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Sensibilité aux insecticides et évaluation prélimare des méthodes de lutte
antivectorielle disponibles contre le€ulicoides (Diptera : Ceratopogonidae)
paléarctiques, vecteurs de virus émergents d’'intét&n santé animale

Les Culicoidessont des petits insectes hématophages vecteutsodiars responsables
d’'importantes pertes économiques au niveau mouddias I'industrie agroalimentaire incluant le
virus de la fiévre catarrhale ovine et le virusStdnmallenberg. Afin de réduire le contact entre
les Culicoides et leur héte, plusieurs moyens de lutte peuverg étilisés comme la lutte
écologique (modification des habitats larvairea)]utte biologique (introduction d’'un ennemi
naturel dans leur environnement), la lutte mécanigeonfinement des animaux dans des
batiments) et la lutte chimique (utilisation d’ictieides). Cette derniére, restant la plus utilisée
en Europe, est recommandée par les autorités isagitaour réduire la transmission de la
maladie, ainsi que la vaccination et la restrictdg mouvements des animaux pendant les
périodes critiques de circulation du virus. L'g#tion de produits insecticides reste le premier
recours en absence de vaccin efficace contre leseaox virus et les différentes souches
circulantes. Néanmoins, leur efficacité est indeeat variable selon les études menées jusqu’a
présent, visant leur évaluation. Ce travail de @éhtend aaméliorer les connaissances sur les
méthodes de lutte antivectorielle disponibles congr les Culicoides européens vecteurs de
virus émergents d’intérét en santé animalet de proposer des procédures standardisées qui
nous ont permis d’obtenir des valeurs de référengesxistantes jusqu’a présent, mais
indispensables dans la lutte antivectorielle coles€ulicoides.

Mots clés: Culicoides vecteurs, virus émergents, lutte antivectorielle

Insecticide susceptibility and preliminary evaluaton of vector control
methods available against Palearcti€ulicoides (Diptera: Ceratopogonidae)
vectors of emerging viruses with interest in animahealth

Culicoides are small haematophagous insect, vectors of awnmsm®sr responsible for
significant economic losses worldwide in the foadustry including the Bluetongue virus and
Schmallenberg virus. In order to reduce contactveeh Culicoides and their host, several
control methods can be used as the ecologicala@adinéduction / destruction of larval habitats),
biological control (introduction of a natural enenmytheir environment), mechanical control
(confinement of animals in buildings) and chemicahtrol (use of insecticides). The latter
remains the most widely used in Europe, is reconteeénby health authorities to reduce
transmission of the disease, as well the vaccinagiod restriction of movement of animals
during critical periods of virus circulation. Thesau of insecticides is the first resort in the
absence of an effective vaccine against the neus\and different circulating strains. However,
their efficacy has been evaluated in previous sti@ind is still uncertain and variable. This
thesis aims to improve the knowledge of vector mninethods available against European
Culicoidesvectors of viruses emerging with animal healtterest and propose standardized
procedures that allowed us to obtain referenceegalacarce to date, but necessary for vector
control againsCulicoides

Keywords: Culicoides,vectors, emerging viruses, vector control
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Introduction générale

La classe deinsectaest le groupe d’organismes le plus abondant siefee. Plus
d’'un million d’espéces ont été identifiées jusqpi@@sent, mais selon les estimations, ce
chiffre pourrait se situer entre 3 et 30 millioMofa et al, 2011 ; Gaston, 2013). Si I'on
considere I'ensemble de la diversité connue dueaégmmal, les insectes représenteraient
donc 90 % des espéces recensées (May, 1988). Ipeghldges avancées pour expliquer la
grande diversification du groupe sont la petitdgales individus qui faciliterait la dispersion
et la colonisation des territoires et I'exploitatide nouvelles niches. L'acquisition du vol, le
nombre de générations, l'existence de stades t'aeédéveloppement (diapause) et la
plasticité génétique ont permis cette large div@rsidaptative (Southwooet al, 1979 ;
Gullan and Cranston, 2010). Le réle des insectas @afonctionnement des écosystemes est
primordial. Pour ’lhomme, il peut étre considéréntoe hautement bénéfique (exemple de la
pollinisation en agriculture) ou nuisible (exemples ravageurs des cultures). Les insectes
peuvent ainsi avoir un rbéle pathogene pour lesébeés, en étant allergisants, urticants,
vésicants, venimeux, ou étre responsables de haniasion d’agents pathogenes (vecteur
biologique ou mécanique) (Rodhain and Pérez, 198%).insectes hématophages occupent
une place toute particuliere a cause des nuisaaresdérables qu’ils peuvent occasionner,
mais surtout a cause des conséquences sanitaggsatl®genes qu’ils peuvent transmettre
(Rodhain and Pérez, 1985). Globalement, les maadieansmission vectorielle représentent
17 % de la charge mondiale estimée des maladiextiefises touchant les populations
humaines, le paludisme étant la maladie vectorigfgponsable du plus grand nombre de
déces dans le monde (OMS). Outre leur réle de westées insectes hématophages peuvent
aussi constituer une nuisance importante de pas [@qdres. Ainsi, 'impact des piglres de
certaines especes du ge@uelicoidesLatreille (Diptera : Ceratopogonidae) sur les\atgs
touristiques et économiques (exploitation forestiagriculture) est bien documenté (Hendry
and Godwin, 1988 ; Linlegt al, 1988 ; Lehane 2005). En Colombie, les piqUresomamtes
et répétées des moucherons de I'esgadecoides pachymerusutz sont considérées comme
un probléme de santé publique provoquant des pradalermatologiques (Santamarial,
2008).

Les interactions pathogéne/vecteur/héte sont s@marasdes contraintes génétiques,
climatiques, environnementales, démographiquesoetétales, qui peuvent induire une
réduction de la transmission ou I'émergence de dieda Les trente derniéres années ont vu
'émergence ou la recrudescence de plusieurs neslad transmission vectorielle
(Chikungunya, dengue, fievr&Vest Nile fievre catarrhale ovine, maladie de Lyme)
(Kilpatrick et al, 2013). L'émergence d’une maladie a transmissiextorielle peut résulter
de lintroduction et de la circulation d’'un agerdtipogéne dans une nouvelle zone ou une
nouvelle population d’hétes (Morse, 1995). L'agpathogéne peut étre introduit par I'arrivée
d’'un hoéte vertébré infecté dans un environnemebit&gar un vecteur compétent ou par
larrivée d'un vecteur infecté compétent dans urviremnement peuplé par des hétes
vertébrés sensibles (de la Rocetial, 2011).

L’augmentation de ces émergences a contraint lesis sanitaires et les pouvoirs
publics a agir en vue de protéger les populatidnex et réduire I'incidence de ces maladies.
La vaccination des populations sensibles est cérissdcomme une réponse efficace pour

-3-



Introduction générale

réduire les pertes liees aux maladies et pour rtatibleterrompre le cycle entre les hotes
virémiques et les vecteurs. Mais, les vaccins m¢ pas toujours disponibles ou d’'un usage
opérationnel difficile. De plus, la vaccination tkefaune sauvage (pouvant constituer un
éventuel réservoir de I'agent pathogéne), est acleetcomplexe a mettre en place. Il n’existe
pas de données probantes démontrant I'efficacitéutiésation active ou passive d’animaux
non sensibles afin d’empécher la transmission ddadies en détournant le vecteur de I'hote
a protéger (zooprophylaxie). Ce détournement, qyeunt assimiler a un effet de dilution,
peut augmenter les densités de vecteurs et enqueeTsge augmenter la transmission. La lutte
antivectorielle vise a réduire les populations éggeces impliquées dans la transmission des
pathogénes ou a interrompre le contact héte/veeteutilisant difféerentes méthodes selon les
vecteurs ciblés et selon les contextes épidémiglms et socio-économiques. La lutte
antivectorielle comprend la lutte biologique, l&duécologique, la lutte chimique, I'éducation
et la mobilisation sociale, mais aussi l'intégratide toutes ces méthodes dans une lutte
antivectorielle intégrée.

Parmi les maladies virales transmises par des weactt émergentes en Europe, la
fievre catarrhale ovine (FCO) et la maladie de Salenberg ont eu un impact considérable
dans les filieres bovines et ovines, engendrant pteblemes économiques majeurs. Les
moucherons hématophages du gefuéicoidesassurent la transmission du virus de la fievre
catarrhale ovine, appartenant au gedrbivirus (Reoviridae) (Du Toit, 1944) et du virus de
Schmallenberg du genf@rthobunyavirugBunyaviridae) (Hoffmanrt al, 2013).

La FCO est une maladie non contagieuse, potemtiehé mortelle chez les ovins, qui
s’exprime dans une moindre mesure chez les boeammins et autres ruminants sauvages.
Les symptémes varient en fonction du pouvoir pagéinegdes sérotypes et de la sensibilité des
races ovines (Maclachlan and Gard, 2009). De pargsand pouvoir de diffusion et les
graves conséquences socio-économiques et sanitirdCO fait partie de la liste des
maladies notifiables a I'OIE. Elle est signalée mplaupremiére fois en Afriqgue du Sud dans le
Report of the Cattle and Sheep Diseases Commidsid876 apres I'introduction de moutons
de race Mérinos dorigine européenne dans la celahui Cap. Les animaux malades
présentaient des inflammations aux niveaux desspéedie la bouche (Henning, 1956). La
maladie se répand vers le nord sur le continentaaf, et malgré quelques incursions
sporadiques dans le sud de I'Europe, elle est déré® pendant longtemps comme une
maladie exotique en Europe jusqu’a ce gqu’elle d@gnostiquée en 1998 dans l'ouest du
bassin méditerranéen (Panagiotatos, 2004). Le maoenviedes animaux malades (Melketr

al., 2000) et la dispersion passive par le venCdécoidesinfectés, étant possible sur des
grandes distances (Sellegsal, 1978 ; Sellers and Pedgley, 1985), auraient déra sa
propagation. Les émergences de FCO dans I'oudsashin méditerranéen ont été associées a
la présence de I'espéece afro tropidaldicoides imicolaKieffer, vecteur confirmé du virus de
la FCO (Melloret al, 2008) Mais, en aolt 2006, le sérotype 8 appaaaitiainement dans le
nord de I'Europe, olC. imicola n’est pas présent, touchant 5 états membres daohUn
européenne (Allemagne, Belgique, France, LuxembeuRpys-Bas), puis s’étend en 2007 et
2008 a I'ensemble de I'Europe occidentale. En ateselu vecteur historique de la maladie
C. imicola (Du Toit, 1944), la transmission a été assurée Iparespéces d€ulicoides
autochtones suite a l'introduction du virus. L'égece du sérotype 8 de la FCO dans toute
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'Europe entre 2007 et 2008 a constitué une cres@tare sans précedent qui a eu des
conséguences graves pour les filieres ovines @hbsvmpactant le commerce international
d’animaux et de leurs produits et causant des pédenomiques importantes (Velthetsal,
2010). Parallelement, un autre sérotype (le 1)gmtégu Maghreb en 2006, s’est propagé vers
le nord passant par le sud de 'Espagne et du gadran 2007 pour atteindre le pays Basque,
et une large part du sud-ouest de la France (Witsah Mellor, 2009). Pendant la méme
période, une incursion anecdotique du sérotypet@desitifié aux Pays-Bas, I'utilisation
illégale d’'un vaccin atténué a été évoqué pourigupl son introduction, comme pour le
sérotype 11, identifieé en 2009 en Belgique, luisapsoche d’'une souche vaccinale produite
en Afriqgue du Sud (Wilson and Mellor, 2009). A amuij 26 sérotypes sont identifiés et
récemment, en mai 2014, un nouveau sérotype asélé chez des caprins en Corse, il
s’agirait du sérotype 27.

Le virus de Schmallenberg, a été détecté plus néma) en novembre 2011 en Allemagne.
Les signes cliniques de cette maladie qui n’affgcte les ruminants, incluent fievre, diarrhée
et une diminution de la production de lait (Hoffmaat al, 2013). Mais surtout cette maladie
est responsable de malformations congénitales etadgnatalités (Garigliangt al, 2012). Il

a été déemontré que l€ulicoidespaléarctiques sont responsables de la transmisigare
virus en Europe (De Reg@t al. 2012 ; Rasmusseet al. 2012 ; Elberst al. 2013 ; Goffredo

et al. 2013 ; Larskaet al. 2013 ; Veronesket al. 2013 ; Balenghieret al. 2014). Dés son
apparition en 2011, le virus Schmallenberg s’egidement étendu en Europe (Docethl.
2013) a une vitesse de progression du front supérigEFSA, 2014) a celle observée pour le
sérotype 8 de la FCO (Piet al.2011).

Les enjeux socio-économiques et sanitaires li€ermaergence des maladies virales
animales transmises par |€ailicoidesen Europe sont considérables (Hoogendam, 2007,
Velthuiset al. 2010 ; Velthuiset al. 2011). Les mesures de police sanitaire relative latte
contre la FCO prévoient notamment des campagnesmck@nation de masse et la mise en
place de méthodes de lutte anti-vectorielle. Ebskace de vaccins efficaces ou disponibles
au moment de la crise sanitaire, les mesures de duiti-vectorielle restent un des seuls
moyens disponibles pour réduire la transmissiosguiad recemment, I'efficacité des mesures
de LAV mises en ceuvre contre |€licoides en Europe n’était pas connue, bien que
préconisées dans le cadre des mesures de politairearC’est dans ce contexte que ce
travail de these s’inscrit, avec le soutien dujgireuropéen EDENeRiology and control of
vector-borne infection in Europ@P7-HEALTH-2010-Single-staghattp://www.edenext.el/

Le défi méthodologique de ce travail est complexasque les procédures de
référence pour évaluer I'efficacité des insectisig¢ des répulsifs contre I€ulicoidessont
inexistantes. Historiquement, les mesures de LAY @@ largement utilisées contre les
populations de moustiques en particulier dans lkérecale la lutte contre le paludisme
(Carnevaleet al. 2009). Depuis les années 1980, 'TOMS a mis eneplace série de
procédures afin de déterminer l'efficacité des meswe contréle mises en ceuvre (WHO,
1981). Ces procedures sont aujourd’hui considécéesme des références pour définir la
sensibilité aux insecticides des populations cibiies vecteurs, évaluer [efficacité des
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formulations insecticides utilisées, et enfin dtgetexistence de phénomeénes de résistance
aux insecticides dans ces populations. Le modélestitue est de ce fait trées largement
documenté, comparé aux autres modeles d'arthropddesrét, et les protocoles d’études
optimisés pour ce groupe.

D’autre part, la collecte et la manipulation @ailicoides vivants présentent des
contraintes techniques dues a la saisonnalité réarde certaines especes et a leurs petites
tailles qui augmentent leurs sensibilités aux dios extérieures lors de la manipulation. A
ce jour, une seule espéce @alicoidesa distribution paléarctique a pu étre maintenue en
conditions d'élevageCulicoides nubeculosudeigen. Cependant, sur le terrain, cette espéce
n'est pas vectrice des virus de la fievre cataerlo@ine et de Schmallenberg.
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Obijectifs de la these

Les Culicoides sont les vecteurs du virus de la fievre catarrialme (FCO) et
d’autres agents pathogénes d'intérét vétérinairegua présent, la lutte contre la FCO en
Europe s'est appuyée sur des mesures de restdetiomouvements d’animaux, l'utilisation
de vaccins inactivés (et secondairement atténtié®semesures de lutte anti-vectorielle pour
tenter de réduire le taux de contact entreGedicoideset les hotes via la stabulation des
animaux et l'utilisation sélective d'insecticidgsilyérisation dans les batiments d’élevage et
les moyens de transport, application sur les amaliutilisation de vaccins inactives
monovalents reste le moyen le plus efficace potterwcontre la FCO comme cela a été
démontré en Europe notamment lors de I'épizooée hu sérotype 8 de la FCO. Mais en
période de crise, en cas d’épidémie pour une régmuvellement touchée ou en cas de
'apparition d’'un nouveau sérotype ou d'un nouvearus, quand aucun vaccin n'est
disponible, la lutte contre les vecteurs peut Savé seul moyen disponible immédiatement
pour tenter de diminuer le contact héte-vectewuetéduire les populations de vecteurs en
dessous des seuils nécessaires a la transmissmodeatontréler la maladie. La lutte anti-
larvaire, largement employée contre certaines e€spde moustiques, ne peut étre utilisée
contre la plupart des especes @alicoides vectrices a cause de la petite taille et de la
dispersion des habitats larvaires (bouses de rumspaa cause de l'ubiquité des gites
larvaires (matieres organiques animales ou végétailedécomposition) ou de I'absence de
données précises sur l'identification des autrdstéis. Par conséquent, seules les méthodes
visant les adultes sont actuellement utilisées @mofe pour tenter de protéger les hétes ou
réduire les populations deulicoideset ainsi diminuer le taux de transmission. Desdbut
de la crise FCO de 2006-2008, difféerentes etudeéscamsisté a évaluer I'efficacité de ces
méthodes mais en utilisant diverses approches thioth@ogies (détaillées dans le Chapitre 1:
Généralités), rendant difficile la comparaison erdtudes et limitant la prise en compte de
leurs résultats dans les recommandations nécessaimee meilleure gestion des maladies
transmises par l€Sulicoidesen Europe.

