzymes with polymorphic loci that could be
clearly interpreted were: isocitrate dehydrogenase (IDH,
EC 1.1.1.42), NADPH" malate dehydrogenase (MDHP, EC
1.1.1.40), glucose-6-phosphate dehydrogenase (G6PDH, EC
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Table 3. Allelic frequencies of the seven polymorphic loci in the 14 Plutella xylostellapopulations.

Locus SA BEN BRA FRA JAP USA UZB PHI REU AUAd AUBr AUMA AUMe AUSy
N 32 31 30 30 33 35 32 A 35 ) S)
Allele
IDHf 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 0.984 1.000 0.983 1.000 0.924 1000 0.984 0.812 1.000 0.985 0.941 0.943 0.871
3 0.016 0.000 0.017 0.000 0.076 0.000 0.016 0.188 0.000 0.015 0.059 0.057 0.129
IDHs 1 0.016 0.000 0.017 0.000 0.045 0.043 0.016 0.191 0.000 0.000 0.059 0.057 0.000
2 0.984 1.000 0.983 1.000 0.955 0.928 0.937 0.794 1.000 0.970 0.941 0.929 1.000
3 0.000 0.000 0.000 0.000 0.000 0.029 0.047 0.015 0.000 0.030 0.000 0.014 0.000
MDHPf 1 0.433 0.383 0.517 0.383 0.576 0.469 0464 0375 0.219 0.803 0.206 0.000 0.500
2 0.567 0.617 0.483 0.617 0.424 0531 0.536 0.625 0.781 0.197 0.794 1.000 0.500
MDHPs 1 0.203 0.339 0.167 0.100 0.182 0.057 0.000 0.221 0.047 0.470 0.044 0.057 0.029
2 0.484 0548 0.550 0.467 0.455 0.586 0.516 0.632 0.406 0.485 0.897 0.943 0.971
3 0.313 0.113 0.283 0.433 0.363 0.357 0.484 0.147 0.547 0.045 0.059 0.000 0.000
G6PDH 1 0.078 0.210 0.217 0.100 0.000 0.029 0.125 0.103 0.094 0.030 0.191 0.043 0.029
2 0.359 0.371 0.367 0.350 0.227 0.143 0.234 0.279 0.297 0.318 0.279 0.329 0.200
3 0.422 0.419 0.416 0550 0.697 0529 0.547 0.618 0.563 0.652 0.471 0.500 0.557
4 0.141 0.000 0.000 0.000 0.076 0.300 0.094 0.000 o0.047 0.000 0.059 0.129 0.214
MPI 1 0.141 0.113 0.000 0.033 0.000 0.100 0.000 0.059 0.031 0.000 0.015 0.257 0.000
2 0.141 0.113 0.200 0.300 0.455 0.129 0.188 0.221 0.141 0.318 0.088 0.357 0.014
3 0.359 0.323 0.333 0.300 0.545 0.214 0.531 0.265 0.344 0.500 0.882 0.329 0.714
4 0.203 0.290 0.317 0.200 0.000 0.457 0.188 0.412 0.250 0.152 0.015 0.043 0.229
5 0.078 0.129 0.100 0.117 0.000 0.086 0.031 0.044 0.109 0.030 0.000 0.000 0.043
6 0.078 0.032 0.050 0.050 0.000 0.014 0.063 0.000 0.125 0.000 0.000 0.014 0.000
PGM 1 0.016 0.016 0.017 0.000 0.000 0.014 0.016 0.000 0.000 0.000 0.000 0.000 0.000
2 0.062 0.032 0.117 0.017 0.000 0.114 0.047 0.000 0.016 0.031 0.000 0.000 0.014
3 0.656 0.597 0583 0450 1.000 0.715 0.656 0.647 0.734 0.939 0.985 0.986 0.986
4 0.250 0.307 0.200 0.533 0.000 0.143 0.187 0.235 0.219 0.030 0.015 0.014 0.000
5 0.016 0.048 0.083 0.000 0.000 0.014 0.094 0.118 0.031 0.000 0.000 0.000 0.000
HK 1 0.000 0.097 0.000 0.050 0.000 0.071 0.031 0.015 0.031 0.000 0.103 0.000 0.014
2 0.828 0.790 0.900 0.900 0.424 0.843 0.844 0.926 0.844 0.697 0.735 0.800 0.700
3 0.172 0.113 0.100 0.050 0.576 0.086 0.125 0.059 0.125 0.303 0.162 0.200 0.286
AAT 1 0.234 0.452 0.417 0.100 0.000 0.057 0.016 0.471 0.422 0.091 0.000 0.186 0.086
2 0.766 0.532 0.583 0.850 0.803 0.943 0.984 0.529 0.578 0.909 0.897 0.814 0.914
3 0.000 0.016 0.000 0.050 0.197 0.000 0.000 0.000 0.000 0.000 0.103 0.000 0.000

See tables 1 and 2 for abbreviations.

N, number of adults analysed for each population.

1.1.1.49), mannose-6-phosphate isomerase (MPI, EC 5.3.1.8),

phosphoglucomutase (PGM, EC 5.4.2.2), hexokinase (HK, EC
2.7.1.1) and aspartate aminotransferase (AAT, EC 2.6.1.1).

Some enzymes had several loci: IDH with loci IDHf and
IDHs; MDHP with loci MDHPf and MDHPs. Allelic
frequencies obtained for each locus in each population are
given in table 3. Tests of the Hardy—Weinberg equilibrium
showed that populations of P. xylostellawere unbalanced at
numerous loci. Frequencies observed differed from those
estimated in 70 of the 126 comparisons P <0.05). They were
caused by heterozygote de cits in the loci IDHs, MDHPs,
G6PDH and MPI, and by an excess of heterozygotes in locus
AAT (table 4). Fis values were signi cantly different from 0
for the loci MDHPs (x?=194.4, df=28, P=0.000), GGPDH
(x?=268.2, df=28,P=0.000), MPI *=1 , df=28, P=0.000),
and AAT (x?=96.1, df=26,P=0.000).

The loci IDHf and IDHs were monomorphic in popula-
tions of P. xylostellafrom Benin, France, Reunion Island and
Melbourne. A low number of heterozygotes was observed
for the locus PGM: it was monomorphic in the population
from Japan and some of its alleles had low frequencies
in populations from Adelaide, Brisbane, Mareeba and
Melbourne in Australia. Allelic frequencies of the locus

MDHPf showed variation between relatively close popula-
tions such as those from Adelaide and Mareeba. The mean
heterozygosity observed (Ho) ranged from 0.183 (Brisbane)
to 0.424 (Philippines). These values were lower than those
estimated from the allelic frequencies, following the Hardy—
Weinberg equilibrium (He), except for the populations from
Melbourne, Sydney and Adelaide (table 5).

Allelic frequencies were signi cantly different for all
pairs of populations using the Fisher test, except for the pair
Benin/Brazil ( x?=28.029,P=0.06162).

Some loci showed unbalanced linkages: IDHs and IDHf,
MEf and G6PDH, MEf and MPI. Loci IDHf and MEf were
not used in later analyses.

For all populations, Fst=0.103+ 0.025, and P
(Fst=0)<0.001. Values of Fst obtained for pairs of populations
ranged from O (Benin-Brazil) to 0.230 (France—Melbourne)
(table 6). In the Australian population group, Fst ranged from
0.039 (Brisbhane—Melbourne) to 0.126 (Adelaide—Brisbane). The
values of Fst between the populations from Australia and the
other populations were over 0.100, except for the population
from Sydney (table 6). Fst calculated for the population of Japan
was also relatively high, it ranged from 0.072 (Japan—Adelaide)
to 0.195 (Japan—Philippines). The estimated Fst for other pairs

0.000
0.900
0.100

0.086
0.914
0.000

0.500
0.500

0.071
0.929
0.000

0.143
0.343
0.514
0.000

0.043
0.114
0.443
0.300
0.100
0.000

0.000
0.043
0.671
0.200
0.086

0.014
0.757
0.229

0.214
0.686
0.100
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Table 4. F statistics for all Plutella xylostellapopulations.

Locus Fis Fst Fit

IDHf x 0.001 0.056 0.047
IDHs 0.103 0.049 0.147
MDHPf x 0.024 0.140 0.120
MDHPs 0.191* 0.173 0.331
G6PDH 0.484 0.020 0.494
MPI 0.227* 0.092 0.298
PGM 0.008 0.136 0.144
HK 0.026 0.087 0.111
AAT x 0417 0.155 x 0.197
All 0.151* 0.103 0.238

See table 2 for abbreviations.

Table 5. Mean observed and expected heterozygosity at seven
loci in Plutella xylostellapopulations.