Dans ce contexte, l'objectif de ce travail est, éapravoir proposé un cadre
méthodologique standardisé,évaluer I'efficacité de produits insecticides cotre les
espéeces deCulicoides vecteurs de virus émergents en Europet ainsi répondre au
guestionnement « Les produits insecticides et s#isuhutorisés en Europe sont-ils efficaces
pour le controle de€ulicoides? ». Pour répondre a cet objectif, nous avons nus
essais expérimentaux en laboratoire et sur leiteran I'absence de méthodes standardisées
pour I'évaluation des insecticides contre (@glicoides nous avons adapté et modifié des
procédures de référence utilisées sur le modelestigoie. Ainsi, ce travail de thése, propose
une série de procédures standardisées qui peuwenitiisées dans d’autres contextes, afin
de combler des lacunes et aider a la prise deidésisoncernant le choix des stratégies de
lutte antivectorielle.



Introduction générale

Dans un premier temps, afin de replacer le cadreritpue et conceptuel de ce travalil
de thése, nous exposons des éléments nécessdremmpréhension des objectifs et de la
démarche que nous avons proposée.

Dans un second temps, afin déterminer la sensibilité des espéces drulicoides
d’'importance vétérinaire aux substances activesles insecticides les plus utilisés en
Europe, nous avons adapté le protocole de réfedmd®©MS (test en tube pour évaluer la
sensibilité des moustiques aux substances actives insecticafgs)de l'utiliser avec les
Culicoides Nous avons mis au point la procédure en labomtavec la seule espece de
Culicoideseuropéenne actuellement disponible en élev&gejubeculosyset par la suite,
nous avons testé plusieurs substances activesecoette espéce et contre deux espéeces
vectrices de la FCO en Europg, imicolaet C. obsoletusMeigen, dont les individus ont été
collectés sur le terrain. Les tests réalisés notigpermis d’obtenir des valeurs de référence,
jusqu’a présent inexistantes, sur la sensibiligCldicoidesindispensables pour les essais sur
I'efficacité de produits insecticides et répulsif€es valeurs de réferenddanuscrit #2 ont
eté confirmées sur différentes populationgCdemicolaet C. obsoletus travers I'Europe et
I'Afrique (Manuscrits #3, 4t5)

Dans un troisieme temps, nous avons chercl&aduer I'efficacité de produits
insecticides appliqués sur les animaux et de répifis contre lesCulicoides et a répondre
aux questions « Les formulations disponibles olasalin effet |étal sur leGulicoides? » et
« Protéegent-elles les animaux contre les piqlire€ueoides? ». Nous avons mis en place
deux approches expérimentales, I'une pour évalleffichcité |étale des traitements
d’animaux avec des formulations adulticidg®yr-on pulvérisation et bains), I'autre pour
evaluer I'efficacité répulsive des produits d’origisynthétique ou végétale. Nous avons mis
au point les procédures au laboratoire a®eaubeculosyset testé sur le terrain les répulsifs
contre C. obsoletusLes résultats obtenus dans notre premiére approoh révélé que les
tests que nous avons réalisé en laboratdtan(iscrit #§ et ceux réalisés sur le terrain
(Manuscrit #3 sont comparables et qu’'ils confirment une faji@esistance des formulations
épicutanées a base de pyréthrinoides disponiblasi@draitement des animaux. La seconde
approche a révélé que des produits d’origine vég@iauvaient étre aussi performants que le
répulsif synthétique de réeférence, le DEET, en wepant leulicoideset en inhibant leur
gorgementanuscrit #7.

Ensuite, nous nous sommes intéressé&gaduer I'efficacité de matériaux imprégnés
ou traités d'insecticide, pour répondre aux questions «Les moustiquairgsrégmées
diminuent-elles le passage d€xilicoides? » et «exercent-elles un effet létal sur les
Culicoidesaprés contac? ». Nous avons, en premier lieu, cherché a évéikféicacité des
moustiquaires imprégnées en termes de réductidawude passage et de mortalité induite
aprées contact afin de limiter le contaCulicoidegh6te. Nous avons mis au point, en
laboratoire ave€. nubeculosysine procédure en nous basant sur le test en tdei&®MS
et nous avons testé differentes moustiquaires igm@es industriellement et a longue durée
d’action (principe des Long Lasting Impregnated d)leLes moustiquaires imprégnées
peuvent réduire considérablement le passag€disoides,mais leur efficacité dépend de la
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taille de la maille du tulle moustiquaire et despece ciblée. Nous avons par la suite cherchée
a évaluer l'efficacité et la persistance d’'une peim insecticide a usage vétérinaire appliqué
sur un support dur (ciment) en termes de mortaddéite suite au contact. Nous avons utilisé
le test en cbne, procédure de référence de 'OMGB;, @valuer 'efficacité d’'un support traité
d’insecticide. La peinture testée semble peu aféiceontre leCulicoides.Néanmoins, elle
est efficace contre les réduves, les moustiquies gthlébotomes. Des études supplémentaires
sont donc nécessaires pour confirmer son efficaoitére leCulicoides

Finalement, uneliscussion généralgermet de rassembler tous les résultats et de les
analyser dans leur ensemble. Pour finir, une padielusions et perspectivepermet de
confronter les résultats obtenus aux connaissaamteslles sur la lutte contre I€ulicoides
et les autres vecteurs afin de proposer des cangaptiques pour de futures études a
poursuivre en laboratoire et sur le terrain.
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Chapitre 1 : Généralités

1.1 Les Culicoides : biologie et écologie

Les moucherons du genfeulicoides (Diptera : Ceratopogonidae) sont des diptéres
piqueurs de petite taille (1 a 3 mm de longueuryufe 1.1). lls ont été décrits pour la
premiere fois, comme les moustiques, sous la déraiian du genr€ulexen 1713 par G.
Derham. En 1809, P. Latreille définit le gedelicoides Aujourd’hui, environ 1 300 espéeces
sont décrites dans le monde (Borkent and Wirth71@® au moins 80 ont été répertoriées en
France.

Les Culicoidesont une distribution tres large dans le mondexckption de quelques
régions dont la Nouvelle Zélande, la Patagonientakctique et quelques iles hawaiiennes.
Leur distribution altitudinale se situe entre lgadu de la mer et a plus de 4 000 m (Meatior
al. 2000). Les femelles de la plupart des espéce®o(@es 1 300) sont hématophages
(Meiswinkel and Braack, 1994) et leur pigqlre eshégalement douloureuse. Les hotes
privilégiés peuvent étre des mammiferes, des oisedes reptiles, des amphibiens et méme
d’autres insectes selon les especes (MeiswinkeBaadck, 1994). Dans les régions cétieres
tropicales ou de tourbieres en Europe du nordaice$ especes sont tres abondantes et
agressives, causant des nuisances importantesgsopmpulations humaines et leurs activités
(Carpentert al, 2008 ; Santamariat al, 2012), ou les animaux domestiques (Loggal,
2010). La plupart des espéces @ailicoides ont une activité crépusculairgiquant
préférentiellement le matin & l'aube et le soirrdavie coucher du soleil, mais, certaines
especes paléarctiques peuvent aussi piquer penidanjpurnée commeCulicoides
nubeculosusCulicoides newsteadiustenet Culicoides vexanStager

Au cours de leur vie, le€ulicoidespassent par 6 stades immatures (ceuf, 4 stades
larvaires et nymphe) et un stade adulte (Figurg Aprés I'accouplement (Figure 1.4), les
femelles prennent leurs repas de sang pour appestgrrotéines essentielles a la maturation
et au développement des ceufs. La ponte a lieu @énént de 2 a 8 jours apres le repas de
sang selon les conditions extérieures. Les sitgsodées et le nombre d’ceufs sont variables
selon les especes. Les ceufs sont déposés génératians des endroits humides, chargés en
matiere organiqgue, animale ou végétale, en décatpos cela inclut les zones au sol
présentant des déchets organiques (feuilles mdéess), les trous d’arbres et les abords de
zones en eau. Certaines espéeces en région pajé@arstont connues pour leurs préférences
halophiles commeCulicoides salinariusKieffer, C. circumscriptusKieffer, C. maritimus
Kieffer, C. submaritimu®zhafarov eC. newsteadiLes ceufs (entre 10 et 700) sont clairs et
brunissent rapidement a I'air (Figure 1.2). Leutsssde repos restent peu connus, mais il est
décrit que pendant la journée, (@slicoidesse reposent sous le feuillage des arbres.
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Figure 1.1 Culicoides nubeculosufemelle non gorgée (a gauche) et gorgée (a drghe)tos
prises par J. B. Ferré, EID Méditerranée)

E=

Figure 1.2 GEufs deCulicoides nubeculosyphoto prise par J. B. Ferré, EID Méditerranée)

Les larves sont vermiformes et de longueur variablen le stade de développement,
entre 0,3 mm et 1 cm (Figure 1.3). Elles sont eefoulans les premiers centimétres du
substrat, mobiles, trés actives et se nourrissentndtiére organique, de bactéries et de
protozoaires présents dans le milieu. Le dévelogperarvaire comprend quatre stades et
peut durer entre 2 semaines en conditions estivalegu’a plusieurs mois en conditions
hivernales. Au terme du quatriéme stade, les laree®ontent en surface et cherchent un
support pour se transformer en nymphe (Figure 1.3).

Les nymphes ont une forme trés caractéristique anex@phalothorax bien distinct de
I'abdomen et une longueur variable entre 1 et 3(figure 1.3). A ce stade, le sexe est défini
et des différences morphologiques entre les dexesspeuvent étre observées. En effet, les
structures génitales males (pinces génitales eepsnis) sont visibles a la base de 'abdomen.
Les nymphes sont mobiles mais peu actives et neoggissent pas, ce qui favorise leur
hibernation en zone tempérée. Fixées a un suphgsique, les nymphes donnent naissance
par une fente dorsale a un jeune adulte aprée0gauis.
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Figure 1.3 Larve et nymphes d€ulicoides nubeculosu@photos prises a gauche par J. B.
Ferré, EID Méditerranée et a droite par J. Lhoira€)

Les adultes (ou imagos) ont un corps composé, cotoogles insectes, d’'une téte,
d'un thorax et d’'un abdomen (Figure 1.4). La tétete des yeux composés, une paire
d’antennes orientés vers l'avant et des piécesdbegmrientées de haut en bas (position
hypognathe). L’appareil buccal est de type piquaurforme de trompe placée entre deux
palpes maxillaires. Le thorax porte les trois paite pattes et les ailes. L’abdomen porte a sa
partie terminale les structures génitales malekemelles. En plus de I'appareil reproducteur
différentié, le dimorphisme sexuel entre IEslicoides males et femelles se caractérise
principalement par des anatomies externes difféseite male posséde un corps et des ailes
plus allongés, des antennes plumeuses et unegénitale (hypopygium) (Figure 1.4).

Les adultes des deux sexes ont une alimentatiadidue a base de nectar de fleurs. Seules
les femelles piquent des animaux pour obtenir @S protéiniques, contenus dans le sang,
nécessaires a la maturation des ceufs.

L’accouplement se fait en vol, sur un substratffégl.4) et méme pendant le repas de sang
de la femelle (Kettle, 1962). Aprés I'accouplemdatfemelle stocke les spermatophores des
males dans les spermathéques et recherche undit@nendre son repas de sang. Une fois
les ceufs matures, ils sont pondus et la femeltgéte pour prendre un autre repas de sang et
faire une autre ponte. Le temps écoulé entre depasrde sang, ou cycle gonotrophique, est
variable selon I'espece et les conditions enviromergtales, telles que I'humidité, la
température et la luminosité (Mair and BlackweB98). La longévité des adultes est aussi
variable selon I'espece et les conditions. En mogerlle est de 10 & 20 jours, mais peut
atteindre 90 jours. Les méles ont une longévité mlourte que les femelles (Mellet al.
2000).

La dispersion active deGulicoidesadultes est supposée étre faible, de I'ordre du
kilomeétre, ces insectes étant réputés mauvaisevsillls ne se déplaceraient que de quelques
centaines de metres par jour et ne s’éloignerai@aides lieux de repas et de ponte (Mealtor
al., 2000). Néanmoins, des études de marquage/capttapfure ou les résultats d’analyses
de repas de sang montrent une capacité de dispetgi@rieure (Garrct al, 2011, Kirkeby
et al, 2013, Sanders and Carpenter, 2014). Parallelenienpeuvent étre transportés
facilement par les vents sur de longues distanCeste dispersion passive par les vents
faciliterait la colonisation des iles ou leur aé@vsur d’autres continents (Braverman and
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Chechik, 1996) et contribuerait a la diffusion @gggents pathogénes dont ils sont vecteurs
lorsque des spécimens transportés par le venirdentés (Burgiret al, 2013).

Figure 1.4 Accouplement deCulicoides nubeculosusnéle a gauche, et femelle a droite
(photos prises par J. B. Ferré, EID Méditerranée)

Environnement
extérieur

Zone humide
riche en
matiére organique

Larves
4 stades

Figure 1.5Cycle de vie de€ulicoides(source des dessihgtp://illuminationstudios.com/
-16 -




Chapitre 1 : Généralités

Le Manuscrit #1 (Parasitology Research Monographs. Vol 3. 201&§¢aéalisé en
synthétisant les données d’abondance et de di#etsfCulicoidescapturés lors des activités
de surveillance menées en France de 2002 a 2008a@escrit n’entrant pas rigoureusement
dans l'objectif principal de la thése, il est prétgeici dans le cadre des généralités sur la
biologie et I'écologie de€ulicoidesd’intérét vétérinaire.
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Chapter 4

Assessing Diversity and Abundance of Vector
Populations at a National Scale: Example

of Culicoides Surveillance in France After
Bluetongue Virus Emergence

R. Venail, T. Balenghien, H. Guis, A. Tran, M.-L. Setier-Rio, J.-C. Delécolle,
B. Mathieu, C. Cétre-Sossah, D. Martinez, J. Languille, T. Baldet,
and C. Garros

Abstract Biting midges of the genus Culicoides (Diptera: Ceratopogonidae) are
small hematophagous dipterans responsible for transmitting major viruses to live-
stock such as African horse sickness virus in equids, and epizootic haemorrhagic
disease and bluetongue viruses (BTV) in ruminants. Between 1998 and 2005, BTV
outbreaks occurred into many countries around the Mediterranean basin associated
with the northward extension of C. imicola, which colonized new Mediterranean
territories in the past decades due to the global increase of temperatures. In August
2006, BTV serotype 8 (BTV-8) was unexpectedly introduced in the Netherlands
and was intensively transmitted by autochthonous Palaearctic Culicoides species,
leading in 2007 and 2008 to a major sanitary crisis in whole continental Europe with
huge economic losses due to animal movement restrictions. This chapter presents a
synthesis of the data gathered through the different entomological surveillance
networks implemented in France since 2000 when C. imicola was recorded for
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the first time in France. These networks aimed at first to monitor the spread and
establishment of the invasive C. imicola and then from 2006 onwards, to study the
diversity and dynamics of autochthonous Culicoides species. The data collected
enable to describe for the first time the spread of C. imicola into French mainland,
propose an updated list of Culicoides species for France, describe the Culicoides
species distribution and seasonal dynamics, and report assays to identify BTV in
field-collected Culicoides during outbreaks.

Keywords Bluetongue « Culicoides » Culicoides imicola » Entomological surveil-
lance » France

Assessing accurately diversity and abundance of organisms is one of the most
difficult challenges in ecological studies, especially for taxonomic groups such as
insects, which can be highly diverse and abundant (Southwood and Henderson
2000). Efficiency of this assessment has decisive sanitary interests when target
groups are vectors of pathogens. Surveillance of insect vector populations may aim
to (1) detect introduction of invasive species into a new territory, (2) detect the
presence and circulation of a given pathogen in insect population, before appear-
ance of vertebrate cases and (3) follow up characteristics of vector populations to
help assess pathogen transmission risk. Sampling strategies depend on the
objectives as illustrated by the changes in surveillance system of Culicoides
populations in France from 2001 to 2009 due to changes in bluetongue virus
(BTV) transmission.

Biting midges of the genus Culicoides (Diptera: Ceratopogonidae) are small
hematophagous dipterans responsible for nuisance limiting touristic industry, caus-
ing acute allergenic dermatitis in horses and transmitting major viruses to livestock
such as African horse sickness virus in equids, and epizootic haemorrhagic disease
and bluetongue viruses in ruminants (Mellor et al. 2000, 2009). Bluetongue was
reported for the first time in the Europe in 1924 in Cyprus, which was until 1998 the
only European area where bluetongue was endemic (Gambles 1949). Elsewhere,
BTV presence was limited to periodic incursions in the south of the Iberian
Peninsula and in some Greek islands. These zones, where incursions occurred,
coincided with the distribution area of C. imicola, which is considered the main
BTV vector in Africa and in the Middle East (Du Toit 1944). Indeed, C. imicola was
first reported in the European continent in southern Spain and in southern Portugal
(Mellor et al. 1983, 1985), and this species was not recorded outside the South of
Iberian Peninsula despite Culicoides investigation in the 1970s (Mellor et al. 2000).
At that time, some Palaearctic species were considered able to act as secondary
vector such as C. obsoletus, based on virus isolations (Jennings and Mellor 1988).
Between 1998 and 2005, BTV outbreaks occurred into many countries around
the Mediterranean basin (Mellor and Wittmann 2002). This transmission was
associated with the northward extension of C. imicola, which colonized new
Mediterranean territories in the past decades favoured by the global increase of
temperatures (Guis et al. 2012; Purse et al. 2005). In August 2006, BTV serotype
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8 (BTV-8) was unexpectedly introduced near Maastricht (the Netherlands) and was
intensively transmitted by autochthonous Palaearctic Culicoides species (Enserink
2006; Meiswinkel et al. 2008; Mellor et al. 2009; Saegerman et al. 2008), leading in
2007 and 2008 to a major sanitary crisis in whole continental Europe with huge
economic losses due to animal movement restrictions (Velthuis et al. 2010).