Population Ho He x2 df P
South Africa 0.315 0.425 1 14 0.000
Benin 0.406 0.436 73 14 0.000
Reunion Island 0.323 0.384 95.1 14 0.000
Brazil 0.374 0.429 77.2 14 0.000
USA 0.311 0.373 70 16 0.000
France 0.289 0.378 70.8 14 0.000
Uzbekistan 0.271 0.363 63.6 14 0.000
Japan 0.307 0.350 57.2 16 0.000
The Philippines 0.424 0.451 93.1 18 0.000
Australia
Adelaide 0.316 0.310 45.7 16 0.000
Brisbane 0.183 0.253 50 16 0.000
Mareeba 0.222 0.261 34 14 0.002
Melbourne 0.314 0.274 62.6 14 0.000
Sydney 0.409 0.406 89.4 18 0.000

Ho, observed heterozygosity; He, estimated heterozygosity
under Hardy—Weinberg equilibrium.

of populations ranged from 0.007 (Brazil-South Africa) to 0.104
(Uzbekistan—Philippines). The genetic differences between the
populations were shown in an unrooted tree calculated with

the values of Fst, using the neighbour-joining method ( g. 1).

No relationship was observed between the geographic
distances and the values of Fst. Populations from Benin and
Brazil exhibited no differences (Fst=0.0002), or were not

Table 6. Fst estimated for all pairs of Plutella xylostellapopulations.
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considered as under reproductive isolation; whereas popula-
tions from Australia and Japan had a higher value of Fst,
suggesting non-random mating and a low degree of gene ow
with other populations. When populations from Australia and
Japan were excluded from the analysis, Fst was 0.04# 0.020,
with P (Fst=0)<0.001.

Populations differed the most about the loci MDHPs
(Fst=0.173), PGM (Fst=0.136) and AAT (Fst=0.155). Of
the loci analysed, AAT was the only one that exhibited an
excess of the heterozygotes observed, compared to the
estimate. To assess its impact on the values of Fst, analyses
were conducted without the allelic frequencies of AAT. The
values of the heterozygosity observed were inferior to
the values expected from the allelic frequencies, except in the
population from Adelaide in Australia (table 7). The estimate
of Fst for all the populations was 0.095+ 0.027, with P
(Fst=0)<0.033. Concerning population pairs, Fst ranged
from 0 (Benin—Brazil) to 0.241 (France—Melbourne). The
values of Fst were within the same estimates as previous
analyses, but lower in the majority of the pairs of populations.
When the populations from Australia and Japan were
excluded from the analysis, the mean Fst=0.02. However,
the populations from Australia and Japan remained very
different from the other populations.

The estimated comparative numbers of migrants per
generation each year (Nm) has been calculated for some
populations. When a population is in a suitable environment
(25 C), a new generation is produced every four weeks. Nm
was from 2 to 6 between populations in Australia and was
estimated at 15 between populations from Benin and South
Africa. The mean number of migrants was around seven
individuals per generation for the populations from France
and Uzbekistan. The mean numbers of migrants estimated
between widely separated populations were not signi cantly
different. The South African population exhibited a rela-
tively high migration potential.

Discussion

The enzymes corresponded to 11 loci of which nine were
polymorphic. Plutella xylostellacan therefore be considered a
highly polymorphic species. No alleles were found that
discriminated one population from another. The analyses
did not reveal a locus linked to the sex, or the presence of
null alleles.

Population SA BEN BRA FRA JAP USA uzB PHI REU AUAd AUBr AUMa AUMe
BEN 0.017

BRA 0.007  0.000

FRA 0.024 0.064 0.043

JAP 0.124 0.186 0.175 0.185

USA 0.032 0.093 0.067 0.067 0.166

uzB 0.026 0.102 0.063 0.036 0.122 0.035

PHI 0.042 0.019 0.013 0.079 0.195 0.081 0.104

REU 0.016 0.040 0.013 0.049 0.150 0.068 0.052 0.046

AUAd 0.067 0.101 0.107 0.139 0.072 0.117 0.098 0.116  0.127

AUBr 0.136 0.180 0.173 0.217 0.166 0.176 0.119 0.196 0.197 0.126

AUMa 0.086 0.121  0.117 0.169 0.151 0.115 0.128 0.113 0.146 0.097 0.103

AUMe 0.131 0176 0172 0230 0.175 0.135 0.132 0.180 0.193 0.124 0.039 0.081
AUSy 0.047 0.044 0.043 0.097 0.159 0.082 0.085 0.044 0.092 0.096 0.088 0.056 0.069

See table 1 for abbreviations.
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Fig. 1. Unrooted tree for xation index (Fst) among pairs of
populations of Plutella xylostella calculated using the
unweighted neighbour-joining method. See table 1 for
abbreviations.

Deviations from the Hardy—Weinberg equilibrium
were caused by heterozygote de cits, except for one locus
(aspartate aminotransferase) where an excess of hetero-
zygotes was found. However, the results seemed to reveal a
Walhund effect (resulting from a mix of several panmictic
sub-populations for which initial allelic frequencies are fairly
different) and may be explained by the various following
causes which are not mutually exclusive. Departures from
the Hardy—Weinberg equilibrium could be attributed to the
sampling method, which included several populations of
related species with different allelic frequencies. Another
explanation was that the low heterozygosity could be
derived from a small founding population. An example
would be that a low number of migrants could have
established a new population in an area. This hypothesis
was an explanation for the reduction of the heterozygosity
observed in the corn earworm Helicoverpa zea(Boddie)
(Lepidoptera: Noctuidae) (Mallet et al, 1993). This phenom-
enon might have happened in the population from the USA
since Geneva, New York is in northeastern USA, on the
migration pathway of adults of P. xylostella from the
southern states to Canada (Dosdall et al, 2002). Another
example would be that climatic conditions could consider-
ably reduce the size of a population in an area. In the
northern region of Japan during winter, densities of
P. xylostellaare around ve individuals to ten cabbage plants
(Honda et al, 1992). In Benin, where cabbage production is
maintained throughout the year, the population size
decreases from June to September, because of the impact of
heavy rains (Bordat & Goudegnon, 1997). A third explanation
is that heterozygote de cits could be a consequence of
reproductive isolation. Kim et al (1999) considered this
hypothesis, as they observed a high Fis in populations from
South Korea. In the present study, there were not suf cient
data to evaluate population dynamics throughout the year, or
to ascertain the level of migration. Therefore, none of the three
hypotheses could be con rmed.

The global Fst was relatively high (Fst=0.103), compared
to the values obtained in previous studies on P. xylostella
Caprio & Tabashnik (1992) obtained Fst values of 0.028—-0.034

Table 7. Mean observed and expected heterozygosities at six loci
(AAT excluded) in Plutella xylostellapopulations.

Population Ho He X2 df P
South Africa 0.365 0.489 1 10 0.000
Benin 0.445 0.586 57.8 10 0.000
Reéunion Island 0.400 0.523 53.2 10 0.000
Brazil 0.311 0.472 56 10 0.000
USA 0.457 0.523 59.5 10 0.000
France 0.320 0.531 63 10 0.000
Uzbekistan 0.370 0.438 37 10 0.000
Japan 0.394 0.449 43.9 10 0.000
The Philippines 0.350 0.501 56.6 12 0.000
Australia
Adelaide 0.379 0.374 35 10 0.000
Brisbane 0.191 0.275 41.6 10 0.000
Mareeba 0.248 0.318 32.8 10 0.000
Melbourne 0.276 0.300 18.8 10 0.043
Sydney 0.324 0.418 40.1 12 0.000

Ho, observed heterozygosity; He, estimated heterozygosity
under Hardy—Weinberg equilibrium.

and Kim et al (1999) estimated Fst=0.0215. The differentia-
tion index for populations excluding those from Australia
and Japan (Fst=0.047) was similar to these values. Values
of Fst for populations of other lepidopterous species vary
from 0.109 for pine beauty moth Panolis BammedDenis &
Schiffermdiller) (Lepidoptera: Noctuidae) (Wainhouse &
Juke, 1997), Fst=0.080 for bog fritillary Proclossiana eunomia
(Esper) (Lepidoptera: Nymphalidae) (Ne've et al, 2000),
Fst=0.007 in the populations of the migrating black
antworm Agrotis ipsilon(Hufnagel) (Lepidoptera: Noctuidae)
(Bués et al, 1994) and among African and European
populations of the cotton bollworm Helicoverpa armigera
(Hu bner) (Lepidoptera: Noctuidae) (Nibouche et al, 1998).

In the present study, estimates of Fst between the
populations were not correlated with the geographic
distances between them. Populations from Australia and
Japan were the most different, whereas populations from
Brazil and Benin exhibited very similar allelic frequencies.
This result has to be con rmed using DNA data to elucidate
the phylogeny of these populations. Results of the enzyme
electrophoresis were not informative enough to assume that
these populations had the same geographical origin, or if the
allelic frequencies were related to a high gene ow.

Gene ow between populations was limited, as con rmed
by the number of migrants, particularly between populations
in Australia. Nevertheless, migrations in tropical and subtro-
pical areas (e.g. South Africa/Benin) appeared to be more
important than in temperate areas (e.g. Uzbekistan/France).

Populations from Australia and Japan were different
from other populations and between themselves. The mean
number of migrants estimated among the Australian
populations was reduced despite the short distances
separating these populations. The differences could be the
consequence of a small size of the population and a reduced
gene ow. When populations are small, effects of genetic
drift are more important. As a consequence, a higher number
of migrants are necessary so gene ow can counterbalance
genetic drift (Allendorf & Phelps, 1981). These populations
could be in a condition of high reproductive isolation.

In addition, variations of the genetic structure of
populations observed through their allelic frequencies could
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be linked to insecticide resistance. The role of esterases in
resistance to organophosphorous compounds has been
demonstrated in P. xylostella(Liu et al, 1982; Miyata et al,
1986). In a study on the cotton whitey, Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae), the allelic frequen-
cies of esterases were different in an insecticide treated
sample and in an unsprayed control sample (Wool et al,
1993). The enzymes studied here were not directly involved
in the insecticide resistance mechanism. However, Herrero
et al (2001) has found a correlation between the presence of
an allele in the locus MPI and the resistance to the toxin
Cry1A of Bacillus thuringiensigBt) in P. xylostella The change
in frequency of the isozyme is an argument in favour of a
linkage at the locus MPI to the CrylA resistance locus. The
appearance of this isozyme was caused by genetic selection
and not by a physiological induction. As in the present
study, no data on resistance in the populations sampled
(to Bt toxins or other insecticides) were available, the link
between the resistance and the allelic frequencies observed
has not been conrmed. But, considering the results, it is
possible that the isozyme linked to the locus of Bt resistance
corresponded to the allele 1 or 2 of the locus MPI. The
presence of this isozyme could be used to detect and to
identify a resistance to Bt toxins in a strain and to evaluate its
dispersal ability in the area. Because of the MPI linkage to
Bt toxins, this locus might not be neutral, as required for a
study of geographic variations. Results obtained in the
present study show that populations are not most differ-
entiated at this locus.

In conclusion, estimates of Fst suggested that the
degree of differentiation could vary within a population of
P. xylostella(migrations, reduction of size due to environ-
mental conditions), and that gene ow could be important in
tropical and sub-tropical populations. Diamondback moth
population sizes can vary as a function of their local
environment and migration in temperate areas where they
probably do not overwinter. Gene ow could maintain the
low level of allelic variation between most populations.
Enzyme genotypes were not informative enough to precisely
evaluate either the gene ow between populations a short
distance apart or the gene ow over long distances, probably
by way of mass migrations. Allelic frequencies may vary in
time, according to population size, which itself varies due to
genetic drift and migration. These factors could then change
the frequency of enzyme genotypes.

Recent work on the genetic basis of insecticide resistance
has shown that the frequencies of some isozymes could be
related to a resistant genotype (Herrero et al, 2001). Further
studies are needed to conrm this hypothesis and to
consider enzyme genotypes as markers to detect resistance
in a newly established population. The enzyme electrophor-
esis technique was not accurate enough to gain insights
into the phylogeny of P. xylostella Molecular markers are
more powerful tools to assess relationships at the population
level.
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Abstract

The diamondback moth (DBM), Plutella xylostella(L.) is considered as the most destructive pest of Brassicaceae crops world-wide.
Its migratory capacities and development of insecticide resistance in many populations leads to more di culties for population manage-
ment. To control movement of populations and apparitions of resistance carried by resistant migrant individuals, populations must be
identi“ed using genetic markers. Here, seven di erent ISSR markers have been tested as a tool for population discrimination and genetic
variations among 19 DBM populations from Canada, USA, Brazil, Martinique Island, France, Romania, Austria, Uzbekistan, Egypt,
Benin, South Africa, Réunion Island, Hong Kong, Laos, Japan and four localities in Australia were assessed. Two classi“cation methods
were tested and compared: a common method of genetic distance analyses and a novel method based on an advanced statistical method
of the Arti“cial Neural Networkse family, the Self-Organizing Map (SOM). The 188 loci selected revealed a very high variability between
populations with a total polymorphism of 100% and a global coe cient of gene di erentiation estimated by the Neies index Gst) of
0.238. Nevertheless, the largest part of variability was expressed among individuals within populations (AMOVA: 73.71% and mean
polymorphism of 94% within populations). Genetic di erentiation among the DBM populations did not re”ect geographical distances
between them. The two classi“cation methods have given excellent results with less than 1.3% of misclassi“ed individuals. The origin of

the high genetic di erentiation and e ciency of the two classi“cation methods are discussed.

2006 Elsevier Inc. All rights reserved.

Keywords: Decision-making tool; Inter Simple Sequence Repeat; Genetic di erentiationPlutella xylostella; Self-Organising Map; Pest management;

Population analysis

1. Introduction

The diamondback moth (DBM), Plutella xylostella (L.)
(Lepidoptera; Plutellidae), is the major cosmopolitan pest

9 This study forms a part of O. Rouxss PhD thesis on the relationship
between DBM and a larval parasitoid Cotesia plutellae The authors are
part of a university laboratory which has for interest diversity and
evolution in agro-ecosystem and part of an Agricultural Research Centre
for International Development where some laboratories are implicated in
IPM in tropical areas. M. Gevrey was developing and adapting neural
network to molecular work. L. Arvanitakis and D. Bordat are IPM
entomologists were providing us the background of knowledge on DBM,
reared in laboratory all populations from “elds. This work was directed by
L. Legal and C. Gers who are both evolutionary ecologists.

“ Corresponding author. Fax: +33 5 61 55 61 96.

E-mail addresslegal@cict.fr (L. Legal).

1055-7903/$ - see front matter 2006 Elsevier Inc. All rights reserved.
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of brassica and other crucifer crops in many areas of the
world. DBM can live under wide climatic conditions and
is known to migrate across the world Chu, 1986; Honda,
1990; Honda et al., 1992; Chapman et al., 2002; Coulson
et al., 2003. DBM is a proli“c species in tropical climates,
where it can have more than 20 generations a year. DBM
can cause more than 90% crop loss/érkerk and Wright,
1996 and only few fourth stage larvae on a cabbage can
make it unsaleable $helton et al., 1983; Maltais et al., 1998
Extensive insecticide applications are used for its man-
agement which has led to a rapid increase in DBM resis-
tance. Resistance to DDT appeared in 1953Anhkersmit,
1953 and to Bt in 1980 (Tabashnik et al., 1990; Shelton
et al.,, 1993a,b; Tabashnik, 1994 The cost of DBM
populations control worldwide has been estimated as
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approximately one billion US $ annually (Talekar and
Shelton, 1993.

Many authors have noticed di erences in susceptibility
to many insecticides between DBM strains %az-Gomez
et al., 2000; Gonzalez-Cabrera et al., 2001; Mohan and
Guijar, 2002, 2003; Liu et al., 2008 However, migration
capabilities of the pest cause di culties for strains determi-
nation and delay the use of IPM programs. The develop-
ment of some markers is necessary to identify and
characterize DBM strains. Such markers have to be low
cost and to give fast results.

This topic study explores the usefulness of Inter Simple
Sequence Repeat (ISSR) markers to identify and discrimi-
nate several populations of DBM worldwide through
genetic variations. The ISSR is known to evolve rapidly
and consequently generate a large number of polymorphic
bands at the intraspeci“c level. Bands are generated by a
single-primer PCR reaction where the primer is a repetition
of a di-, tri- or tetranucleotide and the ampli“ed region is a
portion of genome between two identical microsatellite
primers with an opposite orientation on the DNA strand.
These primer sequences are broadly distributed on the gen-
ome. Therefore, the ISSR-PCR technique permits to screen
quickly a wide part of the genome without prior DNA
sequence knowledge. As for RAPD (Random Ampli“ca-
tion of Polymorphic DNA), ISSR bands are considered
as dominant markers but have higher reproducibility Fang
and Roose, 1997; Nagaoka and Ogihara, 1997The dialle-
lique interpretation (presence/absence) may cause matters.
Indeed the absence of a band can correspond to one or sev-
eral divergences in primer site or to a chromosomal rear-
rangement (Wolfe and Liston, 1998 and presence of two
bands with the same weight does not necessarily a rm sim-
ilarity, as the variability is probably underestimated. Nev-
ertheless,
organisms for genetic characterization Reddy et al.,
1999; Sobhian et al., 2003; Cano et al., 20D5to assess
genetic diversity Qiu et al., 2004; Wang et al., 2005; Lu
et al., 2006; Zhang et al., 200§ to identify genetic trait loci
(Zietkiewicz et al., 1994; Ratnaparkhe et al., 1998; Blair
et al., 1999; Arcade et al., 2000 and for understanding
phylogenetic and/or interspeci“c relationships {Wolfe and
Liston, 1998; Josh et al., 2000; Wolfe and Randle, 2001;
Datwyler and Wolfe, 2004; Wu et al., 200%.