This chapter presents a synthesis of the data gathered through the different
entomological surveillance networks implemented in France since 2000 when
C. imicola was recorded for the first time in France. These networks aimed at first
to monitor the spread and establishment of the invasive C. imicola and then from
2006 onwards, to study the diversity and dynamics of autochthonous Culicoides
species. The data collected enable to describe for the first time the spread of
C. imicola into French mainland, assess the spatio-temporal variations in species
distribution and dynamics, propose an updated list of Culicoides species for France,
and report assays to identify BTV in field-collected Culicoides during outbreaks.

4.1 Overview of Culicoides Population Surveillance in France

Culicoides imicola was recorded for the first time in France in September 2000 in
Corsica (Delécolle and de La Rocque 2002), a Mediterranean island close to the
[talian island of Sardinia, just before the emergence of BTV serotype 2 in October
2000. Since then, the French ministry in charge of agriculture mandated the Centre
international de coopération en recherche agronomique pour le développement
(Cirad), and its associated partners (Institut de Parasitologie et de Pathologie
Tropicale de Strasbourg (IPPTS), and I’Entente Interdépartementale pour la
Démoustication du littoral méditérranéen (EID-Med)), to implement Culicoides
trappings in Corsica and in the Mediterranean littoral of French mainland aiming to
(1) establish C. imicola distribution and dynamics in Corsica and to (2) detect an
eventual introduction and establishment of C. imicola to French mainland. Then,
from 2002 to 2008, surveillance of C. imicola populations was implemented in 12
sheep or cattle farms in Corsica with one night trapping every 3 weeks with outdoor
traps (Figs. 4.1 and 4.2).

Moreover, from 2002, 19 sites along the Mediterranean coast of the French
mainland (involving seven departments (administrative units): Pyrénées-Orientales,
Aude, Hérault, Gard, Bouches-du-Rhone, Var and Alpes-Maritimes) (Fig. 4.1) were
sampled, one night collection per site every month (Baldet et al. 2004). Additional
traps were used in departments close to known established C. imicola populations in
countries bordering France: in Pyrénées-Orientales and Alpes-Maritimes and in
Pyrénées-Atlantiques in 2005 (Fig. 4.1). Indeed, in neighbouring countries, the
closest populations of C. imicola are present in Spain, in Catalonia Peralda (Girona,
Spain) (Sarto i Monteys et al. 2005) and in the Basque Country (Goldarazena et al.
2006), and in Italy (Torina et al. 2004). The Mediterranean littoral surveillance
system is largely developed below in the section entitled “First Record of Culicoides
imicola in Mainland France and Surveillance of Its Extension”.
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Bluetongue entomological surveillance:
Trap locations
®  Orniginal surveillance system 2002 - 2004
¢ Additional traps 2005
[tollowing C. imicofa detection in Var (83),
Catalonia (Spain) and Northern Rtaly)
¢ Additional traps 2008
[fallowing C. imicola detection in Basque country
(Spain) and BTVE in Northem Europe]

®  Additional traps 2007
[following BTV extension in mainland France]

®  Full surveillance system 2009

French departments
06: Alpes-Maritimas
08: Ardennes
11: Aude
13: Bouches-du-Rhéne
30 Gard
34: Hérault
64 Pyrenses-Atlantiques
86 Pyrénées-Orientales
83: Var
2A: Corse-du-Sud
2B: Haute-Corse
N
0 S0 100 mm A

Fig. 4.1 Localization of Culicoides surveillance sites in France, 2002-2009
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Fig. 4.2 Collection sites in Corsica with maximum catches of Culicoides imicola per year from
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In 2006, when BTV-8 emerged in northern Europe, France was initially margin-
ally affected with only seven outbreaks along the Belgian border. In late September
2006, four cattle farms in the Ardennes department were thus sampled one night
weekly to confirm the absence of C. imicola, describe Culicoides diversity and the
end of their activity period (Baldet et al. 2008). Due to the large BTV spread in
Belgium, the Netherlands and Germany in late 2006, the surveillance network was
extended early 2007 to 15 farms along the northern border, with outdoor and indoor
traps (Fig. 4.1). In late 2007, following the disease front evolution, the surveillance
included 13 farms in the centre of France (Fig. 4.1). The aim of this network was (1)
to determine the start and the end of the active period of Culicoides populations by
trapping one night per week from March to April and from October to December
and (2) to follow up Culicoides dynamics via monthly collections from May to
September. At that time, the transmission of BTV by autochthonous Culicoides
species occurred massively throughout the whole French territory (15,253 infected
farms with BTV-8 in 2007, 23,959 infected farms with BTV-8 in 2008 and 4,339
infected farms with BTV serotype 1 in 2008). Indeed, BTV-1 was introduced in the
Basque country from southern Spain and spread mainly in south-western France.
The trapping frequency was standardized in 2008 for all traps of French mainland,
with weekly collections at the start or end of Culicoides activity (from February to
April and from October to December) and monthly collections the rest of the year.
Trap localizations remained unchanged except in the Mediterranean littoral where
the number of traps was reduced to 13 traps. Finally, from 2009 to date, in order to
obtain information on the whole territory, the number of traps was increased to 160
distributed in the mainland and Corsica with 1-2 traps per department monitored at
the same frequency as described just above (Balenghien et al. 2010, 2011).

In all surveillance catches, all Culicoides specimens were sorted by species,
sex and physiological stages for females (nulliparous, parous or engorged).
Subsampling following a standardized procedure was applied when abundance
was high.

4.2 First Record of Culicoides imicola in Mainland France
and Surveillance of Its Extension

Following the first record of C. imicola in August 2000 in Sardinia, Italy (Goffredo
et al. 2001), and given the short distance between Sardinia and Corsica, France
(12 km), French authorities mandated an entomological surveillance of the island
early in October in order to establish whether Culicoides imicola was present (and
established) on the island and thereafter assess the risk of BTV spreading to French
mainland (Fig. 4.1). Early October 2000, 2 weeks before the first BTV outbreaks in
Corsica, an entomological survey was conducted in nine farms during a week, with
one night trapping using UV-light suction traps (Rieb trap) (Fig. 4.3).
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Fig. 4.3 The two models of UV-light trap used during Culicoides surveillance in France. Rieb
traps (picture from IPPTS) were used from 2000 to 2006 in Corsica, from 2002 to 2005 on the
Mediterranean littoral, and in 2006 in the southwest France (a). OVI traps (picture from Vet
Services, department Indre) were used in 2006 onwards in all trapping sites except Corsica where
they were implemented in 2007 (b)

This survey recorded for the first time C. imicola in Corsica (October 2000)
(Delécolle and de La Rocque 2002). It also highlighted that the species could be
very abundant (with a single-night catch of 12,000 individuals at Porto-Vecchio in
the south-east) and distributed in almost all the studied sites throughout the island,
notably on the littoral (Fig. 4.2). Given the proximity of Corsica to the French
mainland (180 km), the authorities dread the establishment of these populations into
the French mainland. Therefore, an entomological survey was carried out with one
night trapping in eight locations for three departments (Hérault, Gard and Bouches-
du-Rhoéne) along the Mediterranean littoral in May 2001 and in the Var depart-
ment in October 2011 (Fig. 4.1). A total of 419 Culicoides were trapped, and no
C. imicola individuals were captured. In Corsica, in June 2001, 12 farms were
prospected during a week confirming the presence of C. imicola in high numbers.
In 2002, a wider surveillance programme was implemented in Corsica (12 sites)
and in the French mainland (19 sites) (Figs. 4.1 and 4.2). This network enabled to
trap the first C. imicola individuals on the mainland in 2003: one male the 22nd of
May, in the Var department, and one nulliparous female the 24th of September in
the Alpes-Maritimes department (Fig. 4.4), confirming that individuals could
spread passively from Corsica. Additional nights of trapping conducted in and
around both positive sites failed to confirm the presence of established populations.

These catches coincided with a year of high abundance of C. imicola within
Corsica and, particularly, in the north-east of the island in 2003 (Figs. 4.2 and 4.8).
The next year, in June 2004, a gravid female was collected by the surveillance
network in the valley of Argens (Var department), followed by one parous female
late September, one nulliparous and two parous females early October. An expected
critical zone of establishment was defined in the valley of Argens. Thus, additional
trappings were carried out in October 2004 in this area (Table 4.1, Fig. 4.4).

This extensive trapping during 2 consecutive nights in 16 sites localized in the
critical zone revealed that C. imicola was present in 10 sites, with a total of 240
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2010°Y" A, o

Legend O Negative Administrative division
I Positive for the first time French department
Culicoides imicola @ this year (negative or no D ’
catches trapping last year) Altitude - 1,923
Positive for a second (or (m)
®  more) consecutive year 0

Fig. 4.4 Distribution area of Culicoides imicola in the Var department from 2003 to 2010
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Table 4.2 Maximal spread of Culicoides imicola over the years in the Var department
Year 2005 2006 2007 2008 2009 2010 2004-2010

Number of traps positive for the first 25 7 2 4 4 6 Total = 48
time

Maximal distance between a trap 30.66 11.60 5.52 18.89 10.44 9.84 Max = 30.66
positive for the first time that year Mean = 14.49
and its nearest positive trap of the
preceding years (in km)

e Legend
Altes-Maritimes Altitude (m)
& (08) [ 10- 209
¥ 7] 1200- 400)
[] 100-8600)
[] 1800- 800
[ 100-1000)
B 11.000- 1,200
B 11.200 - 1.400)
B 11.400- 1.600)
[T] 1.800- 1,800)
[] 11.800- 2,000]

Var (83)

Culicoides imicola
Never captured
Present but not established

‘ @ L (all catches < 10 individuals)
N Established (at least one
A ®  oich >= 10 individuals)
= Administrative division

0 10 20 40 Km
L |

wii; ﬂ wﬁgf D French departments

Fig. 4.5 Distribution area of Culicoides imicola in the Var department based on catches from
2003 o 2010

C. imicola trapped out of 619 Culicoides. It thus confirmed the presence and lasting
establishment of C. imicola on the French mainland (Fig. 4.4). Since 2004, the
different C. imicola populations established in the valley of Argens have been
surveyed each year by extensive trapping conducted during one night in several
sites at the end of the summer to follow their geographical extension (Table 4.1).
From 2003 to 2010, a gradual extension of the distribution area of C. imicola in the
Var department was observed (Table 4.1, Fig. 4.4).

In 2007, out of the 34 studied sites, 12 were positive for C. imicola, with four
sites separated by a few kilometers collecting 90% of the total number of C. imicola
individuals (Fig. 4.4). One isolated population was detected at Grimaud, south of
the Argens valley. In 2008, C. imicola populations remained restricted to some
areas: the valley of Argens, the coastal plains of Fréjus and St Tropez golf, and
some sites such as Cannet-des-Maures, Grimaud, Bormes-les-Mimosas and
Pierrefeu-du-Var. In 2009, despite important floods in June in the known distribu-
tion area of C. imicola, new positive sites were recorded eastward (Mandelieu-la
Napoule, département Alpes-Maritimes, Callian, département Var), highlighting an
eastward expansion. Up to now, the distribution area of C. imicola seemed to be
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Fig. 4.6 Maximum catch of Culicoides imicola in the Var department from 2003 to 2010

limited by physical barriers such as the massifs of Estérel and Tanneron (600 m) to
the east, planes of Canjuers (1,000 m) and la Colle du Rouet (500 m), slowing down
its progression to the east (Cannes), south-east (Hyéres) and north (Fayence) of the
Var department (Figs. 4.5 and 4.6).

To estimate the spread of C. imicola over the years, the distance between each
trap site which was positive in a given year and the closest nearest neighbouring site
which was found positive at least once during the preceding years was computed.
The maximal observed spread of C. imicola per year corresponds to the maximal
distance between two nearest neighbours for that year. This relies on the hypothesis
that C. imicola has spread between sites following the shortest possible path. The
sites positive in 2003 were not included as they did not lead to the establishment of
C. imicola populations the following year.

Over the 20042010 period, the average spread was 14.5 km/year. The maximal
observed spread was 30.7 km/year and occurred in 2005. That year, the spread may
have been overestimated as in 2004, the trapping campaign was not large enough to
encompass a ring of negative trapping sites around positive sites, indicating that C.
imicola may have spread further than what was observed in 2004. The speed of
colonization of this species over land seems to be limited by topography and
vegetation cover (Tran et al. 2007) (Figs. 4.5 and 4.6).

The potential extension of C. imicola from Spain to the Pyrénées-Orientales
department was also surveyed starting 2009 since this species is permanently
established in the Spanish bordering area (Catalonia). In October 2008, three erratic
individuals were collected by the surveillance network at the lowest point along the
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France-Spain border in the Pyrénées-Orientales department. To check whether
C. imicola was absent from this region, additional trappings were carried out in
October 2009 but did not collect any Culicoides because of heavy rains and wind.
The following year, in October 2010, 11 sites were sampled for a week with one
night trapping, and one site was positive with one parous female. The site was
localized closed to the highway, suggesting that erratic individuals may passively
be transported through the Pertus pass. Surveillance in this area is maintained, as
this area is identified as risk of C. imicola establishment despite the efficient natural
barrier of the Pyrenees Mountains and the North to South dominant winds.

4.3 Species Diversity

Through these surveys, the fauna list of Culicoides of France was updated. For most
of the collections, traps were set up close to the hosts of interest (cattle and/or
sheep); therefore, the checklist is probably not exhaustive and only related to the
biting midge species related to domestic ruminants and therefore with a veterinary
interest. Establishment of faunistic inventories is important to list the biodiversity,
to analyse the possible spread of species into new territories and to analyse species
communities in relation to the environment. Species diversity varies depending on
the environment, reflecting differences in soil composition and meteorological
conditions, and locally different breeding practices. When assessing the diversity
of species to record rare or locally distributed species, it is important to keep in
mind that collecting efforts often vary over time and that the type of trap used may
bias the diversity of species sampled; for example, light traps are not appropriate to
collect diurnal species.

Before bluetongue emergence in France, Delécolle (1985) recorded 65 species
over the mainland territory with 45 recognized species in the Northeast region.
A first checklist was published by Kremer et al. (1971) for Corsica recording 11
Culicoides species. However, the first bluetongue outbreaks in 2000, the first record
of C. imicola on the island (Delécolle and de La Rocque 2002) and the resulting
entomological surveillance increased the number of species records. Zientara et al.
(2000) reported 21 species, and Delécolle and de La Rocque (2002) later
recognized 37 species with 7 new species for Corsica. In 2005, Delécolle et al.
(2005) updated the list of Culicoides in Corsica to 58 species with the first
description of C. riebi. Today, the species list for French biting midges includes
83 species for mainland and 61 species for Corsica with recently three new records
for mainland France: C. manchuriensis, C. abchazicus and C. saevus (Table 4.3).
This list provides all the species collected through the surveillance networks plus
some species recorded by experts but rarely collected (Delécolle and de La Rocque
2002; Delécolle et al. 2005). Whereas C. imicela can be dominant in Corsica, the
common species collected in mainland France are the two sibling species of the
Obsoletus Complex: C. obsoletus and C. scoticus usually referred as C. obsoletus/
C. scoticus because females are morphologically indistinguishable, C. chiopterus,
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C. dewulfi, C. pulicaris, C. newsteadi and C. punctatus (Baldet et al. 2008;
Balenghien et al. 2010, 2011) with some species locally being widely collected,
as C. brunnicans in western France (Viennet et al. 2011). Culicoides chiopterus and
C. dewulfi are rarely collected in Corsica.

Species identification based on morphological features is difficult for Culicoides
midges. Most often slide mounting is required to validate identification by experts
and to record new species. Moreover, cryptic diversity is suspected for important
species groups (Pages et al. 2009), and numerous complexes are still in need of
revision. Future works with combined molecular and morphological approaches
may increase the fauna list for France.

4.4 Species Distribution and Seasonal Dynamics

The current species distribution results from the influence of intrinsic factors
(spread ability, ecological amplitude and potential of evolution) and extrinsic
factors (geographic, climatic, geologic and biotic). Moreover, seasonal dynamics
of insect populations is driven mainly by climatic factors, i.e. rainfalls and temper-
ature. France has a wide range of climate and ecogeographic zones which can
explain the observed differences in species abundance and dynamics.

Corsica presents a Mediterranean climate characterized by dry and hot summers,
and wet and mild winters. Culicoides newsteadi, C. imicola, C. obsoletus/
C. scoticus and C. pulicaris were the dominant species. The three former could
represent 80-90% of the total annual catch according to the sites (Fig. 4.7). Only six
C. dewulfi and no C. chiopterus were collected by the surveillance network in
Corsica from 2002 to 2008, both species remaining rare in Corsica.

Culicoides imicola and C. obsoletus/C. scoticus showed different seasonal
dynamics in Corsica (Fig. 4.8). Culicoides imicola was present mainly from May
to November, with highest abundance in August, September or October. Culicoides
imicola populations progressively increased with monthly temperatures regardless
of rainfall. Indeed, highest abundances were observed in 2003, considered as a dry
and hot year. On the contrary, C. obsoletus/C. scoticus populations seemed to be
limited by dryness. Culicoides obsoletus/C. scoticus populations were abundant
around May and declined during summer dry months. This phenomenon was
particularly marked in 2003. Nevertheless, populations could increase again in
case of rainy summer as observed in 2002. In Corsica, C. obsoletus/C. scoticus
populations became usually rare in January except in some year when populations
were present all the year round as in winter 2002/2003.