Several families of Lepidoptera have been investigated
using ISSR markers; Noctuidae, Pyralidae, Pieridae and
Sphingidae Cuque et al., 2002; Hundsdoerfer et al., 2005;
Hundsdoerfer and Wink, 2003. An interesting element is
that depending the type of population studied (open or
close), variability and number of informative bands varies
from 50% for the localized speciesDiarsia brunnea(Noc-
tuidae) (Luque et al., 2003 to 100% for a quasi cosmopol-
itan species such a®ieris rapae(Pieridae) Hundsdoerfer
and Wink, 2005).

The Self-Organizing Map (SOM) (Kohonen, 1982,
which is an advanced statistical method of Arti“cial Neural
Networkse family, is an e cient method when complex
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non-linear relationships are present in the analysed system
to classify complex data Lek et al., 1996; Lek and Gugan,
2000; Park et al., 2003p SOM provides an alternative to
traditional statistical methods as Principal Component
Analysis, Polar Ordination, Correspondence Analysis and
Multidimensional Scaling (Foody, 1999; Giraudel and
Lek, 2001; Brosse et al., 2001 SOMes are used widely
for knowledge discovery, pattern recognition, clustering
and visualisation of large multi-dimensional datasets
(Ferran and Ferrara, 1992; Chon et al., 1996; Park et al.,
2003b; Gevrey et al., 2004 To our knowledge only a few
recent studies have used SOM with genetic dat&(raudel
et al., 2000; Zhao et al., 2008 but it has been successfully
used over the last few decades in biology €k and Guégan,
2000; Recknagel, 2003; Lek et al., 2005 This study
attempts to associate a molecular marker and a classi“ca-
tion statistical method to provide a complete decision-mak-
ing tool in DBM invasion management.

2. Materials and methods
2.1. Plants and insects

DBM populations native to 16 countries and 19 di erent
localities given inTable 1 were collected on cabbageBras-
sica oleraceavar. capitata. DBM females laid on Indian
mustard, Brassicajuncea in Plexiglas50- 50- 50 cm cag-
es. Water and honey were provided as foodd libitum. All
larval stages were reared oB. oleraceavar. capitata. DBM
populations were maintained in climatic rooms at 25+
1 C, 40...50% RH and a 12L:12D photoperiod. All adults
used to this study were spring from the “rst rearing
generation.

For molecular analysis, DBM adults were Kkilled in

ISSR has already been used in numerous liquid nitrogen and conserved to 80 C until DNA

extraction.
2.2. DNA extraction

Abdomens were cut from dead and frozen DBM males
and incubated 12 h at 50 C in 3501 L of lyses buer B
(10 mM Tris, pH 7.5, 25mM EDTA, and 75 mM NacCl)
with 5001 g of Proteinase K and 20l L of 20% SDS. Pro-
teins and residues were precipitated with 200L of saturat-
ed NaCl solution and centrifuged at 1400 rpm for 30 min.
DNA from supernatant was saved and precipitated with
4001 L of cold isopropanol and centrifuged at 1400 rpm
for 40 min at 2 C. The isopropanol was eliminated and
the precipitate was washed with 500L of 70% ethanol,
centrifugated at 1400 rpm for 10 min at 2 C, dried and
redissolved in 100 L of TE buer and conserved at

28 C until utilization.

2.3. ISSR-PCR and electrophoresis

Inter Simple Sequence Repeat (ISSR) analysis was per-
formed using seven dierent primers listed inTable 2
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Table 1
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Location and date of collection of the 19 DBM populations

Country Site Abbreviation code Site coordinate Date of collection
Latitude Longitude
Canada Beaverlodge Bea 533N 119 250 01-2002
United States Geneva, NY Gen 425N 76 590 09-1998
Brazil Brasilia Bra 15 47 47 530 09-2000
Martinique Island Le Carbet Car 14 41N 61 110 02-2001
France Montpellier Mon 43 3™ 03 52E 02-1999
Romania lasi las 47 10N 27 35 10-2003
Austria Seibersdorf Sei 4758N 16 31% 12-2002
Uzbekistan Tashkent Tas 4117™ 69 16°E 07-1998
Egypt El Fayoun EIF 29 1IN 30 50 04-2000
Benin Cotonou Cot 06 22N 02 26 02-2001
South Africa Pretoria Pre 25445 28 12E 09-1999
Réunion island Piton Hyacinthe P.Hy 2113s % 31 11-1999
Hong Kong Hong Kong HK 22 23N 114 13%€ 12-1998
Laos Vientiane Vie 175™ 102 37E 02-1999
Japan Okayama Oka 3440N 133 55€ 09-1999
Australia Adelaide Ade 3457 13834 06-1998
Melbourne Mel 37 515 14457 09-1999
Brisbane Bri 2727 15330 06-1998
Sydney Syd 33525 15112% 06-1999
Table 2
SSR primer screened for ISSR-PCR and their annealing temperature
Primer code Primer sequence {5 39 Primer abbreviation Annealing T C
CA CACACACACACACA cA) - 47
CA+ CACACACACACACARY (CA) .RY 50
+CA RYCACACACACACACA RY(CA) - 50
+ACA BDBACAACAACAACAACA BDB(ACA) 5 50
ACA+ ACAACAACAACAACABDB (ACA) sBDB 50
+GACA WBGACAGACAGACAGACA WB(GACA) 4 58
GACA+ GACAGACAGACAGACAWB (GACA) 4WB 58

WithB=T,CorG;D=ATorG;R=AorG;,W=AorT;Y=CorT.

The reaction mixture (251 L) contained 50 ng of DNA tem-
plate, 501 M of primer, 5 mM of PCR nucleotide Mix
(C144H, Promega), 2.3 L of 10- PCR buer (10 mM
Tris...HCI, pH 9, 50 mM KCI, and 0.1% Triton X-100),
3.51L of MgCl , (25 mM) and 2 units Taq polymerase
(M166A, Promega). PCRs were carried out on a T3 Ther-
mocycler Biometra. The cycling conditions were: initial
denaturation of 4 min at 94 C, 39 cycles of 45 s at 94C,
45s at 50 or 58 C and 2 min at 72 C, one last step of
10 min at 72 C, followed by 4 C storage.

Primers were “rst tested in order to identify those produc-
ing a clear ampli“ed product. Seven micro-litres of ampli“ed
products were mixed with 3 L of bromophenol blue and

electrophoresis was performed on a 2% agarose gel using

1- Tris acetate EDTA bu er at 130 V and on 10 cm, detect-
ed with ethidium bromide under UV light and digitized.

2.4, Data analysis

The binary matrix was used under the Hardy...Weinberg
equilibrium to calculate the percentage of polymorphism
(P), Neies gene diversity i), Shannones information index
(i), total gene diversity {Ht), within population gene diver-
sity (Hs), between population gene diversity @st), coe -
cient of gene di erentiation (Gst), the level of gene "ow
(Nm), Nei (1972) genetic identity () and genetic distance
(D) using POPGEN 1.32 {feh et al., 1997. In order to
describe genetic structure and variability among and
between populations, the non-parametric Analysis of
Molecular Variance (AMOVA) was performed using Arle-
quin software (version 2.000,Schneider et al., 200D with
10,000 permutations and Euclidian distances.

2.4.1. Classical method

Most of time the UPGMA distance method was used to
treat the band data. However, this method does not fully
take into account evolutionary patterns and is not search-
ing for optimal tree. Therefore a heuristic search for an

Smeared and weak bands obtained with certain primers optimal tree was carried out by TBR (Tree...bisection...re-

were excluded. Reproducible bands were scored as 1 (pres- connection) branch swapping. Distance (minimum evolu-
ence) or 0 (absence) for individuals, and matrices generated tion) measure uses the mean character dierence.

by each primer were assembled.

Distance analysis was performed using PAUP version
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4.0b10 Swo ord, 2001). Negative branch lengths were
allowed, but set to zero for tree-score calculation. Steepest
descent options were not in e ect. Starting tree(s) were
obtained via neighbour joining and no out-group was used.

2.4.2. SOM method

An unusual statistical method for ISSR data analysis
was also used to evaluate dierentiation of populations,
the Self-Organizing Map (SOM) Kohonen, 19832. Its clas-
si“cation potential using such data was assessed. This arti-
“cial neural network method is powerful and adaptive. It
used an unsupervised learning algorithm that is e cient
in modelling complex non-linear relationships. SOM per-
forms a non-linear projection of the multi-dimensional
data space onto 2D space. Two layers (input and output)
of elements called neurons constitute this arti“cial network.
The input layer is associated to theReal Vectors(RV) rep-
resented by the samples of the data, previously randomly
mixed. There are as many neurons in this layer as element
in the samples. The output layer is often represented by a
map or a rectangular grid with | by m neurons, laid out
in a hexagonal lattice in order to not favour horizontal
and vertical directions (Kohonen, 2001). Each neuron of
this layer is associated with aVirtual Vector (VV) com-
posed of as many elements as neurons in the input layer.
The neurons of both layers are connected by links that
are called weights.

The SOM algorithm can be summarised as follows:

€ The virtual vectors (VV;, 16 j 6 c) are initialised with a
random sample.

€ The virtual vectors are updated in an iterative way.
A real vector (RV,) is chosen as an input vector.
The Euclidean distance between thiRV, and each
VV (each output neuron) is computed.
The VV closest to theRV is selected and called «sbest
matching unites (BMU).
The BMU and its neighbours are moved slightly
towards the RV using this rule:

W a b 1p YWV, &b pgdb N&; rb&V,db VV,apb
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where t is the number of iterations, and RV(t) is a real
vector. In other words, RV (t) is a vector of the values of
the input neurons at iteration t, VV|(t) is a virtual vector
that represents the weights between a neurgnof the out-
put layer and all the neurons of the input layer at iteration
t, g(t) is the learning rate that is a decreasing function of
iteration t and N(t,r) is the neighbourhood function with
r representing the distance in the map between the winning
neuron and its neighbouring neurons. This function de“nes
the size of the neighbourhood of the winning neuron
(BMU) to be updated during the learning process. The
learning algorithm is broken down into two parts: (i)
the VV are widely modi“ed in a large neighbourhood of
the BMU (large values of g), the ordering phase; (ii)
only the VV adjacent of the BMU are modi“ed (t much
larger than the former phase andg decreasing very slowly
toward 0), the tuning phase.

More details of the SOM algorithm could be found in
Kohonen (2001) and Chon et al. (1996) Giraudel and
Lek (2001) or Park et al. (2003b)are example studies that
also detailed this method.

The aim of this method is an organisation and visualisa-
tion of the real vectors according to their similarities by
arranging the distribution to the samples onto a 2D space
represented by the map. The samples placed in the same
output neuron are considered similar. Moreover, the sam-
ples that are neighbours on the map are also expected to be
more similar to each other and then belong to the same
cluster. A cluster analysis is then applied to the virtual vec-
tors to de“ne the cluster boundaries on the map, which are
the groups of similar output neurons. Commonly a hierar-
chical cluster analysis with a Ward linkage method is
applied. We used the functions implemented in the SOM
toolbox for Matlab ( MathWorks, 2001).

2.5. Validation test

To check the validity of the results, cluster and map, a
special validation procedure was established for this study.
For each of the 19 DBM populations, new individuals were
created fig. 1). Fifteen individuals from each population
were extracted randomly to build “ve new individuals per

C (010000 01001000010 ...100100111010010010011... ...01110011100100100100010

|

Z [0011000100010001110001..] 111001101011001000010... .. 01110011100100100100010]

Fig. 1. Creation of the ssnewee individual for the validation of methods. One part of the sequence of 188 bands was selected in three individuals (a...c) of the
same population. Each part was complementary such that when they were joined, they formed a ssnewes individual (z). Limits between each part were

randomly selected for all ssnewee individuals.
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population. The 95 new individuals were then introduced in
the matrix data set of PAUP and into the calibrated SOM
map. If the obtained results are powerful, these individuals
have to be classi“ed in the clusters and neurons where indi-
viduals of the same population have been classi“ed.

3. Results
3.1. ISSR pro‘le

Seven ISSR primers were initially tested on the 19 DBM
populations. All gave ampli“ed products but the three less-
er speci“c primers (CA, +CA and CA+) produced smears.
Only anchored tri-nucleotide SSR primers produced clear
and reproducible fragments. From these, a total of 188
scorable ISSR loci (bands) were selected in the 539 DBM
individuals screened from the 19 populations. Within pop-
ulations, the number of loci ampli“ed per primer ranged
from 28 to 49 (Table 3), with an average of 42.37 loci. Each
of the 539 individuals presented a unique ISSR genotype,
indicating extensive genetic variation within populations.

3.2. Genetic structure and diversity

At the species level (all populations), the total polymor-
phism was maximal (100%). The total gene diversityHt)
was 0.347 £ 0.016, gene diversity within populationsHs)
was 0.265+0.009 and between populations was
0.082 + 0.007. The global coe cient of gene di erentiation
(Gsf) was 0.238.

AMOVA indicated a highly signi“cant genetic di erence
among populations (26.29%, df = 18,P <10 °). Neverthe-

less, the largest variability was expressed among individuals
within populations (73.71%, df = 520,P <10 °).

The mean percentage of polymorphic loci B) within
populations was 94%, ranging from 84% in Seibersdorf
and Okayama populations to 99% in the Beaverlodge pop-
ulation. The Shannones index i), Neiss gene diversity i)
and the percentage of polymorphism ) within each pop-
ulation are summarized inTable 3. The coe cient of gene
di erentiation ( Gst) and the gene "ow (Nm) between pop-
ulations by pair is given in Table 4. The Okayama popula-
tion seems to be the most di erentiated with a mearGst of
0.235. Genetic identity () among populations ranged from
0.795 to 0.950, with an average of 0.888 + 0.032, and the
genetic distance D) between populations varied from
0.051 between Tashkent and lasi to 0.230 between Coto-
nou and Okayama with an average of 0.119 + 0.036.

3.3. Populationes classi“cation and cluster analysis

3.3.1. Classical distance analysis

Unrooted tree obtained by distance analysis provided a
clear discrimination of the 19 populations. For each popu-
lation, individuals were regrouped in a spindle-shape except
for one individual of the lasi population (lasi 09) which was
inserted between Australian populations of Brisbane and
Sydney Fig. 2a). Branches that support OTU (Operational
Terminal Unit) i.e. individuals, were longer than branches
that separate populations. The Okayama population had
the longest branch Fig. 2b) but also the shortest individual
branches Fig. 2a) that show a great di erentiation with
other populations on the one hand but a relative similarity
of individuals within the population on the other. At the

Table 3
Genetic variability parameters of the 19 DBM populations for each usable SSR primer

+ACA ACA+ +GACA GACA+ P mean He = SD i+SD

N P N P N P N P
Beaverlodge (26) 47 100 49 98 42 100 43 100 99 0.319+0.147 0.482 +0.189
Geneva (30) 47 91 49 96 40 98 35 97 96 0.273+£0.170 0.417 £ 0.232
Brasilia (30) 47 100 48 96 42 100 48 94 97 0.354 £ 0.145 0.524 £ 0.186
Le Carbet (30) 45 98 48 96 41 98 42 88 95 0.303+£0.179 0.452 £ 0.239
Montpellier (30) 45 96 45 96 40 100 40 95 97 0.252+0.178 0.387 + 0.240
lasi (26) 39 95 45 93 41 100 43 91 95 0.244 £ 0.168 0.379+£ 0.232
Seibersdorf (27) 47 89 44 98 40 98 28 50 84 0.226 £ 0.184 0.346 £ 0.260
Tashkent (28) 44 86 46 89 41 100 40 95 93 0.267 £0.174 0.407 £ 0.239
El Fayoun (30) 39 79 44 95 42 100 45 98 93 0.252 + 0.167 0.390 + 0.231
Cotonou (27) 44 93 47 96 41 98 43 91 94 0.297 £ 0.178 0.444 £ 0.240
Pretoria (30) 44 89 47 96 39 97 44 93 94 0.256 + 0.169 0.396 + 0.230
Piton Hyacinthe (25) 45 91 48 98 42 100 45 89 94 0.284 £ 0.156 0.436 £ 0.210
Hong Kong (30) 47 100 45 98 40 100 46 87 96 0.306 + 0.162 0.461 +0.215
Vientiane (26) 46 98 47 96 40 98 41 93 96 0.268 £ 0.168 0.413 + 0.226
Okayama (29) 32 81 42 86 34 88 33 82 84 0.192+0.196 0.292 + 0.276
Adelaide (29) 40 93 45 96 42 100 44 98 96 0.249+£0.170 0.387 £ 0.231
Brisbane (26) 30 80 44 89 37 95 39 92 89 0.216 +0.185 0.332+0.262
Melbourne (30) 41 98 48 94 39 92 46 96 95 0.273+£0.181 0.414 £ 0.242
Sydney (30) 29 86 41 88 38 100 44 91 91 0.197 +0.180 0.308 + 0.253
Mean 42 92 46 94 40 98 42 90

& Number of individual; N: Number of loci (bands); P: percentage of polymorphism; He: Neiss gene diversity; Shannones information index; SD:

standard deviation.



Table 4

Coe cient of gene di erentiation ( Gst) below the diagonal and estimated gene "ow per generatiorNfn) above the diagonal between pairs of populations
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N
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SeeTable 1 for abbreviations.

other extreme, Brasilia and Beaverlodge populations have
very long OTU branches that revealed a great di erentia-
tion of individuals in these populations. Genetic distances
observed on the tree do not re”ect geographic distance
between populations. Only three Australian populations
(Brisbane, Sydney and Adelaide) were grouped in the same
cluster and have a geographic proximity.