South-western France presents an oceanic climate characterized by warm, but not
hot summers and cool, but not cold winters, with a narrow annual temperature range.
Rainfall is more abundant during winter. Due to low latitude and proximity to the
ocean, this region presents particularly mild winter. The two species of the Obsoletus
Complex were dominant, representing 30-95% of the total annual catches (Fig. 4.7).
In sites where C. obsoletus/C. scoticus were not ultra-dominant, secondary species
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Fig. 4.7 Diversity of Culicoides species collected in different French regions, as the proportion
of total annual catches. Each colour represents one site, which could be sampled different years.
Stars represent the average proportion (whatever the site or the year). For convenience, species
are grouped without any taxonomic validity. Imicola: C. imicola; Obsoletus: C. obsoletus
and C. scoticus; Dewulfi: C. dewulfi; Chiopterus: C. chiopterus; Pulicaris: C. flavipulicaris,
C. lupicaris and C. pulicaris; Punctatus: C. punctatus and C. newsteadi, Nubeculosus:
C. nubeculosus, C. puncticollis and C. riethi; Achrayi: C. achrayi, C. fascipennis, C. pallidicornis,
C. picturatus and C. subfasciipennis; Circumscriptus: C. circumscriptus, C. salinarius
and C. sphagnumensis; Fagineus: C. fagineus and C. subfagineus; Festivipennis: C. clastrieri,
C. festivipennis, C. paloae and C. shaklawensis; Culicoides sp.: unidentified specimens

were C. festivipennis, C. pulicaris, C. lupicaris and C. nubeculosus. Culicoides dewulfi
represented up to 10% of the annual catch, whereas C. chiopterus was very rare.
Centre of France presents a gradient from continental to mountainous climate
characterized by cold winter and mild and wet summer. The dominant species were
C. obsoletus/C. scoticus or C. punctatus depending on the sites. Culicoides dewulfi,
and more rarely C. chiopterus, could be locally abundant representing up to 10% and
16%. The north-eastern France presents a west-eastern gradient of climate: from
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Fig. 4.8 Seasonal dynamics of Culicoides imicola in Corsica and Culicoides obsoletus/Culicoides
scoticus in different French regions in regard to monthly rainfall and temperatures

oceanic to continental climate. This latter is characterized by high thermal amplitude,
whereas rainfalls are regular, slightly higher in summer. Culicoides obsoletus/C.
scoticus were clearly dominant, representing 45-90% of the total annual catches.
Culicoides dewulfi and C. chiopterus may be abundant depending on the site: up to
20% and 35%. The other abundant species were C. lupicaris, C. pulicaris,
C. punctatus, C. achrayi, C. festivipennis, C. impunctatus, C. simulator and C. vexans.

In non-Mediterranean mainland regions, C. obsoletus/C. scoticus dynamics were
mainly unimodal, summer months being sufficiently wet. Nevertheless, populations
may decrease during August in some years, as observed in 2006 in south-western
France or in 2008 in north-eastern France, probably due to lack of rainfall in
some sites.

4.5 Indoor and Outdoor Activity

Endophagous behaviour of Palaearctic species was reported by Overgaard Nielsen
and Christensen (1975) in Denmark. In late 2006, comparing UV-light trap
collections inside and outside sheds in the Netherlands, Meiswinkel et al. (2008)

-38 -



Chapitre 1 : Généralités

4 Assessing Diversity and Abundance of Vector Populations at a National Scale 97

Table 4.4 Mean number observed (max) and predicted Culicoides for the most abundant species
from May to October 2007 and 2008 depending on the trap location and the animal presence
(plus their interactions)

Effect Value C. obsoletus/C. scoticus  C. chiopterus C. dewulfi

Observed Predicted® Observed Predicted Observed Predicted

ek e ek

Trap location Indoor 570 (3,452) 125 37 (362) 7 37 (634) 7
Outdoor 156 (2.532) 31 11 (107) 4 23 (271) 6
Animal Presence 377 (3.452) 73 28 (362) 9 33 (634) 6
Absence 164 (2.532) 83 8 (67) 2 18 (108) 7
Year 2007 210 (2,155) 51 14 (204) 2™ 28 (271) 3
2008 420 (3.452) 105 27 (362) 9 29 (634) 10
Loc x Pres® — p < 0.001 p < 0.01 p < 0.001

“Interaction between trap location and animal presence

®Predicted values are in bold if p < 0.05

p values were given for effect modalities compared to a reference value, i.e. “indoor” for trap
location or “absence” for animal presence (" p < 0.001; "'p < 0.01 and "p < 0.05)

collected threefold more Culicoides outside than inside, where cattle are kept for
the night. Using the same methodology in France at the same period, Baldet et al.
(2008) collected Culicoides in greater number inside than outside. Authors
conceded that results are difficult to interpret because of the variation in building
opening and in cattle abundance close to trap in the different collection sites (Baldet
et al. 2008). With a standardized approach, Baylis et al. (2010) identified that the
presence of animals and the opening of stable increased the indoor number of
Culicoides collected by UV-light trap.

In north-eastern France, two OVI light-traps were placed in eight sites, one trap
inside stables and the other outside in 2007 and 2008. Presence of animals indoor or
outdoor was recorded. We used these surveillance data to test the influence of trap
location (indoor vs. outdoor) and animal presence on Culicoides abundance during
favourable months (from May to October). We modelled the Culicoides abundance
using a generalized linear model with a Poisson distribution, with trap location,
animal presence (plus their interaction) and year as fixed effects and site and date as
random effects.

It seemed clear that it was not possible to interpret effect of trap location (indoor
vs. outdoor) on Culicoides abundance, without taking into account animal presence.
Indeed, interactions between trap location and animal presence had influence on
Culicoides abundance (p < 0.01) for C. obsoletus/C. scoticus, C. chiopterus and
C. dewulfi (Table 4.4). UV-light traps collected only few Culicoides indoor in the
absence of animal (Fig. 4.9). On the contrary, indoor collections in the presence of
animals were more abundant than outdoor (Fig. 4.9), maybe due to a higher
efficiency of the trap indoor than outdoor or due to a higher density of animals
around the trap indoor than outdoor (Garcia-Saenz et al. 2011). Outdoor collections
may be abundant even if animals were not present (Fig. 4.9), but animal presence
increased the number of collected Culicoides. These results confirmed the impor-
tance of presence of animals in increasing the indoor number of Culicoides col-
lected by UV-light trap (Baylis et al. 2010). Future investigations should include the
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Fig. 49 Boxplots of main Culicoides species of veterinary interest abundance collected in eight
sites in north-eastern France from 2007 to 2008 depending on trap location (indoor and outdoor)
and on animal presence

opening of stable to untangle complex influences of animal presence and opening of
stable on indoor abundance of Culicoides.

4.6 Field-Collected Infected Individuals

Reliable detection of bluetongue virus from field-collected specimens is difficult
due to several constraints related to the genus Culicoides itself and to laboratory
procedures. A species can be incriminated as a confirmed vector species when four
criterions are met: biology compatible with vector/host contacts (abundance of
species, contact with host of interest), ability of species to be infected after
infectious blood meal, ability of the species to transmit the virus by bite, and
detection or isolation of the virus within the field-collected species specimens
(WHO 1961). This last criterion is challenging and requires insects to be collected
at the moment of intense transmission to maximize the chances of collecting
infected Culicoides. Virus detection is usually achieved with real-time reverse-
transcription polymerase chain reaction (real-time RT-PCR) and virus isolation
with cell cultures or embryonated chicken eggs. However, these results are mean-
ingless in terms of vector implication if biting midge pools are not sorted out by
species, sex and physiological status and if engorged females are not excluded from
the pools tested.

Among Palaearctic species, BTV was isolated from field-collected pools of
C. obsoletus (Mellor and Pitzolis 1979; Savini et al. 2004) and C. pulicaris
(Caracappa et al. 2003; De Liberato et al. 2005). BTV-8 viral genome from
C. dewulfi and C. chiopterus field individuals has been identified by real-time
RT-PCR in the Netherlands (Dijkstra et al. 2008; Meiswinkel et al. 2007) and in
France (see below). In Basque country, BTV-1 was detected by real-time RT-PCR
from C. obsoletus/C. scoticus, C. pulicaris and C. lupicaris parous females (Romon
et al. 2011). Culicoides obsoletus and C. scoticus from United Kingdom have been
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experimentally infected by serotypes 8 and 9 of bluetongue virus, C. scoticus
having higher viral titers (Carpenter et al. 2008). In Sicily, pools of C. pulicaris
were found infected with serotype 2 (Torina et al. 2004 ), but the taxonomic issues
around this species and related species such as C. lupicaris make difficult the
understanding of the involvement of this species in BTV transmission in northern
Europe. This list of (potential) vector species is probably not exhaustive. It is
therefore important to complete this list of potential vectors with information
from other BTV-infected countries and with future vector competence
experimentations with Palaearctic Culicoides species.

To identify which species of Culicoides species were involved in BT V-8 transmission
in France, individuals collected in infected farms were tested for the presence of BTV
in France at two occasions in 2007. In mid-September 2007, a single-night collection
was carried out using two UV-light suction traps (OVI trap) in a cattle farm localized
in north-eastern France (Ardennes department). This cattle farm was chosen because
animals were developing clinical signs of bluetongue. After morphological identifica-
tion, Culicoides were divided into pools from 1 to 57 individuals of the same species, sex
and physiological stage. Among collected individuals, 973 unfed parous females were
tested for the presence of BTV by real-time RT-PCR: 731 C. chiopterus (15 pools), 159
C. obsoletus/scoticus (3 pools), 72 C. dewulfi (2 pools), 3 C. lupicaris (1 pool),
2 C. pulicaris (1 pool), 2 C. nubeculosus (1 pool), 2 C. pallidicornis (1 pool), 1 C.
achrayi (1 pool) and 1 C. salinarius (1 pool). Among the 15 pools of C. chiopterus,
2 were positive for BT V-8, leading to an estimate of the minimum infection rate (MIR)
of 2.7% for this species. This result confirms the role as vector species of C. chiopterus
(Dijkstra et al. 2008).

In October 2007, an extensive biting midge collection (three consecutive days)
in a sheep farm reporting BTV-8 clinical cases was carried out. The farm was
located in north-eastern France (Alsace department) and composed by a central
building surrounded by fields hosting about 220 animals (2.3% with clinical signs
and 6.3% [1.3-17.2] positive by ELISA). Culicoides were collected using (1) six
UV-light traps dispersed in the farm closed to the animals, including four traps
baited with CO, and operated continuously, (2) mouth aspirator on the abdomen of
a sheep from 10 to 14 h and from 15 to 18 h (30 min sessions) and (3) a backpack
aspirator during afternoons (30 min sessions) around haystacks covered by a
black plastic tarpaulin. UV-light traps collected 383 Culicoides, with 71% of
C. obsoletus/scoticus (21.3 Culicoides/trap/day). On the sheep, 33 unfed females
(23 C. obsoletus/scoticus, 9 C. dewulfi and 1 C. chiopterus) mainly (32/33) from
10 to 11 h (17°C at 11 h) were collected in 1 day. With the backpack aspirator,
1,076 Culicoides were collected (135 Culicoides/session) with 99% of C. obsoletus/
scoticus females, mainly parous (92%) and gravid (80%). We did not detect BTV-8
from the 1,377 parous females tested. This reflects the low sensitivity of the
underlying method as very small numbers of vectors are infected, even during
high transmission phases, and the necessity to collect Culicoides at the exact
moment of the transmission.
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4.7 Conclusions

The entomological surveillance implemented since 2000 in France because of the
northward expansion of C. imicola together with the emergence of bluetongue in
Western Europe helps to understand the Culicoides dynamics and diversity and
species role in BTV transmission.

The principal findings of the Culicoides surveillance in France can be
summarized as follows: 1. C. imicola, the main southern European/African BTV
vector which was involved in BTV outbreaks in Corsica, has settled in mainland
France but is restricted currently to the littoral of the Var department. 2. Several
Palaearctic Culicoides species were considered potential BTV vectors in French
mainland, including C. obsoletus/C. scoticus, C. chiopterus and C. dewulfi in the
absence of C. imicola. 3. The spatio-temporal dynamics of Culicoides in farms
depends on environment and climatic factors and at a local scale on husbandry
practices, but generally C. imicola is abundant during summer in the littoral of
Corsica and C. obsoletus/C. scoticus occurred widely and abundantly from spring to
autumn on sheep and cattle holdings across the whole French mainland.

The favourable climatic conditions that prevailed in Europe at the time of the
emergence and expansion of BTV-8 from 2006 to 2008 appear to have promoted
the successful transmission by several Palaearctic Culicoides species (Guis et al.
2012). BTV vectors are known worldwide to transmit also other viral pathogens to
livestock, such as African horse sickness, Akabane and epizootic haemorrhagic
disease viruses. It is thus probable that these pathogens could be transmitted if
introduced into Europe during climatically favourable periods. Future temperature
increase may enhance the vector capacity of Palaearctic Culicoides species and
could favour the settlement of new exotic species in French territory such as
C. imicola. For these reasons, the French veterinary authorities are advised to
maintain exhaustive Culicoides surveillance network to follow the expansion of
C. imicola—and the settlement of new exotic species—and to determine precisely
the abundance and seasonality of Culicoides species in livestock premises. Ento-
mological surveillance of Culicoides, potential vectors of pathogens to livestock,
should be harmonized at the European level leading to more integrated approaches
and, hence, comparability between datasets. These surveys should improve the
predictive models developed such as those based on the basic reproductive ratio
(Rp) and would finally help to identify areas and periods at risk of transmission
(Guis et al. 2012).
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1.2 Le role vecteur des Culicoides

Si la quasi-totalité des especes du gebuticoides sont hématophages, seule une
petite proportion a été incriminée dans la transiois d’agents pathogénes. Une espece est
considérée comme vectrice, si les criteres suivaust respectés: i) I'espéce a un
comportement de piqdre pour I'héte d’intérét, i@spbéce est capable de s'infecter aprés un
repas de sang infectieux, iii) 'espece est capdblé&ransmettre I'agent pathogene par piqdre
et iv) 'agent pathogéne est détecté et isolé régarhent a partir d’individus capturés sur le
terrain (WHO, 1967).

Les Culicoidessont impliqués dans la transmission de 65 virusl8leespeces de
protozoaires et de 25 espéces de filaires (Bori€rit4). En santé publique, certaines espéces
deCulicoidestransmettent des filaires pour 'lhomme comitensonella perstans, M. ozzardi
et M. strepcercaen Amérigue Latine et en Afrique (Hawking, 1979792 ; Linley, 1985 ;
Simonseret al., 2011). En santé animale, les filail®@schocerca cervicaligt O. gutturosa
provoquent des pathologies discretes respectiveniestt les chevaux et les bovins (Linley,
1985). LesCulicoides sont responsables également de la transmissionratezpaires
hémosporidies aux oiseaux.

L'implication des Culicoides dans la transmission de virus est importante non
seulement par le nombre de virus transmis maisi quess I'impact sanitaire et socio-
économique généré. En santé publique, le virus @udpe (Bunyaviridae, genre
Orthobunyaviru} est transmis pat. paraensisGoeldi La répartition virale est limitée aux
Amériques du Sud et Centrale. Depuis les premiépidémies, observées au Brésil entre
1961 et 1978 (Pinheiret al. 1981), 500 000 cas ont été comptabilisés aux Amués (da
Silva Azevedeet al, 2007). En santé animale, quatre maladies viddes 'agent pathogene
est transmis par lgSulicoidessont d’importance majeure : la fievre catarrhalme, la peste
équine, la maladie hémorragique des cervidés etdmdie de Schmallenberg. Les agents
pathogenes des trois premiéres maladies sont des dii genréOrbivirus (Reoviridae). En
raison de leur impact socio-économique di aux part®nomiques et aux perturbations du
commerce international, ces trois maladies figusant la liste des maladies a déclaration
obligatoire de I'Office International des Epizoati€OIE). En revanche, la maladie de
Schmallenberg, dont I'agent pathogéne est un vidis genre Orthobunyavirus
(Bunyaviridae), n'est pas notifiable a I'OIE. Cettealadie vectorielle émergente a infecté
3 745 exploitations en Europe entre 2011 et 20ES£; 2014).