3.3.2. SOM

The SOM neural network was constituted of 188 neu-
rons (one for each band) in the input layer linked to the
539 DBM individuals such that the representation of the
presence/absence of the 188 bands for each individual
formed 539 real vectors. The output layer comprised 456
neurons organised in an array with 24 rows and 19 col-
umns. Each neuron of the output layer is linked to the
input neurons (i.e. 188) by weights forming a virtual vector.
During the learning process, a virtual individual is then
computed in each neuron. Several maps were created using
di erent sizes. We used the topographic and the quantiza-
tion errors (Kohonen, 2007 to determine “nal map size.
For the “nal map size (456 neurons), these errors were suf-
“ciently low, 0.0019 and 4.943 respectively. The conver-
gence was mostly reached in 725 iterations with a
learning rate beginning from 0.5 for the ordering phase
and for the tuning phase, from a learning rate of 0.05,
the maximum number of iterations was 2765. Each individ-
ual was classi“ed in a neuron of the output layer (the map).
In general, the individuals coming from the same
population are in the same neuron or in neighbour neu-
rons. The Pretoria population is the most concentrated
with all the individuals classi“ed into 5 neighbouring neu-
rons. The Beaverlodge population is the most widespread
with its individuals classi“ed into 16 neurons Fig. 3a).

A hierarchical cluster analysis was applied to the 456
virtual vectors of this map. As many clusters as popula-
tions were chosen, i.e. 19, to test the quality of the classi“-
cation method (Fig. 3b). Individuals are relatively well
classi“ed into the 19 clusters according to their origin pop-
ulation. However, few individuals were considered as badly
classi“ed, i.e. when these individuals were found in neuron/
cluster mainly occupied by individuals of a di erent popu-
lation. One Adelaide individual was classi“ed in the cluster
of lasi, two individuals of Piton Hyacinthe were classi“ed
in the Le Carbet and in Vientiane clusters, two individuals
from lasi were classi“ed in the cluster of Brisbane and
Vientiane, while one Vientiane individual was classi“ed in
the Tashkent cluster and one Beaverlodge individual in
the Cotonou cluster.

3.4. Validation

A special procedure has been used to validate the quality
of the cluster and the map using new individuals created
randomly (see Fig. 1 and eevalidation testee Section2).
Ninety “ve new individuals were introduced into the matrix
data set of PAUP and into the SOM calibrated model, i.e.
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Fig. 2. Unrooted tree obtained by distance analyses of the 19 DBM populations. (a) Complete unrooted tree; (b) unrooted tree simpli“ed and enlarged on

population separation part.

the map. All 95 were correctly classi“ed into the cluster and
neurons of their origin population. For example, the “ve
new individuals of Brisbane have been correctly classi“ed
into the Brisbane cluster using either PAUP or SOM.
The new tree, obtained by a completely new computation
of distances with PAUP, was not di erent from global
arrangement of population clusters from the previous tree.

4. Discussion
4.1. Origin of genetic diversity

Most studies of population genetic characterisation on
DBM have used allozymes Caprio and Tabashnik, 1992;
Kim et al., 1999), RAPDs (Heckel et al., 1995, mitochon-
drial gene encoding cytochrome oxidase | (COIl) Chang
et al., 1997; Pichon, 200% enzyme electrophoresisArvani-
takis et al., 2002; Pichon et al., 2002, 2006 oviposition
behaviour (Arvanitakis et al., 2002, morphology (Chacko
and Narayanasamy, 2002 and microsatellites Endersby
et al., 2002, 2005, 2006with mixed results. The best results
have been found with highly variable markers, such as
RAPDs, microsatellites and enzymes despite the fact that
morphological characters on Indian populations Chacko
and Narayanasamy, 200 and behavioural characters on
populations of Benin (Arvanitakis et al., 2002 have also
given good results in terms of population discrimination.

Despite a very high variability at the intra-population
level, ISSR seems to permit di erentiation of each of the
studied populations very easily. All populations had high
coe cients of genetic di erentiation ( Gst). That was not

scale whereEndersby et al. (2006¥ound no di erentiation
with microsatellites. Beside geographic distances, this level
of divergence between and within populations can be
attributed to other things. First, biological characteristics
of DBM may be involved. In tropical areas, there may be
more than 20 generations a year. This results in an increase
in appearance of mutations and therefore increases diver-
gence between individuals within populations. Secondly,
massive uses of insecticides create bottlenecks in popula-
tions increasing divergence between populations by select-
ing dierent haplotypes. All chemical contaminants and
insecticides are known for their high mutagen power, this
also increases the number of mutations in resistant individ-
uals. ISSR markers are mainly constituted of non-codant
DNA that preserves all mutations. In the long term, these
successive increases and massive disappearances of haplo-
types, occurs independently in each population, and have
a negative e ect on the conservation of phylogenetic infor-
mation increasing the population genetic di erentiation.
Such e ects are increased if populations are separated in
time without su cient genetic "ow.

DBM shows an overall observed polymorphism of
100%. Similar to that of Pieris rapae (Hundsdoerfer and
Wink, 2005). It seems that crop pests, where man has an
important in"uence in their distributions are loosing their
geographical population genetic structure. Nonetheless,
another type of population genetic structure is generated
and accessible for analysis using ISSR markers. ISSRs
can be used as tools to evaluate human in”"uence on natural
pest populations and their level of dispersal.

surprising given the large scale covered. Nevertheless, the 4.2. Gene "ow and long range migrations

resolution of ISSR patterns allowed genetic di erentiation
(Gst=0.150) of Australian populations separated by only

Although massive annual DBM migration has been

620 km (distance between Melbourne and Sydney), at a described in several parts of the world $mith and Sears,
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Fig. 3. Classi“cation of 539 DBM individuals from 19 populations using Self-Organising Map (SOM) method. (a) The patterned SOM map. Based on
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1982; Chu, 1986; Honda et al., 1992; Chapman et al.,
2002, very long range migrations (at the scale of our sam-
pling) are probably irregular or anecdotal elsewhere. In our
study, despite values greater than one successful migrant
per generation, the gene "ow Kim) seems to be insu cient
to e ectively homogenise populations asSlatkin (1987)pre-
dicted, probably because of interactions between character-
istics of DBM and ISSR fragments described above. Very
limited migrations have been described in Hawaiians pop-
ulations of DBM that were separated by less than ten kilo-
metres [Tabashnik et al., 1987%. Mo et al. (2003) have also
shown that dispersal of DBM rarely occurs beyond 200
meters in healthy cabbage patch exploitation. When grow-
ing conditions are favourable, moths do not migrate.
Moreover, in areas free of massive annual migration com-
mercial and cultural cabbage movement probably has more
impact on DBM genetic structure than natural gene "ows.
The absence of correlation between genetic and geographic
distances found here is not unusual in crop pest popula-
tions (Chang et al., 1997 and has already been observed
in DBM ( Arvanitakis et al., 2002; Pichon et al., 2006
Our study suggests no phylogenetic inference occurred.

4.3. Classi“cation methods

The observed branch length on the dendrogram from

0. Roux et al. / Molecular Phylogenetics and Evolution 43 (2007) 240...250

been introduced in the model, it would be classi‘ed in a
neuron of the map to the neuron closest to it, based on
band similarity. If the individual came from a new popula-
tion however, the model nonetheless is obliged to classify it.
This is the drawback of this method. It can however be
avoid using a recent algorithm, the Evolving Self-Organiz-
ing Map, which creates a new neuron and evolves the map
accordingly (Deng and Kasabov, 2003.

Foody (1999)compared SOM with three other classi“ca-
tion methods (K-means, Hierarchical clustering and fuzzy
c-means) and with ordination method (Principal compo-
nent analysis (PCA)) in community data analysisGiraudel
and Lek (2001) compared SOM with Polar ordination,
PCA, correspondence analysis and multidimensional scal-
ing for ecological community ordination. Finally Brosse
et al. (2001)used SOM and PCA to study “sh assemblages.
They all showed that SOM can be successfully applied to
complex data and constitute a useful alternative to common
multivariate statistical analysis. In this paper, SOM is for
the “rst time compared to a genetic classi“cation method.
The worst misclassi“cation individual rate was only of
1.3%. Classical distances and SOM analyses gave similar
results for population discrimination but produced di erent
clusters between populations. This di erence comes proba-
bly from their respective algorithms. With the heuristic
method, individuals are compared between them, while in

the classical distance analysis shows that distances betweenthe SOM, they are compared to virtual individuals which

individuals are longer than between populationsKig. 2a).
This re”ects an acceleration of diversi“cation of non-cod-
ing DNA in recent times, without exchanges between pop-
ulations. Greater distances between individuals over
populations probably re’ect the massive and recurrent
use of insecticides. Such evolutionary change is of concern
because it favours insecticide resistance. It would not occur
with the use of a biological agent to control the pest.

The discrimination power of this analysis was excellent
with only one individual misclassi“ed. Nevertheless, the
computation time was very long with more than 20 h on
a modern desktop computer. The validation test of the
method required are computation of results and gave a
new tree for distance analysis with PAUP. We think that
the insertion of a completely new population will probably
produce a new cluster.