La fievre catarrhale ovine est une maladie nonagiatise qui touche les ruminants
sauvages et domestiques. Cette pathologie se @asectpar des fievres (>40°C), de
I'abattement, un amaigrissement rapide, des lammems, des congestions des muqueuses,
des cedemes de la face, du jetage nasal, des Wifficaspiratoires, parfois des cyanoses de la
langue, des raideurs des membres et des avorten@@gsmanifestations cliniques de la
maladie entrainent des pertes de valeurs économpgeanimaux infectés (qualité de la laine
chez les ovins, diminution de la production lagi&hez les bovins et caprins, perte de poids
chez les bovins a viande), et parfois de la maétaur les troupeaux ou a la reproduction
(Gourreau, 2009).
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Elle est décrite pour la premiere fois dans lesasril780 par F. Vaillant au Cap de
Bonne-Espérance en Afrigue du Sud (Gutsche, 1919)1902, D. Hutcheon rapporte des
signes cliniques similaires sur des moutons fiévréans la colonie du Cap, dans I'actuelle
Afriqgue du Sud, qui rappellent les symptomes typgjudu paludisme, ce qui I'améne a
nommer la maladiemalarial catarrhal fever ou « catarrhe enzootique du mouton »
(Hutcheon, 1902). Quelques années plus tard, liwhten d’'une coloration bleuatre de la
langue des animaux malades donne son nom a la imalbldietongueou maladie de la
langue bleue. En 1906, A. Theiler démontre queeragpathogene de la maladie est un virus
associé au sang (Spreull, 1905). Le virus de la ECgar la suite été isolé sur des ceufs
embryonnés (Mason, 1940), I'existence de plusisérstypes démontrée (Howell, 1960) et le
virus identifié comme appartenant au ge@®mbivirus (Verwoerdet al, 1970). Aujourd’hui,
le nombre de sérotypes isolés et reconnus est Ba&2&net al, 2008) ou 27 si le nouveau
sérotype découvert récemment en Corse est confismdy.plateforme-esa.)fr

Les premiers cas d’animaux atteints de FCO ontdététifiés en Afrique du Sud sur
des moutons Mérinos importés d’Europe (Hutcheof219’autres foyers de la maladie ont
ensuite été identifies en Afrique de I'Ouest (Malilaisemblablement suite a I'introduction
de moutons Mérinos infectés d’Afrique du Sud (Csoas 1925). Il était probable que la
maladie était enzootique sur tout le continentafn et qu’elle était seulement décrite sur des
moutons de races améliorées importées d’Europeesaraces autochtones infectées ne
présentent pas de signes cliniques. Les raceekeabosées régulierement au virus auraient
développées une résistance a la maladie. A I'oppeséaces importées n'ayant jamais été en
contact avec le virus sont par conséquent plusitdess HistoriquementC. imicola est
considéré comme le principal vecteur du virus deG®. En effet, en 1944, du Toit confirma
gue cette espece était capable de transmettreQeap@es avoir inoculé du broyat de quelques
femelles infectées collectées sur le terrain antdlestons (Du Toit, 1944). Pendant des années
C. imicolaa été considéré comme le seul vecteur du virua 0D en Afrique du Sud. Plus
récemment, le réle vecteur d& bolitinos Meiswinkel est confirmé dans les régions ou
C. imicolaest absent ou rare, notamment en zone de moyetitelaldans la Province du
Cap (Venteet al, 1998).

Les premiers animaux infectés en Europe ont étdtifais a Chypre en 1924, mais ce
n'est qu'en 1943, que les premiers foyers serditieliement confirmés dans I'lle (Gambles,
1949). D’autres foyers ont été identifies a trademnonde : en Israél en 1949 (Komarov and
Goldsmit, 1951), aux Etats-Unis en 1952 (Hardy #&mite, 1952), au Pakistan en 1959
(Sarwar, 1962) et en Inde en 1963 (Sapre 1964k WEape continentale, les premiers foyers
ont été identifiés au Portugal en 1956 (Manso-Riband Noronha, 1958), puis en Espagne
en 1958 (Lopez and Botija, 1958). Récemment la dmala’'est répandue autour du bassin
méditerranéen. Entre 1998 et 2005, elle a été moéé au Maroc, en Algérie, Tunisie, Israél,
Chypre, Turquie, Gréce, Bulgarie, Albanie, MacédoiKosovo, Bosnie, Croatie, lItalie,
France (Corse), Espagne et au Portugal (Meadloal, 2008). Etant donné que l'aire de
distribution deC. imicola, vecteur historique et avéré de la FCO en AfriquaetMoyen
Orient et en expansion apparente sur le bassintengdiéen (Du Toit, 1944), coincidait avec
l'aire de distribution de la maladie, cette espadengtemps été considérée comme le seul
vecteur du virus de la FCO dans le bassin méditéera Cependant, la présence dans
certaines régions européennes (zone de moyentalalgén Sicile, régions d’ltalie du Nord)
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de la maladie of. imicolaétait absent a permis de suspecter d’autres espead&arctiques
autochtones dans la transmission du virus.

En aolt 2006, dans la localité de Someren, praglaiestricht dans les Pays-Bas, la
maladie fut confirmée chez des animaux qui présamtades symptomes cliniques
caractéristiques. Le 17 aolt 2006, lintroductioa & FCO, sérotype 8, fut déclarée
officiellement par les Pays-Bas. L’introduction eii@maux infectés reste I'hypothése la plus
acceptée (Melloet al, 2000). Les espéces autochtonesCddicoidesse sont avérées tres
efficaces dans la transmission de ce virus. La di@ala progressé dans toute I'Europe
atteignant rapidement la Belgique, I'Allemagnellexembourg, la France, le Danemark, la
République Tcheque, la Suisse, I'ltalie et le Royauni. Parallélement a la progression du
sérotype 8 de la FCO depuis le nord de I'Europesélmtype 1 s’est propagé depuis le sud
vers le nord de I'Europe en passant par 'Espadgne €ortugal pour atteindre la France
(Wilson and Mellor, 2009). Aujourd’hui, en Europay incrimine plusieurs espéces locales
dans la transmission du virus de la FCO.:obsoletusvieigen (Mellor and Prrzous, 1979),
C. scoticusDownes & Kettle,C. chiopterusMeigen (Carpenteret al, 2008), C. dewulfi
Goetghebue(Meiswinkel et al, 2008),C. pulicarisLinné (Torinaet al, 2004),C. lupicaris
Downes & Kettle Romoret al, 2011).

A I'échelle mondiale, en associant les espécesiuestprésentes dans une zone et les
différents sérotypes circulant, des patho-systemeeSCO peuvent étre définis (Figure 1.15).
A ce jour, 6 patho-systémes sont géographiquenaarttifiables :C. sonorensisVirth &
Jones/sérotypes d’Amériqgue du Nord (2, 10, 11, 1B); C. insignis Lutz/sérotypes
d’Amérique du Sud, Amérigue Centrale et Caraibes3(16, 8, 12, 14, 17)C. obsoletus
C. chiopterusC. pulicaris, C. dewulfj C. imicoldsérotypes d’Europe du Nord et centrale (1,
2,4,8,9, 16) C. imicoldsérotypes d’Europe du Sud et Afrique (1-19, 23,;Z2. brevitarsis
Kieffer, C. wadii Kitaoka/sérotypes d'Asie (1-4, 9, 12, 14-21) €t brevitarsis
C. wadiisérotypes d’'Oceanie (1, 3, 7, 9, 16, 20, 21, 23).
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World-wide Distribution of Bluetongue Virus

C. obsoletus, C. pulicaris i~ C. brevitarsis
C. dewulfi, C. imicola C. wadii, others??
C. sonorensis

2,10,11,13,1

1-19,22,24
1,3,6,8,12,14,1

C. insignis C. imicola
others?

Figure 1.15 Patho-systemes de FCO : distributions des sérmtgpeFCO et des principaux
vecteurs (source Tabachnik, 2003).

La peste équine est une maladie non contagieusepotique en Afrique
subsaharienne, qui touche principalement les ég@iatte pathologie cause la mort de 95%
des animaux atteints et présente plusieurs formpeabnonaire, cardiaque, aigle et fiévreuse.
Elle a été mise en évidence en 1719 en Afrique whly §uand plus de 1 500 animaux sont
morts en quelques mois. Entre 1987 et 1990, I'Bspay le Portugal ont été touchés par le
sérotype 4 de la peste équine (il existe 9 sérstypeonnus), illustrant la capacité de cette
maladie a émerger en Europe (Mellor and Hamblif420

La maladie épizootique hémorragique des cervidésreotique aux Etats-Unis, en
Afrique subsaharienne, en Asie du Sud-est et ertrdies et touche principalement les
ruminants sauvages (Mellet al, 2000, Sailleatet al, 2010). A ce jour, 7 sérotypes sont
reconnus (Anthonyt al, 2009). Les signes cliniques sont similaires axcgaractéristiques
de la FCO chez les ovins (fievre, faiblesse, cedpmesompagnés parfois d’'un syndrome
hémorragique et d'ulcérations. Elle a été obsepaie la premiére fois aux Etats-Unis chez
des cerfs de Virginie (Shopa al, 1960). Elle a été aussi observée chez des betidss
ovins domestiques (Hower#t al, 2001).

La maladie de Schmallenberg, non contagieuse, &leshruminants et se caractérise
par des fievres, altérations de I'état générakdmde la production de lait, mais aussi par une
mortinatalité importante et des malformations adéssance (Garigliangt al, 2012). Elle a
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ete détectée pour la premiere fois en novembre 2iahE la ville de Schmallenberg en
Allemagne chez des bovins (Hoffmaeh al, 2013). Depuis sa détection, la maladie s’est
répandue en Europe et touche actuellement uneaumegtie pays, et environ 10 000 élevages
(www.plateforme-esa.fr

L’'impact de ces maladies virales peut étre diragec chez les animaux atteints des
retards de croissance, des avortements, des perggoduction (poids, lait, viande, laine) et
un taux de mortalité relativement élevé. Mais, desnmages peuvent aussi étre indirects :
perte de revenus suite aux refus d’animaux et ddyiis dérivés aux marchés pendant les
périodes de restrictions de mouvements, et collisi@thels liés au travail supplémentaire, a
la vaccination, au traitement des animaux maladeswo controle des vecteurs (Gourreau,
2009).

1.3 Législation et reglementation sanitaires

La fievre catarrhale ovine est une maladie réglééeern Europe, fixant notamment
les dispositions relatives aux mesures de lutteditective 2000/75/CEE de la commission
européenne établit que les états membres doivéifienobligatoirement et immédiatement a
'OIE toute suspicion ou confirmation de circulati@lu virus ou de foyers de FCO. Les
exploitations suspectes doivent étre placées sonveiance officielle, tous les individus
morts, infectés ou susceptibles doivent étre rexende recensement des (gites de
reproduction des vecteurs et une enquéte épidégnipie sont demandés. Tout mouvement
d’animaux en provenance ou a destination de laesuedploitations infectées est interdit, les
animaux vivants doivent étre confinés aux heurede activité des vecteurs et les cadavres
des animaux doivent étre détruits. L'utilisatiomdecticides autorisés est encouragée pour le
traitement des animaux, des batiments et de ldumgla. Lorsque la maladie est confirmée la
Commission fait procéder aux abattages jugés naicess fait détruire les cadavres de ces
animaux et fait mener une enquéte épidémiologiQette enquéte doit porter sur l'origine
possible de la maladie, la présence et la distdbutes vecteurs et la tracabilité des animaux
de I'exploitation. Deux zones sont délimitées, dae de protection avec un rayon de 100 km
autour de toute exploitation infectée et la zonesuleveillance 50 km au-dela de la zone de
protection. Dans la zone de protection toutes gdo@ations avec des animaux doivent étre
identifiées, une enquéte épidémiologique doit Atemée et la sortie des animaux, du sperme
et des embryons de cette zone est interdite. Dmasne de surveillance, toute vaccination
contre la FCO est interdite. Ces recommandatioh®t@nappliquées lors de la crise sanitaire
de FCO qui a touché presque tous les Etats merabtes2007 et 2008.

En avril 2007, TEFSA a publié un rapport sur lesteurs et les vaccins de la FCO en
réponse a une demande de la Commission Européeamapport recommande I'utilisation
de vaccins inactivés comme premiére ligne de défams zone infectée, et le traitement
insecticide des animaux a haute valeur économibéke(s et taureaux reproducteurs) dans
les zones infectées et des moyens de transpoanifeaux pour prévenir les mouvements des
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vecteurs infectés. Ces recommandations sur ldsnrants insecticides ont été données sans
confirmation de leur efficacité.

En 2008, 'EFSA a publié un rapport (EFSA, 2008)sliequel le rapport de 2007 est
repris et complété. Ce document souligne I'abself®ealuation des insecticides et répulsifs
contre lesCulicoidespour réduire le contact hote/vecteur ou le risg@iéransmission lors du
transit d’animaux. Il est aussi souligné la faiblécacité des formulationpour-on ou des
clips auriculaires insecticides liée a la difficdéfusion du produit sur le corps de I'animal et
a une persistance d’activité limitée dans le temps.

En 2009, 'AFSSA a émis un avis sur l'intérét demiée en ceuvre des mesures de
désinsectisation dans le protocole de lutte colaréévre catarrhale ovine. Ce document
souligne que la lutte contre les stades larvairestrpas envisageable dans le contexte
européen puisque lI'épandage d’insecticide est megié et que les gites larvaires des
espéeces d€ulicoidessont mal caractérisés ou inaccessibles. Concetadntte contre les
adultes, le document argumente que les adulticimeesdoivent pas étre utilisés dans
'environnement en raison des conséguences enwreantales trés importantes et de leur
faible efficacitée. En revanche, en dernier ressdiavis recommande [utilisation
d’insecticides en application sélective (aspersiangintérieur des batiments d’élevage,
application sur les animaux) en I'absence de vapour les animaux a risque, les animaux
infectés et les animaux qui doivent quitter lesemoimfectées pour, par exemple, I'abattage.

Le ministere de I'agriculture, de l'alimentatione da péche, de la ruralité et de
'aménagement du territoire publie I'arrété du gRi¢t 2011 fixant les mesures techniques et
administratives relatives a la lutte contre la f@\catarrhale du mouton sur le territoire
métropolitain. Concernant les insecticides, il efmandé aux éleveurs de traiter
régulierement leurs animaux et les batiments @ad'aie produits autorisés. Les veéhicules
transportant les animaux doivent étre désinsectigast de quitter ou de traverser la zone de
protection. Mais, ces recommandations manquengétilsl par rapport a la substance active,
la formulation et la concentration a utiliser.

Le Centre national d’expertise sur les vecteursnain 2012 a émis une analyse du
cadre actuel de gestion de la surveillance et dir@le desCulicoidesvecteurs de fievre
catarrhale du mouton en France métropolitaimeng.cnev.f). Ce rapport s'intéresse aux
mesures de police sanitaire. Concernant le recamntedes especes @ailicoidesprésentes
dans un élevage infecté dans le but d’évaluestpug, il est exposé que cette mesure peut étre
utile si les captures sont réalisées au moment ntune transmission intense pour identifier
la ou les espéces impliquées dans la transmisHi@st aussi signalé que la prospection
larvaire peut permettre de récolter les especgsiques qui sont peu ou pas capturées par le
piege lumineux mais a peu d’intérét opérationnel.r&anche, I'étude de I'écologie larvaire
desCulicoidesdevrait étre une priorité de recherche dans ledlnvisager ultérieurement
des méthodes de lutte anti-larvaire
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A propos du confinement des animaux des espécesbkes; le CNEV, dans son avis,
formule que cette stratégie est utile seulemetgssbatiments utilisés sontirsect proof»

afin de limiter le contact héte/vecteur. En plusa iété démontré que certaines espéces de
Culicoidesont un comportement endophage comme celles du grQlgsoletus (Baldet,
2008) qui sont les plus présentes en Europe. cadfié de cette stratégie peut étre augmentée
si des animaux sont présents a I'extérieur, en m@&mgs que I'on garde les animaux de
valeur a protéger a l'intérieur.

Concernant le traitement insecticide, cet avis sgm’il n’existe pas de données permettant
de juger l'efficacité de traitements insecticidess dbatiments ou des véhicules de transport.
En revanche, sur l'efficacité des traitements deisnaux, I'avis affirme que les produits
disponibles n’offrent pas une protection a 100 ficafe contre la piqire d€ulicoides.

1.4 Méthodes de lutte contre les Culicoides

La lutte contre le€ulicoidesa d’abord été dirigée contre les especes€dkcoides
représentant une nuisance importante dans certaigns des Etats-Unis ou en Ecosse. En
effet, dans ces zones, les densités importantes tadix d’'attaque de 10 a 635 moucherons
par minute sur le bras exposé d’une personne oétrpienregistrés (Carpentdral, 2005) —
peuvent avoir des répercussions considérablesesundtivités de plein air et affecter le
tourisme local (Hendry and Godwin, 1988). Ainsis lpremiers essais de lutte contre les
populations de€Culicoidesont été réalisés en Floride dans les années 186Mangrove a été
traitée avec du dichlorodiphényldichloroéthane (DB% a I'aide d’'un avion épandeur sans
prendre en compte I'impact sur la faune non cillleswe I'environnement. Les résultats
obtenus étaient faibles et limités dans le temyes; ane protection de la zone jusqu’a 6 jours
apres le traitement (Madden, 1946). Depuis, de membmoyens ont été utilisés pour lutter
contre legCulicoideset sont exposés ci-apres.

1.4.1 La lutte écologique

La lutte écologique comprend toutes les mesuresteseBur I'environnement pour
réduire le développement des populationgCdéicoides Les habitats larvaires peuvent étre
réduits voire éliminés en drainant et asséchanpdasts d’eau ou en évitant que ces gites se
forment avec une bonne gestion des pratiques #ggicddlellor and Wittmann, 2002).
Lorsque les habitats larvaires sont bien caraégrisomme pouf. sonorensisyecteur
confirmé du virus de la FCO en Amérique du Nordtecméthode permet une lutte efficace et
pérenne. C’est ainsi qu’en réduisant les niveagau’autour des élevages, une réduction du
nombre deCulicoides sonorensigst constatée (Mullens, 1992). La gestion des edéch
organiques issus des élevages (bouses et fumievgidréduire le nombre d’individus des
espéeces d€ulicoides dont les gites larvaires sont trés souvent adsamilx sites riches en
matieres organiques en décomposition. Néanmoirsgte démontré que couvrir les bouses
de vaches dans un élevage bovin au Royaume-Uniwavetastique reste inefficace (Harrup
et al, 2014). En Israél, I'épandage régulier a distahcéumier issu de I'élevage a permis de
réduire le nombre d€. imicolacapturés. Les conditions particulieres de fortesptratures
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et de secheresse peuvent expliquer lefficacitédan contexte méditerranéen aride
(Braverman, 1994). Les difficultés logistiques d@etgpe de pratiqgue rendent laborieuses ces
méthodes tout en n’étant pas certain de leur effiea

1.4.2 La lutte biologique

La lutte biologique utilise un ennemi naturel, @t=lr ou pathogene, pour diminuer
le nombre deCulicoides et ainsi réduire le risque de transmission. Degpeees de
coléopteres prédateurs ont été identifiées : uciadgle Cicindela suturali} se nourrissant
de nymphes d€ulicoides phlebotomud/illiston aux Antilles, et un carabeElaphrus
cupreu$ en France. Ce dernier peut dévorer jusqu’a 60pman deC. riethi Kieffer en une
demi-heure (Rieb et Delécolle, 1981).

Dans la lutte biologique, il est aussi possiblditider des parasites, virus, bactéries et
méme des champignons entomophages. Si des parasiteme les vers du genre
HeleidomernigMullens and Velten, 1994) et ou des virus du gémdevirus (Mullenset al,
1999) ont été identifiés dans plusieurs espéce€udeoides leur effet pathogene et leur
utilisation comme lutte biologique n'a pas été @aeal L'infection avec des bactéries
symbiotiques du genM/olbachia ayant la capacité de modifier la reproductiotedes hotes
et réduire leur durée de vie, s’est montrée eféadans la lutte contéedes aegyptprincipal
vecteur de la dengue et de la fievre jaune en Alisst(lturbe-Ormaetxet al, 2011). Son
utilisation contre lesCulicoides n'a jamais été évaluée, mais, les premieres étapes
caractérisation de leur faune bactérienne ont réolatrprésence de plusieurs genres de
bactéries endosymbiotiques dans quelques especeges en Europe (Lewist al, 2014).
L'utilisation de conidies du champignon entomophitgtarhizium anisoplias’est montrée
efficace contre le€ulicoidesau laboratoire (Ansast al, 2011).

Le potentiel de ces méthodes est jusqu’a présenéfpelié au vu de la complexité de sa mise

en oeuvre. En effet, elles demandent a étre cordsmsur le terrain et de maniére
opérationnelle.

1.4.3 La lutte mécanique

La lutte mécanique consiste a placer des barrighgsiques autour des animaux
comme des moustiquaires ou des murs d'un batimans de but de réduire le contact
héte/vecteur. Une pratique tres utilisée est ldwddion des animaux a l'intérieur des
batiments pendant les périodes de forte activitéCdicoides Cette méthode dépend de
I'étanchéité des batiments par rapport &uicoides(combien d’entre eux peuvent entrer) et
du comportement endophage (qui pique a l'intéromg batiments) ou exophage (qui pique a
I'extérieur des batiments) des especes locale@fique du sud, des chevaux ont été rentrés
dans des écuries pendant la nuit, pour les protéygdre les piglres d€. imicola,vecteur
nocturne et exophage du virus de la peste equireété observé que les individus de cette
espece étaient capturés en moindre proportionnééfieur du batiment qu'a I'extérieur
(Meiswinkelet al, 2000). En Europe, il a été observé @ueobsoletusecteur du virus de la
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FCO, était capable de rentrer dans les batimenis piquer (Baldeet al, 2008), d’autant
plus facilement que les ouvertures des batiments isgportantes (Bayli®t al, 2010). Ce
comportement endophage peut varier selon les siagac une endophagie plus marquée en
fin de saison (automne) qu’en début (printemps).

1.4.4 La lutte chimique

1.4.4.1 Les différentes méthodes

La lutte chimique consiste a utiliser des prodsitathétiques en tant que répulsifs,
attractants ou insecticides pour réduire le conta@te-vecteur ou les populations de
Culicoides Parmi les produits répulsifs disponibles sur larehé, aucun n’est utilisé pour
protéger les ruminants domestiques contre les gsqite Culicoides lls sont utilisés
uniquement sur les chevaux et les hommes. Lesandest répulsives considérées comme les
plus performantes sont le DEET, la perméthrine,ptenenthane-3,8diol (PMD) et le
KBR3023 ou picaridine. Leur efficacité reste trémitée dans le temps et des applications
régulieres sont nécessaires (Carpemteral, 2005). Avec le manque de cadre |égislatif
concernant les répulsifs et le croissant engouemeunt I'utilisation de produits organiques
ou « verts » (Isman, 2006), la liste de produispdnibles dans le commerce dits naturels est
longue. L’efficacité des huiles essentielles (prtdutrés commercialisés) contre les
Culicoidesa été testée, et quelques-unes comme la citronfiRalgeet al, 2009) et le neem
(Gonzélezet al, 2014) n'ont pas eu l'effet attendu. Au contraites huiles essentielles
d’eucalyptus citronné (Trigg, 1996), origan (Brawanet al. 1999), arbre a thé (Braverman
and Chizov-Ginzburg, 1997 ; Bravermat al, 1999), neem (Blackwelkt al, 2004),
eucalyptus et lavende (Gonzalex al. 2014) ont montré un effet répulsif contre les
Culicoides.Les différentes méthodes expérimentales utilisées gvaluer I'efficacité de ces
substances, rendent difficile la comparaison dageésultats obtenus.

Divers produits attractifs couplés a des piegesébatdéveloppés pour capturer les
Culicoides afin de réduire leurs populations (Kline, 2006uef@ues études réalisées ont
obtenu des résultats tres variables. Par exemplpiégeant le€ulicoidesavec un Mosquito
Magnet ® associant le GQwec le 1-octen-3-ol, le 3-n-propyl-phenol et lendthylphenol,
entre 2 et 70% de plus d’individus ont été collegiar rapport a un piege témoin sans attractif
(Cilek and Hallmon, 2005). Néanmoins, quelle qué $&® méthode, seule une faible
proportion de la population d€xulicoidesest capturée, limitant I'impact de ces méthodes su
la transmission.

Les traitements insecticides peuvent viser lesghksvaires ou adultes. Pour que des
larvicides puissent étre utilisés, les gites lapsides populations cibles doivent étre bien
caractérisés. Pour les espéce€dhicoidesd’intérét en Europe, les habitats larvaires soitt s
mal caractérisés, soit ubiquistes, soit inaccessibie permettant pas I'utilisation de ce type
de produits. Aux Etats-Unis, des produits insedéside la famille des organochlorés ont été
utilisés dans les zones marécageuses de la Floodae I'espece nuisant&;. furens
Coquillet, dont le gite larvaire est connu. Maistesta I'émergence de résistances aux
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organochlorés (Clements and Rogers, 1968) et & aiseur impact sur la faune non-cible,
I'utilisation de larvicides chimiques contre ceéispéce et contre |€ulicoidesen générah

été abandonnée. Avec l'avénement de nouveaux idegicd origine biologique comme
Bacillus thuringiensiserovaiisraelensigBti), vu que des résultats satisfaisants ont été
obtenus aux Etats-Unis contre I€silicoidesdes zones marécageuses du Nord (Hershey
1998), il est recommandé d’évaluer leur efficacititre lesCulicoides(Carpenteret al,
2008), sans oublier que les larves peuvent étreeptés dans des milieux semi-solides riches
en matiere organique. Ce qui réduirait I'accessibides larves au produit. Une autre
alternative serait ['utilisation d’IGR, efficacesn einhibant le développement ABdes
albopictusSkuse (Fulcheet al, 2014) et d&Stomoxys calcitranksinné (Liuet al, 2012).

Les adulticides sont des moyens de contrble tiésast pour lutter contre les insectes
nuisibles et vecteurs. Les produits visant a rédigirnombre d’individus pouvant piquer les
animaux et ainsi transmettre les maladies, peugeatappliqués a l'intérieur des batiments
d’élevage, sur des moustiquaires, sur des suppomsne baches et murs, ou directement sur
les animaux.

1.4.4.2 Connaissances actuelles sur I'’évaluatisnrdecticides contre |€ulicoides

Différentes phases sont nécessaires pour évalusr pteduits insecticides.
L'Organisation mondiale de la santé (OMS) (WHO, 20#éfinit les études de phase |
comme celles menées, au laboratoire, en conditonsblées pour évaluer la sensibilité des
vecteurs aux substances actives. Des valeurs tdisaindispensables comme les
concentrations de produit entrainant la mort de p0%) et 90% (Clyo) des individusapres
exposition a la substance active, sont ainsi @sblies études de phase Il sont celles menées
au laboratoire et sur le terrain a petite échelleconditions semi- contrélées et permettent
d’évaluer I'efficacité des formulations, en terntesmortalité et d’inhibition du repas de sang.
Les études de phase Ill sont celles menées sweriaint a grande échelle et permettent
d’évaluer, en conditions naturelles non contréléefficacité des traitements.

Essais de phase | sur la sensibilité des Culicoaiessubstances actives

Des tests au laboratoire ont permis de détermemiconcentrations |étales §let
CLgo de plusieurs substances actives pour différendpgoes deCulicoides.La premiére
étude menée, en 1968 par Service, a déterminé ¢a @iur le DDT (1,70%) et pour la
dieldrine (0,51%)) vis-a-vis de spécimensQleobsoletusapturés sur le terrain et en utilisant
la technique des applications topiques. Classiqngmes tunnels et les tubes OMS sont
utilisés pour obtenir ces valeurs de référence,{€1L.Clyg).

Le tunnelconsiste en un tube cylindrique de 15,5 cm de dimmet de 88 cm de
longueur, dans lequel est placée une cage avecCdksoides La substance active a
concentration connue est atomisée sur la cageinddgdus exposés sont placés dans une
nouvelle cage, mis en observation avec températuramidité constantes, de I'eau sucrée est

-54 -



Chapitre 1 : Généralités

mise a leur disposition sur un coton poseé sur ¢ge @ la mortalité est enregistrée 1h et 24 h
aprés exposition. L'utilisation d’'une gamme de fduss concentrations permet de calculer
les Clsp et Clgo. Les résultats synthétisés (Tableau 1.5) ont réogtre C. variipennis
Coquillet (actuellementC. sonorensis et C. mississipiensisHoffman (espéces nord-
américaines) sont sensibles aux substances aétraisees et que les deux especes possedent
des sensibilités bien distinctes (Kliaekal, 1981 ; Floore 1985 ; Holbrook, 1986).
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Tableau 1.5Sensibilité de différentes especesQidicoidesa différentes substances actives

évaluée en utilisant des tests en tunnel.

Famille Produit Espéce Résultats Auteur
Substance active
Pyréthrinoide
Decaméthrine C. mississipiensis CLsy: 0,0001 % (0,0001-0,0001) Kline et al.,1981
CLgo: 0,0009 % (0,0006-0,0014)
Fenvalérate C. variipennis CLsp: 0,0210 % (0,0170-0,0230) Holbrook, 1986
CLgo : 0,0610 % (0,0520-0,0690)
Perméthrine C. mississipiensis CLsy: 0,0003 % (0,0002-0,0005) Kline et al., 1981
CLgo: 0,0049 % (0,0031-0,0098)
C. variipennis CLsp: 0,0110 % (0,0060-0,0140) Holbrook, 1986
CLgo: 0,0270 % (0,0170-0,0350)
Pramex C. mississipiensis CLsy : 0,0006 % (0,0005-0,0006) Floore, 1985
CLgo : 0,0025 % (0,0021-0,0030)
Phénothrine Sumithrin  C. mississipiensis CLgq : 0,0024 % (0,0022-0,0027) Floore, 1985
CLgo: 0,0012 % (0,0096-0,0131)
Resméthrine C. mississipiensis CLsy: 0,0012 % (0,0007-0,0016) Kline et al.,1981
CLgo: 0,0113 % (0,0083-0,0178)
C. variipennis CLso: 0,0120 % (0,0090-0,0140) Holbrook, 1986
CLgo : 0,0250 % (0,0200-0,0340)
SBP C. mississipiensis CLsy : 0,0007 % (0,0004-0,0010) Floore, 1985
1382-40F CLgo : 0,0135 % (0,0090-0,0209)
rf-Phénothrine C. mississipiensis CLsy : 0,0022 % (0,0002-0,0125) Kline et al.,1981
CLgo : 0,0303 % (0,0116-0,0369)
Organophosphoré
Chlorfenvinphos C. variipennis ClLsg: 0,2830 % (0,1520-0,4720) Holbrook, 1986
CLgo: 0,8760 % (0,5050-1,3840)
Chlorpyrifos C. variipennis Clsg: 0,0120 % (0,0110-0,0160) Holbrook, 1986
CLgo : 0,0220 % (0,0190-0,0280)
Dursbhan C. mississipiensis CLsy : 0,0098 % (0,0085-0,0012) Floore, 1985
CLgo: 0,0274 % (0,0231-0,0324)
Crotoxyphos C. variipennis Clsg: 0,6610 % (0,5730-0,7920) Holbrook, 1986
CLgo: 2,0950 % (1,9400-2,3010)
Dichlorvos C. variipennis CLsg: 0,0680 % (0,0570-0,0820) Holbrook, 1986
CLgo: 0,1690 % (0,0950-0,2570)
Dioxathion C. variipennis Clsg: 0,4630 % (0,4280-0,5050) Holbrook, 1986
CLgo: 1,2700 % (0,9620-1,5590)
Fénitrothion Sumithion  C. mississipiensis CLgg : 0,0325 % (0,0304-0,0348) Floore, 1985
CLgo: 0,0881 % (0,0817-0,0953)
Fenthion C. mississipiensis CLsg : 0,0290 % (0,0244-0,0346) Kline et al., 1981
CLgo: 0,3590 % (0,2534-0,5617)
C. variipennis Clsg: 0,1530 % (0,1040-0,2030) Holbrook, 1986
CLgo : 0,3860 % (0,3290-0,4930)
Baytex C. mississipiensis CLsp: 0,0110 % (0,0099-0,0124) Floore, 1985
CLgo: 0,0231 % (0,0207-0,0258)
Malathion C. mississipiensis CLsg : 0,0240 % (0,0147-0,0334) Kline et al., 1981
ClLgo: 0,2121 % (0,1320-0,4990)
Cythion C. mississipiensis CLsg : 0,0232 % (0,0219-0,0247) Floore, 1985
CLgo: 0,0667 % (0,0603-0,0736)
Naled C. mississipiensis CLsy : 0,0114 % (0,0082-0,0149) Kline et al., 1981

Clgo:

0,0738 % (0,0512-0,1288)
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C. variipennis CLs: 0,0640 % (0,0540-0,0800) Holbrook, 1986
CLgo: 0,1110 % (0,0900-0,1290)

Dibrom C. mississipiensis CLs, : 0,0586 % (0,0530-0,0649) Floore, 1985
CLgo: 0,1530 % (0,1420-0,1640)
Temephos C. variipennis CLs: 0,6020 % (0,5380-0,6560) Holbrook, 1986

Clgo: 1,3510 % (1,2300-1,5103)

Carbamate

Bendiocarb C. variipennis ClLsg: 0,0190 % (0,0190-0,0250) Holbrook, 1986
Clgo: 0,1100 % (0,0620-0,1440)

Propoxur C. variipennis CLsg: 0,0430 % (0,0340-0,0530) Holbrook, 1986
CLgo: 0,0750 % (0,0530-0,1040)

Mélange

Malathion/ C. mississipiensis CLsg : 0,0067 % (0,0061-0,0074) Floore, 1985

Resméthrine CLg: 0,0335 % (0,0285-0,0393)

Organochloré
Methoxychlor C. variipennis CLsg: 0,0570 % (0,0490-0,0670) Holbrook, 1986
Clgo: 0,1440 % (0,1120-0,1680)

C. variipennisCoquillet (actuellement. sonorensisVith & Jones)

Les tubes OMS consistent en un tube cylindriquevdfen 3,5 cm de diametre et de
12 cm de longueur, dans lequel est placé un pap@eégné d’'une substance active avec une
concentration connue. D&ulicoidessont placés a l'intérieur du tube et pendant Ik lsont
exposés au papier imprégné. Par la suite, ils patwés dans un nouveau tube, mis en
observation avec température et humidité constardesl’eau sucrée est mise a leur
disposition sur un coton posé sur le tube et latalith est enregistrée 1 h et 24 h apres
exposition. L'utilisation d’'une gamme de plusieaosicentrations permet de calculer lesCL
et Clgo. Les résultats synthétisés (Tableau 1.6) ont réaqieC. imicola, C. obsoletust C.
nubeculosusont sensibles aux substances actives de la éad@B pyréthrinoides et que les
différentes especes possedent des sensibilités diggimctes (Bravermaret al, 1995 ;
Bravermaret al, 2004).

Tableau 1.6Sensibilité de différentes especesCidicoidesa différentes substances actives
évaluée en utilisant les tubes OMS.

Substance active Espece Résultats Auteur

Cyhalothrine* C. imicola CLso: 0,0730 % (0,0460-0,1050) Bravermaret al, 1995
ClLgg: 0,4600 9% (1,2610-1,4040)

Lambda- C. imicola CLs: 0,0098 % (0,0074-0,0125) Bravermaret al, 2004

cyhalothrine* ClLgg: 0,0564 % (0,0442-0,0767)

*Pyréthrinoide
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Essais de phase Il sur l'efficacité des formulasiansecticides contre les Culicoides en
laboratoire en conditions contrdlées ou semi-colée8 (terrain-laboratoire)

Effet 1étal des formulations insecticides contie Grlicoides

En laboratoire, différentes études ont évaluédtelétal des formulations insecticides
appliqguées sur des supports (Tableau 1.7). Dedemagh aluminium ont été traitées avec
différents insecticides et leur effet |étal a ébservé en exposant d€silicoides.L’effet a éte
suivi dans le temps, les traitements avec le malatl{forganochloré) et le propoxur
(carbamate) sont tres efficaces avec des mortaitpgrieures a 97 % a 35 jours apres le
traitement (Jamnback, 1961 ; Jamnback and Watt&963 ; Kline et Roberts, 1981). Des
vétements noirs ont été traités avec deux orgaooEh)l Lindane et DDT
(dichlorodiphényldichloroéthane), a des concerdretivariant entre 135 et 2694 mg/mz2 de
substance active. Des individus de I'esp€ceobsoletusont été par la suite, exposeés aux
habits. L’efficacité du produit a été suivie damstemps en observant la mortalité sur
plusieurs jours aprées le traitement. Le traitenesttefficace au début avec une mortalité de
95% puis l'effet décroit: a 12 jours apres letgaient la mortalité est de 52-82 %. Aucun
effet létal n’est observé 26 jours apres le tragetr(Hill et Roberts, 1947). Dans une autre
étude, I'Oxyfly (dont la substance active est lataa-cyperméthrine, un pyréthrinoide) a été
appligué sur des plaques de bois a une concemrdé®50 mg de substance active par mz2,
puis lesCulicoidesont été exposés a ce support de 5 a 30 secondasnwirtalité a été
enregistrée. Le test a été répété toutes les sempour suivre I'efficacité du produit dans le
temps. L'Oxyfly est resté trés performant jusqu’aednaines apres le traitement (Schnahl
al., 2008).