After the iterative learning phase in the SOM analysis,
each of the 539 DBM individuals was associated with an
output neuron. Moreover, mapping individuals according
to their ISSR band similarities into the SOM map revealed
that some individuals were associated either with the same
neuron or in the same cluster of similar neurons. SOM
appeared to have correctly organised individuals such that
the individuals from the same population were associated.
Only seven individuals were classi“ed in the wrong cluster.

To assess this more rigorously, the SOM output was val-
idated. The validation procedure shows the capacity of the
method to correctly classify new individuals. However
the new escreatedee individuals all came from known (by
the model) individuals. Had a completely new individual

are modi“ed progressively during the training.
5. Conclusion

With this study, we present a complete decision-making
tool. The ISSR-PCR technique combines the two qualities
required for routine analyses i.e. low cost and fast process-
ing with minimum equipment requirements. This study has
shown that the population genetic of DBM (described by
ISSR bands) can be mapped by the SOM arti“cial neural
networks method; faster than other methods. The high var-
iability obtained with ISSR markers can also allows assess-
ment at low geographic scales.
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Discussion générale et perspectives

Les questions de rechercligveloppées dans le présent travail peuvent étre réunies
sous une méme thématiqueelle des relations tritrophiques en milieu tropicaleccomme
modelele chou- la teigne des BrassicaceédRlutella xylostelld - et les auxilaires én
particulierOomyzus sokolowskait Cotesia vestad) dans deux pays d’Afrique de I'Ouest, le
Sénégal et IBénin.

L’intensification de la culture du chou en zone tropicale, plus particulierement en
Afrique, n'est pas tres ancienne. Dans les années 1970, cette espéce était cultivée mais
souffrait durant sa culture des conditions climatiques tropicales (fortesuchadt fote
humidité), non adaptées a s@issance, les variétés utilisées a I'époque étant des cultivars
européens. Depuis une traime d'années, l'arrivée sur le marché de cultivaopidalisés”
d'origine japonaisa fait prendre un essor important a cette espece léguraiged, point
gu'elle entre maintenant de fagcon courante dans l'alimentation locale des faendéssdbux
pays. Il faut savoir également que lefricains, particulierement les béninois, sont de grands
consommateurs de "légumes feuilleddnt le chou fait partie et dont les pommes récoltées se
conserventtres bien lors des transports routiers effectués supites, contrairement a
d'autres légumes plus fragiles. Les surfaces plantées en choux ont donc awgniemest
pas rare actuellement de vehez les producteudes parcéés cultivées dépassant 5 000 m
et cela tout au long de I'année.

Malheureusemnt, cette multiplication des surfaces cultivdedacon continuéout au
long de I'annégprésence au méme momeld choux a toukes stades de la culturejfre a
son principal ravageur, le lépidoptére défoliatdRiutella xylostella lI'occasion de se
multiplier de facon exponentielle, dérégulant ainsi certains agrosysggmesdemment en
equilibre.

Au niveau mondial, pour tenter de contrbler les populations de chenilles de ce
ravageur, les cultivars de chou pommé ont fait I'objet ddétexction variétale basée swasd
changements de la structure des cires épicuticulaires dont I'effet recherché étaitndier
I'appétence du chou pour les chenillds P. xylostella Cependantges variétés n’'ont pas été
exploitées car lemodifications induites favorisent d’autres ravageurs et donnent un aspect
brillant aux feuiles (glossy leaves), ce qui @siu apprécié des consommateurs.

La teignedu chouest recenséen plus ou moins grand nombre sur tous les continents
et a quasiment toutetes latitudes partoutou il y a des cultures de Brassicacé8selton
2004).Dans lesconditions tropicales, les populationsPlexylostellasont tres importantes en
nombre d'individus et de ce fait difficilement contrélables.eHat, les températures élevées

et ’lhumidité de ces zones favorisent la multiplication des populations qui effectuent entre 20
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et 24 générations par an suivant les endroits, alors guiel®mont que trois en zones
tempérés.

Du fait de sa répartition mondiale, les populations de ce ravageur subissent des
pressions locales de sélection dépendant du climat, des ennemis naturels présents, des
systemes de culture des agriculteets

La question fondamentale qui se pose est la suivatgs populations somdles
identiquesau niveau de leurs "perfmances” en tant que ravageurl ®d$t impossible de
mettre au point une lutte "générique” dans tougp#s ou seévit la teigne et les différentes
formes de luttes mises en plapeur contréler les populations de chenilles stat pas
efficaces partout :1j la lutte chmique intensive entrairdans de nombreux pal/apparition
de populations résistantes. Elle est cepenttaatemployée et encore efficace dans certains
pays du fait de I'apparition daouvelles moléculesises sur le marchg2) la lute variétale
est ineficace; (3) la lutte biologique de conservation semble étre actuellement la plus
employée au niveau mondial, mais sa réussite dépend de l'efficacité des espeers local
d’auxiliairesprésentes.

Des études en laboratoimadrqueurs istymes) ont montré qu'au niveau mondial les
populations deP. xylostellasemblent étre structurées génétiquement en plusieurs groupes
homogenes comme c’est le cas pour ['‘Australie et le Japon, au contraire des autres
populations originees d'Euope, d'Afrgue et du continent américain qui sorgttement
différenciées. En analysant ces groypeEsis Nnous sommes apercus que toutes les populations
provenant d'une localité tropicale (zone de basses latinmeprisesentre 0 et 23°) étaient
regroupéeslans utmméme ensembl@jors que celles natives de zones non tropicales (zone de
moyenneet hautes latitudes entre 2468°) constituaientin autre groupe bien sépak¥es
groupes structurés ont été mis en évidence de la méme maniére lors de notre étude avec les
ISSR.Chacun de ces deux marqueurs a montré de fortes divergences entre les populations
étudiées permettant ainsi de les différencier. D’'un marqueur a l'autre, les distances
génétiques calculées entre les populations ne sont pas équivalentes, protaieaison de
I'évolution indépendante de ces deux marqueurs mais surtout parce que les isozymes,
considérés comme marqueurs neutres, peuvent quand méme étre soumis a umedaressi
sélection alors que les ISSR ne le sont pas. Dans les deux cas, hitidorapportée par ces
marqueurs n’est pas corrélée avec les distances géographiques, principatenasin des
caractéristiques de chacun d’eux.

Récemment, suite a des identifications d'individusPdeylostellarécoltéssur des

choux des chercheuraustraliens utilisant |8Barcoding' ont identifié ds individus d'une
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autre especdjifféerente deP. xylostella Il s’est avéré qudes génitalias desmales etdes
femelles n'étent pas identiguesa celles deP. xylostella alors que d couleur et la
morphométrie étaientigoureusemergsemblableslls ont décrit cette nouvelle espéce comme
P. australiana(Landry & Hebert 2013 Cette information est capitale cBr xylostellaest
peutétre constitué d’'un complexe d’espeas de biotype€quivalent au complexe de la
"Mouche blancheBemisia tabac{Gennadius{Hemiptera: Aleyrodidag, non encore mises
en évidence, ce qui pourrait expliques difféerenesobservées dane comportement de
contrdle du ravageur.

Au delade ces différences observées areau génétique entre les populatiansecla
possibilité d'espéces cryptigues en mélangs,dssais au laboratoire ont montré de grandes
différencesdans lenombre d'ceufs pondysr les femelles dB. xylostellaet dansla dratégie
de ponte entre Igsopulations originaires de cinlgcalitésdu Bénin (Arvanitakiset al. 204).
Cependant, il ry a pas de corrélation entre les différences génétiques et les différences
biologiques.Cela nous conforte dans l'idépie les populations de la teigne ne sont pas
identiquesentre ellest que leur contréle ne peut se faire de fagcon génergisde maniére
spécifique au niveau de chaque populagipFsentalans son environnement naturel.

Nos résultatsont montrélimportance des auxiliaires entomophaggs, sars ére
d'une efficacité totaldans le contrdle des populations de la teigne, excepté en Afrique du Sud
(Kfir 2011), permettentependantle réduireés populationslu ravageurLa lutte biologique
par conservatiomontre la toute sa nécessité et deviemcdiune grande utilité.