Tableau 1.7 Efficacité létale de différentes formulations agpées sur des supports contre
lesCulicoides

Substance active  Produit Espece Support et dosage dfiats Auteur
Lambda- Oxyfly C.sp Plaques en bois Mortalité a 9 s.a.t. Schmahkt al.,2008
cyperméthrine* 250 mg/m?
Malathion® s.a. C.sp  Moustiquaire en A 6% : mort. 100 % & 27 j.a.t. Jamnback and
aluminium A 7,7% : mort. 100 % a 21 j.a.t. Watthews, 1963
a6et7.7%s.a. Jamnback, 1961
Propoxu? s.a. C.sp  Moustiquaire en Mort. 100 % a 27 j.a.t. Jamnback and
aluminium Watthews, 1963
a5%s.a.
C. mis Moustiquaire en Mort. > 97 % a 35 j.a.t. Kline et Roberts, 1981
aluminium
a8 %s.a.
Lindane® s.a. C. obs Vétements noirs Mort. initiale 95 % Hill et Roberts, 1947
+DDT® 135-2694 mg/m? Mort. 52-82 % a 12 j.a.t.

Pas de mortalité a 26 j.a.t.

*Pyréthrinoide, °Organophosphor@rganochIoré,'”Carbamate, s.a. . subtance acti@, obs: C. obsoletus C. mis:
C. mississipiensjs.a.t. : semaines apres traitement, j.a.t. sjaprés traitement, mort. : mortalité.
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L’effet létal des formulations insecticides, appltes sur des animaux, contre les
Culicoides est généralement évalué en laboratoire et surrlaineen conditions semi-
contrblées en traitant sur le terrain les animauxs des poils de différentes parties du corps
sont coupés, transportés en laboratoire et misomact direct avec le€ulicoides. La
mortalité est suivie dans le temps. Les résultdterms jusqu’'a présent (Tableau 1.8)
suggerent que les différentes formulations évaluéet d’excellentes performances |étales
contre lesCulicoides En effet, des produits comme Flypor, Butox 7.%urRan, Versatrine,
Acadrex 60 ou Arkofly, ont 100 % d’efficacité jusgu35 jours (5 semaines) apres le
traitement sur bovins et ovins (Schmahlal., 2009a, Schmalgét al., 2009b). Le produit le
moins efficace, Deosect spray sur cheval, ne ptagliune mortalité de 60 % a 21 jours
apres le traitement avec les poils des pattes (Papaloset al.,2010). La différence entre
I'efficacité des poils du dos et ceux des pattesntne que le produit est plus disponible sur le
dos que sur les pattes. Une mauvaise diffusion rddutt (Carpenteet al., 2008) et une
absorption rapide des substances actives au trdedis peau des animaux traités (Tagor
al., 1994) ont été suggérees comme explication.

Tableau 1.8 Efficacité letale de difféerentes formulations iciseides appliquées sur les
animaux contre le€ulicoides évaluée en les exposants aux poils coupés d’amitnaités.

Substance Produit Espece Animal traité et Résultats Auteur
Active dosage
Alpha- Dysect C.nub Bovin: 10 ml (dos) Mort. 80-100 % a 21 j.a.t. Papadopoulost al.,
cyperméthrine* Cattle (15 g s.all) (poils de dos, ventre et pattes)2009
Pour-On
Dysect C.nub Ovin: 20 ml (dos) + Mort. 60-80 % a 28 j.a.t. Papadopoulost al.,
Sheep 20 ml (queue-cotés) (poils de dos, ventre et pattes)2009
Pour-On (12.5gs.a.ll)
Cyfluthrine* Bayofly C.sp Bovin: 10 mi Mort. 100 % a 21 j.a.t. Melhornet al.,
Ovin: 1,2 et 5 ml Mort. 100 % a 21 j.a.t. (1,2 2008a
(10 g s.al) ml) et 35 j.a.t. (5 ml)
Cyperméthrine* Deosect C.nub Cheval: Mort. 60 % a 35 j.a.t. Papadopoulost al.,
spray 10 ml/500 ml d’eau  (dos en ventre) 2010
(5.0%, wiv) 60 % a 21 j.a.t (pattes)
Deltaméthrine* Butox 7.5 C.obs Bovin: 30 ml (dos) Mort. 100 % a 35 j.a.t. Schmalet al.,2009a
Pour-on Ovin: 10 ml (dos)
(7.5gs.alL)
C.sp Bovin: 30 ml (dos) Bovins et ovins: Melhornet al.,
Ovin: 2 ml (téte) +  Mort. 100 % & 28 j.a.t. 2008b
2 x 4 ml cotés et
pattes
Versatrine C.sp  Bovin: 10 ml and 20 Mort. 100 % a 35 j.a.t. Schmahkt al.,
ml (dos) 2009a
Ovin: 5 mland 10 ml
(dos)
(2 gs.al)
Acadrex 60 C.sp  Bovin: 20 ml/L tout Mort. 100 % a 35 j.a.t. Schmahkt al.,
le corps 2009b
Ovin: 20 ml/l tout le
corps

(6 g s.a./100 ml)
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Arkofly C.sp  Bovin et Ovin: Mort. 100 % a 35 j.a.t. Schmabhket al.,
5 s doc, cOtés et 2009b
ventre
(6 g s.a./100ml)
Perméthrine* Flypor C.sp Bovin: 40 ml (dos) Mort. 100 % a 35 j.a.t. Schmabhkt al.,
Ovins: 10 ml (dos et 2009b

cotés) (4% wiv /l)

*Pyréthrinoide,C. nub: C. nubeculosysC. sp: toutes les espece§, obs: C. obsoletus s.a. : substance active, mort. :
mortalité, j.a.t. : jours apres traitement.

D’autres études ont été menées en utilisant unbadétdifférente. Les animaux ont
été traités avec des produits insecticides ouparatsitaires et leSulicoidesont été exposés
directement sur une partie du corps de I'animale @tude menée en Australie, a évalué
I'efficacité du traitement des bovins avec l'iverctiee (Avermectine), un antiparasitaire avec
un effet insecticide, contr€. brevitarsis Les animaux ont été traités a 200 pg/kg par
injection sous-cutanée, puis I€slicoidesont été mis en contact pendant 30 minutes avec
I'oreille de I'animal. Au bout du temps d’expositiolesCulicoidesont été placés dans des
petites cages et la mortalité a été enregistréd h apres exposition. Les contacts ont été
répétés dans le temps. Les résultats (Tableau cb@nus ont montré que la premiere
semaine, le produit était trés efficace avec dedatités entre 70 et 100 % (maximum atteint
4 jours apres traitement). La mortalité était &6@ 10 jours, a moins de 20 % a 15 jours et
inférieure a 10 % a 18 jours apres le traitemetan@astet al.1984). De plus, un effet
larvicide des bouses de bovins traités avec deerhinectine a été démontré, avec une
persistance de 28 jours apres traitement (Webstdr, 1992).

Tableau 1.9 Efficacité létale d’'une formulation antiparasieiappliquée en injection sous-
cutanée, évaluée en exposantdedicoidesdirectement aux animaux traités.

Substance Produit Espéce Animal traité et dosage Résultats Aatirs

Active

Ivermectiné C.bre Bovin: 200 pg/kg (i.s.c.)  Mort. max 100 % a4 j.a.t.  Standfasetal, 1984
exposition a I'oreille Mort. 50 % a 10 j.a.t.

Persistance 18 jours

“AvermectineC. bre: C. brevistarsisi.s.c. : injection sous-cutanée, j.a.t. : joysees traitement.

L’effet 1étal des traitements en pulvérisation ggatavec des formulations micro-
encapsulées ou des formulations en ultra bas vol{uid/) a partir d’'un avion ont été
évaluées. Les résultats (Tableau 1.10) ont éténobten observant la quantité @alicoides
collectés a l'aide de piéges aprés le traitemerds Lmicro-capsules de Mycrocrip
(cypermétrine et esbiothrine) n'ont pas montré fdteén comparaison avec la zone témoin
(Sattaet al., 2004). Par contre, les formulations en UBV aombntré une diminution a
plusieurs métres de I'endroit traité en milieu ated méme en présence de végétation.
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Tableau 1.10 Efficacité létale de différentes formulations ioseides utilisées en
pulvérisation spatiale contre I€ulicoides

Substance Espéce Dosage Résultats Auteurs
active
Bifenthrine* C.sub 0,1% >65 %] captures jusqu’a 6 s.a.t. (périurbain) Standfaset al., 2003
Cyperméthrine* C. imi Mycrocrip'  Pas d'effet Sattaet al.,2004
+ esbiothrine * 1 %/ha
Malathion® C. fur 100,6 g/ha Mort. 90 % a 40 m.d.t. (milieu ouvert) Linley et al., 1992
Mort. 40 % a 40 m.d.t. (avec végétation)
Naled® C. fur 27,6 g/ha Mort. 90 % a 105 m.d.t. (milieu ouvert) Linley et al., 1992
Mort. 40 % a 177 m.d.t. (avec végétation)
36,5 g/ha 249% captures (milieu ouvert) Haileet al., 1984
73 g/ha > 999%j captures a 3 j.a.t (milieu ouvert) Haileet al., 1984
1%a Mort. 90 % & 20 m.d.t. (milieu ouvert) Linley et al., 1987
19-23 L/h
9,9 g/ha Mort. 70 % & 18 m.d.t. (milieu ouvert) Linley et al., 1987
Resméthrine* C. fur 15,6 g/ha Mort. 90 % a 25 m.d.t. (milieu ouvert) Linley et al., 1992

Mort. 40 % a 94 m.d.t. (avec végétation)

*Pyréthrinoide, °Organophosphord/ycrocrip est une formulation granulé®, sub : C. subimmaculatu§. fur: C. furens,
C. imi: C. imicolg s.a.t : semaines apres traitement, j.a.t : japrés traitement, m.d.t. : métres du traitement.

Effet sur les taux de gorgement et d’attaque ddxdides

L’effet sur les taux de gorgement et d’attaque @Qelicoidesest souvent associé a
I'effet répulsif des produits, qui repousse [€slicoidesde I'hdte et qui les empéche de
piquer. Parmi les études publiées, deux méthodedogint été utilisées: i) exposer
directement lesCulicoides aux produits et ii) tester un effet répulsif par systeme de
piégeage.

i) Exposition directe des Culicoides a des produits

Des Culicoidesont pu ainsi étre exposés, en laboratoire, aus gbdnimaux traités
posés sur des systémes de gorgement artificidaag d’animaux traités ou aux substances
actives dans un olfactomeétre en Y. L'effet réputsis substances actives est trés variable
(Tableau 1.11). Quelgues produits ont montré uet effpulsif plus important que d’autres. La
perméthrine appliquée a une concentration de 66r9des caprins a permis de réduire le taux
de gorgement d€ulicoidesquand ils ont été exposeés a des poils issus degeRitraités et
placés sur systéme de gorgement artificiel. Patrepil a été constaté que l'effet varie en
fonction de la zone du corps de I'animal d’ou leslpont été prélevés. En effet, les poils
prélevés sur le dos protégeaient 3 fois plus qaeptels prélevés sur le ventre (Mullens,
1993). L’huile essentielle de neem a une conceotrate 1 %, testé dans un olfactometre en
Y, a réussi a repousser des individusCdémpunctatussoetghebueret aucun gorgement n'a
été observé pour des concentrations de 1 % ou Bdr%les membranes d'un systéme de
gorgement artificiel (Blackwelt al. 2004).
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Tableau 1.11Efficacité répulsive de difféerentes formulatiomstre lesCulicoidesévaluée en
les exposant directement aux produits.

Substance  Produit Espéce Animal traité Résultats Auteur
active et dosage

Méthode : Culicoides exposés a des poils d’animal traité sur systéme dergement artificiel

Perméthrine* s.a. C.son Caprin Réduction du taux de gorgement Mullenset al, 1993
3-4 ml/animal Dos: 65.6% a 67-69 j.a.t.
65 % s.a. Téte: 58.4% a 39-41 j.a.t.
Ventre: 62.7% a 18-20 j.a.t.
Boss C.son Bovin Pas de réduction du taux de gorgementMullenset al, 2000
3 ml/45 kg guelques intoxications al4-28 j.a.t.
5% s.a.
Pirimiphos- s.a. C.son Bovin Pas de réduction du taux de gorgementMullenset al, 2000
méthyl° 10 ml/45 kg guelques intoxications al4-28 j.a.t.
27 % s.a.

Méthode : Culicoides exposés a du sang d’animal traité avec des antipaigaires en sous cutanée sur systeme de

gorgement artificiel

Ivermectiné C.son Poney: 200 ug/kg  Pas d'effet répulsif Reevest al.,2010
Ovin: 400 pg/kg

Ivermectiné Ivomec C.son Poney: 200 pg/kg Pas d'effet répulsif Reevest al, 2010
+ Clorsulon  Plus Ovin: 2000 pg/kg

Méthode : Nombre d’atterrissage sur support imprégm

DEET s.a. C.obs 1 pg/ul Diminution : 75% a2set65%ab5s Gonzaleztal, 2014
Eucalytus s.a. C.obs 1 pg/ul Diminution: 100 % a2set5s Gonzalezt al, 2014
citron€

Jasmin s.a. C.obs 1 pug/ul Diminution : 90 % a 2 s et 100 % a 5 s Gonzalezt al, 2014
Lavendé s.a. C.obs 1 pg/ul Diminution : 95 % a 2 set 100 % a5 s Gonzaleztal, 2014
Mélisse s.a. C.obs 1 ug/ul Diminution : 85 % a 2 s et 100 % a 5 s Gonzalezt al, 2014
officinale’

4-propylphendl ~ S.a. C.obs 1 pg/ul Diminution : 85 % a 2 s et 100 % a 5 s Gonzalezt al, 2014
Jasmin+ s.a. C.obs 1 ug/ul Diminution : 75% a2set80% ab5s Gonzileztal, 2014
Lavende+

Romarin

Acetate de s.a. C.obs 1 ug/ul Diminution : 85% a2set80% ab5s Gonzaleztal, 2014
géranyle+

6-methyl-5-

hepten2 one

Decanal+ s.a. C.obs 1 pg/ul Diminution : 65 % a2et80 % a5s Gonzalezt al, 2014
nonanal+

octanal

Melisse+ s.a. C.obs 1 pg/ul Diminution : 95 % a2 et 100 % a5s Gonzdleztal, 2014
citron+

citronelle+

eucalyptus

citroné

Méthode : Culicoides exposés a la substance active dans un olfactomeésre Y

AFétatTéde s.a. C.obs 0,01;0,1etl1pug/ul Répulsion: 78, 76, 85 % Gonzalezt al, 2014

gérany

Citron® s.a. C.obs 0,01;0,1etl1pg/ul Répulsion: 53, 63,73 % Gonzalezt al, 2014

Citronelle s.a. C.obs 0,01;0,1etlpug/ul Répulsion : 68, 86, 86 % Gonzalezt al, 2014

CitronelloP  s.a. C.imp NA Pas d’'effet répulsif Evanset al, 1996
C.nub NA Concentration minimale d'effet : 10 % Evanset al, 1996

Cyperméthrine* g g, C.obs 0,01;0,1etl1pug/ul Répulsion : 69, 50, 67 % Gonzalezt al, 2014
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Decandl s.a. C.obs 0,01;0,1etl1pg/ul Répulsion: 57, 67,83 % Gonzalezt al, 2014

DEET* s.a. C.imp NA Pas d'effet répulsif Evanset al.,1996
s.a. C.nub NA Pas d’effet répulsif Evanset al, 1996
s.a. C.obs 0,01;0,1etlpg/ul Répulsion: 66, 86, 97.8 % Gonzalezt al, 2014

Eucalytus s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 66, 48,91 % Gonzalezt al, 2014

citroné

IR353% s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 53,58, 81 % Gonzalezt al, 2014

Jasmiri s.a. C.obs 0,01;0,1etl1pg/ul Répulsion : 86, 86,94 % Gonzélezt al, 2014

Lavendé s.a. C.obs 0,01;0,1etl1pg/pul Répulsion: 61, 74,94 % Gonzalezt al, 2014

Limonéné  s.a. C.obs 0,01;0,1etl1pg/ul Répulsion : 48, 56, 58 % Gonzalezt al, 2014

Mélisse s.a. C.obs 0,01;0,1etlpug/ul Répulsion : 66, 80, 88 % Gonzalezt al, 2014

officinale’

Neendf s.a. C.imp letl0% Effet répulsif Blackwellet al., 2004
s.a. C.obs 0,01;0,1etlpug/ul Répulsion : 50, 53, 45 % Gonzalezt al, 2014

Nonanal s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 54, 46, 82 % Gonzalezt al, 2014

Octanal s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 53, 55,82 % Gonzalezt al, 2014

Picaridind  Bayrepel C.obs 0,01;0,1etlug/ul Répulsion: 54,37, 71 % Gonzalezt al, 2014

(KBR3023)

Piment s.a. C.imp Concentration minimale d’effet: 0,1% Evanset al, 1996

royal

Romarirf s.a. C.obs 0,01;0,1etl1pg/ul Répulsion : 46,54, 70 % Gonzélezt al, 2014

4-propylphendl  s.a. C.obs 0,01;0,1etlpg/ul Répulsion: 57,91, 91 % Gonzalezt al, 2014

6-methyl-5- s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 52, 61, 66 % Gonzélezt al, 2014

hepten2 orle

Jasmin+ s.a. C.obs 0,01;0,1etl1pg/ul Répulsion: 71, 78,94 % Gonzalezt al, 2014

Lavende+

Romarin

Acetate de s.a. C.obs 0,01;0,1etlpug/ul Répulsion: 72,76, 88 % Gonzalezt al, 2014

géranyle+

6-methyl-5-

hepten2 one

Decanal+ s.a. C.obs 0,01;0,1etlpug/ul Répulsion : 55, 73,90 % Gonzalezt al., 2014

nonanal+

octanal

Melisse+ s.a. C.obs 0,01;0,1etl1pg/ul Répulsion : 66, 80,85 % Gonzalezt al, 2014

citron+

citronelle+

eucalyptus

citroné

Méthode : non décrite
Cyhalothrine*  Sylotox 4 C. imi
Sylotox20

4% s.a. Bravermaret al, 2004

24 % s.a.