L’ efficacité des parasitoidedépend également des pressions de sélectiohepar
environnement. Par exempl€). sokolowskji endoparasite grégaire larmgmphal, peut
conduire a plus de 80% de parasitiseme conditions ddabordoire (conditionsoptimun),
alors que cdaux ne dépasse pd¥% dans les conditions naturelles au Sénégal (Soul.
2013). Le pourcentage de parasitisme par cette espéce estdde tler40 a 50 % en Asie du
SudEst(Srinivasan & Moorthy 1992

Cette différence apercue dans le pourcentage de parasitisme peuteé&rplakieurs
causes : (1) les conditions de laboratoire sont tres favorables a une bonnexagoiesa
popuations des parasitoides (pas de recherchen@eel pas de concurrence pour la ressource,
absence d'antagonisteconditions climatiques optimales), ce qui n'est pas le cas en milieu
naturel ; (2) comme pour I'héte, les capacités biologigeevent étre différentes suivant leur
origine ; (3) ils peuvent étre portsude bactéries endymbiotiquesqui pourraient perturber

leur efficacité.
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En effet, de nombreuses espécdsythiénoptére sont naturellement infectées plas
bactéries endosymbiotiques du gehlvelbachia(Werren et al. 1995)Ces endosymbiotes
manipulent lareproduction de leurs hétes, soit en biaisant laraga, soit en empéchant
certains types de croisementgouvant ainsi induire jusqu'a une différenciation des
populations (Bordenstein et al. 2001). Ceci pourrait entrainer une baisse dtéfficac
parasitaire chez lesapsitoidesnfectés C'est effectivement le cas de notre populati@ d'
sokolowskiien provenance du Sénégal qui était infecté&\aabachia.

L'especeC. vestalisest un endoparasite larvaire solitaire qui posséde pratiquement la
méme répartition géogpaique queP. xylostella ce qui en fait le principal ennemi naturel de
ce ravageur. Dans ce cas encore, des différences importantes apparaissemt piaies el
d'efficacité envers les populations de chenilles de la teigne. Au cousaisl'effectuésu
laboratoire sur saéponse fonctionnelle,ed femelles de ce parasitoipl®venant du Bénin
pouvaient parasiter en 24eures80 chenilles sur 120 présentéasprs que des femelles
originaires de Martinique n'en parasitaient que 40. Nous noterons iei lgg femelles de
I'nyménoptere issues de la population des Antilles étaient infecté¥gqgiizeickia(Rinconet
al. 2009 et de ce fait elles étaient moins performantes par rapport & dell8énin qui
étaient saines

Au Sénégal, en condition de plein offg C. vestalisest peu préseatmis a part en
période d’hivernageu les températures sont assez élevées (30°C en moyennéu$da
parasitisme n'excede cependpas5% (Sowet al.2013). Par cotre cette espeqeeutaboutir
apres de 90% de pardsinedans la zone maritime du Béroh, malgré ce tauextrémement
élevé elle ne contréle pas les populations de chenille®.drylostella(Arvanitakis et al.
2013, soumis aBioContro). Comme pour son hot®. xylostellaet le parasitoideO.
sokolowskij les populations d€. vestalissont hétérogénes au niveau génétiques &ades
effectués avec ds marqueurs isozyes sur desindividus de populations d'origines
géographiques différentes (lle de la Réunion, Taiwan, Bénin, Afrique du Sud et Majtinique
ont montré un éloignement génétique entre les populations, ce qui pourrait influencer
I'efficacité des différentes femelles sur leurs hotes respectifs. Nousmotagalement que le
climat "doux" de la région de Dakar n'est peut étre pas tres favor&bleestalis celuici
préférant les environnements chauds et humides présents dans la zone maritotunole, C
ou il est fortement présent sur les chenille®drylostella

Nous noterons également que les choux cultivés dans la zone maritime de Cotonou
sont fortement infestés p&. xylostella Il n'est pas rare de dénombrer plus de 100 chenilles

par piedde chou.Le climat ne subissant que trés peu de différences au cours de l'année tant
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au niveau de la température que de I'humidiedi-ci est trés favorable a la croissance des
chenilles deP. xylostella Au Sénégal les différencee températures et d’humiditéeduaux
deux saisons (seche et humide) ne sont pas trés fawmble@vageur, ce qui entraides
populations de chenilles beaucoup moins importantes qu'au Bénin.

Une coeévolution pourrait étre survenue au Bénin ou la sélection naturelle aurait
favorisé les femelles d€. vestalisles plus performantes et éliminé les moins efficaces. La
présence d&Volbachiadans les adultegjui peutinfluence sur sonaptitude ayparasitisme
ne pewt étre mise en causguisque lespopulationsdu Sénégakt du Bénin ne sont pas
infectées.

En zones tropicales, le comportement imprévisible des infestations de ce raageur
niveau des parcelles cultivéeBaluck & Furlong 2011 ; Wei et al. 20)3et surtout le
systeme de culture des protkurs qui favorisent la croissanaies populations de la teigne
dans les parclds sont des freins au maintien a un niveau faible des populatioa de
xylostella En effet, &s agriculteurs laissent les pieds de choux en place lors de la récolte des
pommes, ce qui favorise le redémarrage des repousses favaabtEs/eloppementes
chenilles. lls se désintéressent également des foyers de chenilles préskentsisllage de
planches cultivées en nauv@s ne vendent que les racines), qui sont souvent proches des
planches de choux.

On connait les risques pour la santénhine et I'environnemendécoulant des
applications anarchiques d'insecticides utilisés par des aceuvent mal inform& voire
ignorantsdes effets néfastes de ces pesticiffaglong et al. 2012)La mise en placee
programmes de libératiodiauxiliaires biologiques (entomophages, champignons, virus etc.)
est tres colteuse et nécessite une compéietiaique importante qui est malheureusement
absente chez ces producteurs. Latgmiua ces problemes serait ) (de favoriser la lutte
biologique par conservation de la faune utda remplacanpar exemplees applications
d'insecticides de synthesarpdes formulations a base de produits naturels (huile de "neem")
ou biologiques B.thuringiensi¥; (2) d'effectuer des recherches sur les effets que pourraient
apporter l'utilisation des plantes compagnes en association avec les esp&iekenear
cultivéesqui possedent un effet piege (moutarde chinoise, Pak choi...), un effet répulsif
(oignon, ail, basilic...), ou neutre (salade, carotte...), mais qui pourraient perteger
femelles deP. xylostellaa la recherche de sites de poBheehan 1986)Ces espees
cultivées pourraient également apporter un supplément de sstdaumise en place de cette
stratégie serait également en phase avec les compétences horticoles quentplessede

producteus.
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En effet, la majorité des agriculteurs sénégalais sont illettréss etonnaissent la
technique de la culture des légumes par leurs ascendants guiéees la connaissede
leurs parents, voire grangarents. Ills n‘ont aucune connaissance phytapdEeutiqueet
appliquent sur leurs culturésus les produitsigponiblessur le marché, en particulieeux
utilisés en cultures cotonniéres et qui sont dangereux pesr utilisateurset les
consommateurs. La pollution de la nappe phréatique est également concernée par ces
méthodes, d’autant plugjue I'eau de cettenappe est régulierement réintroduite lors des
arrosages journaliers des cultures. lls ne connaissent pas I'existdacéadine auxiliaire" et
pratiguent des cultures associées ngas par souci« agroécologigue »nais par manque
d'espace au niveau deurs planches. Laige en place de programmes lzaser |'association
d'espéces végétales cultivées et non sauyagegntrant en concurrenaeec elles au niveau
de l'eay et qui perturberaient les femelles du ravageur a la recherche de sitestele pon
seraient facilement acceptgar les agriculteurs, la technique de culture étant en rapport avec
leurs compétences.

Comme nous avons pu le constater au Sérgdgal Bénin, la teigne du chou n’est pas
contrbléepar ses ennemis naturels. Bien que ces deux pays se situent en zone tropicale, le
nombre d’espéces de parasitoides et les taux de parasitisme sont variabtexlititms de
laboratoire, l'efficacité parasitaire des deux espéces étudieesykolowskiiet C. vesta,
vis-avis de leur héte ®st @s remise en cause puisglies sont performantes. On peut donc
penser que le probleme peut venir, d'une part, des populations du ravageur puisque nous
avons montré gu’elles étaient différentes et structurées génétiqueirésitelle mondiale et
d’autrepart, des conditions climatiques qui varient d'un pays a l'autre.

J'ai eu l'occasion de faire une expertise en Bretagne (France) aupres de producteurs
qui produisaient des choux pogeaines sous serre. La teigne du chou est présente en
Bretagne mais n’est pas considérée comme un ravageur a cause du climat. tess adul
provenant des champs avoisinants rentrent dans les serres et y trouvent desmsqids
clémentes (températures élevées) et donc favorables a leur développement. leteyrsod
étaientinfestés par la teigne malgré un vide sanitaire de deux mois entre deux périodes de
cultures et I'application de 23 traitements chimiques sur une saison. Cqtlexsmmet de
voir que si orx tropicalise» artificiellement un agrosystéme, il devient fealde au
développement de cette espéece qui devient alors un ravageur.

Il peut étre intéressant d’essayer de modifier les agrosystémes par des areatgagem
I'échelle de la parcelle, voire du paysage. On s’est rendu compte par exemme ghoeux

sont moins attaqués quand on les culémeassociatiomavec de la carotte ou de I'oignon, ou

17C
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bien quand ils sont dans des parcelles plus ombragées. Dans cet objectif d’action, une
approche agroécologique est pétrel’ une des solutions pour contréler la teigluechou en

régions tropicales.
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