Pas d’effet répulsif

*Pyréthrinoide, °Organophosphoféyermectine,’ Dérivé de plante$Synthétique®Aldéhyde, TerpéneOrigine naturelle,
°Organique, C. son: C. sonorensisC. bre: C. brevitrasis C. imp: C. impuctatusC. nub: C. nubeculosysC. obs:
C. obsoletusC. imi: C. imicolg s.a. : substance active, NA : donné absente,:jjaurs apres traitement, s : semaines

D’autres études (Tableau 1.12) ont été menées posart lesCulicoides,sur le
terrain, directement sur une partie du corps deirfial traité. Desndividus appartenant a
I'especeC. brevitarsisont été exposés aux oreilles des bovins traités am antiparasite en
sous-cutanée, l'ivermectine (Avermectine) a 200kggiar injection. Les résultats obtenus
ont montré une réduction du taux de gorgement dé&o8@ 5 jours aprés le traitement
(Standfastet al., 1984). En forcant le contact d& sonorensisur la partie intérieure de la
cuisse d’animaux traités avec deux formulationsedtisides, le Ready-to-use sheep
(perméthrine et butoxyde de piperonyl ou PBO) aril2ar ovin et la boucle Python (zeta-
cyperméthrine et PBO), il a été observé un failffiet €e la part de ces produits (Reeets
al., 2010).

-63 -



Chapitre 1 : Généralités

Tableau 1.12Efficacité répulsive de différentes formulatiomtre lesCulicoidesévaluée en
les exposant directement aux animaux traités

Substance  Produit Espece Dosage Résultats Auteurs
Active Zone exposée
Perméthrine* Ready- C.son Ovins: 12 ml Inhibition du repas Reevest al, 2010
+ PBO to-use Partie intérieure de la cuisse >90 % jusqu'a 5 s.a.t.
sheep <80 % a6 s.a.t.
Zeta- Boucle C.son Ovins: 9,8 g s.a./ boucle Inhibition du repas Reevest al, 2010
cyperméthrine* python Partie intérieure de la cuisse > 90 % jusqu’a 3 s.a.t.
+PBO <75%a4et5sat.
Ivermectiné C.bre  Bovin : 200 pg/kg J taux de gorgement Standfaset al, 1984
Oreille 80%ab5jat

*Pyrethrinoide; Avermectine, PBO : butoxyde de piperor@l,son: C. sonorensisC. bre: C. brevitarsis s.a. : substance
active, j.a.t. : jours apres traitement, s.a.eémaines heures aprés traitement.

i) Effet répulsif d’'un produit par un systéme dmture

En comparant le nombre dgulicoides capturés avec des pieges dont les filets
moustiquaires ont été traités au moyen de différpraduits et avec des piéges témoins (sans
traitement), lefficacité répulsive de ces produiss pu étre évaluée (Tableau 1.13).
L'utilisation de cette méthode a permis de confirapee le DEET, sans doute le répulsif plus
utilisé contre les insectes hématophages, eseffieace en repoussant I€ulicoides(Page
2009). Seuls quelques produits ont aussi présetggcallentes performances comme
'AG1000 (Melaleuca sp, I'Herbipet (extraits de plantes) (Bravermat al. 1997 et
Bravermanet al, 1999), ou quelques acides gras organiques ayaeffet répulsif comme
'acide octanoique ou le nonanoique (Ven&tral, 2011). Les autres produits, moins
performants, n'ont pas réussi a diminuer signifi@hent le nombre d’individus collectés.
Au contraire, le piége traité avec un répulsif agftie contre les moustiques, le Citriodiol
(substance dérivée de plantes), a capturé envifors $lus deC. imicolaque le piége témoin
pendant la premiere heure de capture, de 2 a 3pfoss pendant la deuxiéme et troisieme
heure (Bravermaat al, 1999)

Tableau 1.13Efficacité répulsive de différents produits contrsCulicoidesévaluée par un
systeme de capture

Substance Produit Espece Dosage Résultats Auteurs

active

alpha-cyano 3- Pyrethroid-T C.imi NA Pyrethroid-T > DEET a 9 h.a.t Bravermaret al,

phenoxynezyl* 1997 et 1999

Cyperméthrine* g g, C.imi  NA Pas d'effet Pageet al. 2009
s.a. C.sp 1%s.a. Pas d'effet del Rioet al, 2014
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Lambda- s.a. C.imi 5%s.a. Effet faible a <1 h.a.t. Bravermaret al.,
cyhalothrin* 2004
Perméthrine*  s.a. C.chi NA Taux de gorgement traités 31 % Griffioen et al,
C. abs Non traités 40 % 2011
Stomoxin  C.imi  NA Stomoxin < DEET al h.a.t. Bravermaret al,
1997 et 1999
Citriodiol” Mosi- C.imi 40 % s.a. Mosi-Guard (répulsif de moustique) Bravermaret al,
Guard attireC. imicola 1999
Citronnellé C.imi  NA Pas d'effet Pageet al, 2009
Eucalytus s.a. C.obs 10et25% Effet significatif Gonzélezt al, 2014
citroné (wiw)
Arbre a thé AG1000 C.imi 0,004 g/m2 AG1000 = DEET a 3 h.a.t. Bravermaret al,
4,5% s.a. et AG1000 > DEET a 4 h.a.t. 1997 et 1999
Origan+ C.imi  15% s.a. Origan < DEET & 2 h.a.t. Bravermaret al,
1997 et 1999
Lavendé s.a. C.obs 10et25% Effet significatif a 10 % Gonzélezt al, 2014
(wiw) Pas d'effet a 25 %
Extraits de Herbipet C.imi NA Herbipet +/- DEET Bravermaret al,
plantes Herbipet < DEET a1 h.a.t 1997 et 1999
DEET C.imi  NA Effet répulsif important Pageet al, 2009
C. obs 10 et 25% (w/w) Effet significatif Gonzalezt al, 2014
Acides gras C.imi  15% (w/w) Effet significatif Venteret al, 2011
Acetate de s.a. C.obs 10et25% Pas d’effet Gonzélezt al, 2014
géranyle+ (wiw)
6-methyl-5-
hepten2 one
Decanal+ s.a. C.obs 10et25% Effet significatif Gonzalezt al, 2014
nonanal+ (wiw)
octanal

*Pyréthrinoide, Dérivé de pIantesXSynthétique,s.a. : substance activ@, imi: C. imicolg C. chi: C. chiopterusC. obs:
C. obsoletusNA : donné absente, h.a.t. : heures apres traitem

Les Culicoides ont aussi pu étre collectés avec des pieges ppgE®Ximité ou
directement prélevés sur les animaux traités ett@nparant avec les collectes autour
d’animaux non traités (Tableau 1.14). Cette méthumlpiégeage autour des animaux traités a
permis de constater que le traitement avec certainduits comme la boucle Flectron
(cyperméthrine) (Liebisch and Liebisch, 2008), lecibnik (perméthrine) (de Raat al,
2008) et le Tri-Tec 14 (cyperméthrine, perméthretePBO) (Bravermaret al. 1997 et
Bravermanet al, 1999) diminuait le nombre d’individus a proximitles animaux. Le
traitement simultané avec une boucle Auriplak (p#hrine), du pour-on Butox 7.5
(deltaméthrine) et une moustiquaire imprégnée Feoedtaméthrine) placée autour de
'enclos des animaux, ont également réduit le nerdindividus collectés par rapport au
témoin (Baueret al, 2009). En capturant léSulicoidesdirectement sur le corps d’animaux
traités, il a été possible de déterminer que aetgdroduits comme le Butox 7.5
(deltaméthrine) (Mullensgt al, 2010), le Coopafly (deltaméthrine), le Sumiflgr{izalerate),
la Permoxin (perméthrine) (Melvillet al, 2004), et le Flyaway (perméthrine, PBO et DEET)
(doherty 2004), inhibaient le gorgement @asgicoides(Tableau 1.16).
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Tableau 1.14Efficacité répulsive de difféerentes formulatiomstre lesCulicoidesévaluée en
les collectant a proximité d’animaux traités.

Substance Produit Espéce Animal traité et Résultats Auteurs
active dosage
Cypermethrine* g g, C.sp Ovin: 0,54/ Effet répulsif Calveteet al, 2010
Boucle C.obs Bovin:1gs.a./boucle Effet répulsif 14 j.a.t. adeboucle Liebischet al,
Flectron C. pul et 21 j.a.t. avec 2 boucles 2008
C. dew
Deltamethrine*  Butox 7.5 C. obs Ovin: 10 ml étalés sur  Traités: pas de gorgement 0-4 j.a.t.Mullenset al,
C.par toutle corps 2010
7,5gs.all
Coopafly C.sp  Bovin: 2 ml/100 kg Inhibition du gorgement Melville et al,
25 g s.a.ll 76 % a4 60 h.a.t 2004
Fenvalérate* s.a. C. bre Bovin: 200 ml/animal 0,7 gorgés /16,8 piégés vs. Dohertyet al,
al%s.a. 17,5/172,4 (témoin) 2004
C. wad 0,1 gorgés / 1,1 piégés vs.
17,5/172,4 (témoin)
Sumifly C.sp  Bovin : 200 ml/animal Inhibition du gorgement Melville et al,
22 % a60h.at 2004
Perméthrine* g g, C.chi Ovin 50 %+ individus collectés Griffioen et al,
C. obs traité vs non traité 2011
Permoxin  C.sp  Bovin : 10 ml/400 mi Inhibition du gorgement Melville et al,
56 % a 60 h.a.t. 2004
Tectonik C.obs Cheval : 20 ml (dos) 82 %+, individus collectés a 2 j.a.t.de Raaet al, 2008
3,6 glls.a
Perméthrine*+  Ayriplak C. obs Bovin J individus collectés Baueret al, 2009
Deltaméthrine®  g,)1ox 7.5 C. pul  boucle 1,2 g s.a.
Fence Butox 7,5 30 ml
Fence: 100 mg/m? of
deltaméthrine
Cyperméthrine*  Tri-Tec14  C.imi 0,175 % cyper + 1,03 % Effet répulsif Tri-Tec 14 > DEET  Bravermaret al,
- Dyrethrine” + pyr + 1,65% PBO (2h) et (4h) 1997 et 1999
Perméthrine*+  Flyaway C. bre Bovin 1.71 gorgés / 30.82 piégés vs. Dohertyet al,
EECE’T: 20 ml-25 ml/animal 17.48/172.4 (témoin) 2004
C.wa 0.16 gorgés / 1.87 piégés vs.

17.48/172.4 (témoin)

*Pyréthrino'l'de,XSynthétique,s.a : substance activg, obs: C. obsoletusC. pul: C.pulicaris C. dew: C. dewulfi, C. par:
C. parroti, C. bre C. brevitarsis C. wad: C. wadaj C. chi: C. chiopterusC. imi: C. imicola j.a.t. : jours aprés traitement,
h.a.t. : heures aprées traitement.

Quelques études se sont intéressées a I'efficdeitgroduits répulsifs en application
topiqgue sur 'homme vis-a-vis de certaines espedesCulicoides connues pour leur
anthropophilie (Tableau 1.15). Des produits ontapliqués sur les bras ou les jambes de
sujets volontaires, puis le nombre d’atterrissatpeSulicoidesa été enregistrden comparant
les résultats obtenus entre le bras ou la jamliédrat le bras ou la jambe non traitée, il a été
observé que le DEET était performant en réduisssitdux de piqldres de 97 % pendant 3 h
contre les piqares d€. impuctatusC. ornatusTaylor (Greiveet al., 2010) et de 8-10 h
contre celles d€. immaculatud_ee & Reye (Trigg, 1996). Les produits dérivéspientes
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comme le p-menthane-3,8 diol (PMD) (Trigg, 1996)I'atiile essentielle deMelaleuca
ericifolia (Greiveet al. 2010) ont montré des effets similaires a ceux mésecavec du DEET
ont apportant entre 80 et 95 % de réduction desdapiqlres pendant 3 h aprés traitement.
Le KBR 3023 (picaridine d’origine synthétique) agenté un taux de protection de 86 %
immédiatement aprés I'application du produit puese % 8 h aprés le traitement (Carpenter
et al. 2005). Les résultats obtenus ont montré une effiegorotectrice variable selon le
produit testé avec une protection plus de 90 %eehh et 10 h suivant I'application, I'effet
diminuant rapidement par la suite.

Tableau 1.15Efficacité répulsive de différentes formulatiorentre lesCulicoidesévaluée
sur homme.

Substance  Produit Espéce Zones traitée et Résultats Auteurs
Active dosage
DEET" Autan C.imp Avant-bras Protection a 8 h-10 h.a.t. : 97 % Trigg, 1996
20 % s.a.
Offl C.orn  Jambe Effet répulsif 97 % a 3 h.a.t. Greiveet al.,2010
Skintastic C.imm 3,6 g/ jambe
Melaleuca s.a. C.orn Jambe Effet répulsif 80-95 % a 3 h.a.t Greiveet al, 2010
ericifolia” C.imm 1,8 g s.a./ jambe
Picariding® BayRepel C.imp Bras Protection a Oh : 86 % et a 8h : 60 %Carpenteet al, 2005
KBR3023 0,5 mi
PMD* s.a. C.imp Avant-bras Protection a 8 h: 98 % Trigg, 1996
50 % s.a.

“Dérivés de pIantesXSynthétique PMD : p-menthane-3, 8 diol, s.a: substance acti¥eprn: C. ornatus, C. imm: C.
immaculatus, C. impC. impuctatush.a.t : heures apres traitement

Seules deux études, réalisées a petite échelbgrdantéressé a évaluer I'impact de
traitements insecticide sur l'incidence de la traission du virus de la FCO (Tableau 1.16).
Des bovins ont été traités avec des pulvérisatiten250 ml d’Atroban 11 % EC (0,2 % de
perméthrine) par animal toutes les deux semainesl&tfin de I'étude, 59 animaux avaient
séroconvertis sur les 106 traités (56 %) contrelwes 117 non traités (48 %). Ces résultats
n'ont pas montré de différence significative ertatés et témoins (Mullenst al, 2001).
Dans une autre étude, différents groupes de banhsecu des traitements hebdomadaires
distincts, du Coopafly epour-on (25 g de deltaméthrine/l) & 2 ml/100 kg, du Bapltien
pour-on (75 g de fluméthrine/l) a 10 ml/animal, ou du Silynen pulvérisation (200 g de
fenvalérate/l) a 200 ml/animal et un autre groupe lboucle auriculaire Spike (diazinon 20 %
w/w). Les résultats obtenus ont montré que seutdigementpour-on a la deltaméthrine
diminue significativement le taux de séroconvergiarvirus de la FCO parmi les groupes de
bovins testés, passant de 9 positifs sur 20 anirté&aurins testés (45 % de séroconversion) a
3 positifs sur 20 animaux traités testés (15 %édeconversion) (Melvillet al, 2004).
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Tableau 1.16 Efficacité des différentes formulations insectégdcontre la transmission du
virus de la FCO.

Substance Produit Animal traité et dosage Résultats Auteurs
active
Perméthrine*  Atroban 11 % EC Bovin: 250 ml/ animal Séroconversion Mullenset al.,2001
0,2 % s.a. Traités : 59/106 (56 %)
toutes les 2 semaines Témoins : 56/117 (48 %)
Bovin (hebdomadaire) Séroconversion Melville et al.,2004
Deltaméthrine* Coopafly 2 ml/100 kg, 25 g s.a./l 3/20 (15 %)
Fluméthrine *  Bayticol 10 ml/ animal, 10 mg s.a./l 7/19 (37 %)
Fenvalérate*  Sumifly 200 ml/animal, 200 g/l 8/20 (40 %)
Diazinon® Boucle Spike 1 unité de 20 % w/w 6/20 (30 %)

Témoins : 9/20 (45 %)

*Pyréthrinoide, °Organophosphoré, s.a. : substantee
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Introduction au chapitre 2

Déterminer la sensibilité des vecteurs aux subetmctives a partir de procédure
standardisée est une étape indispensable afin aoipcétablir le degré de sensibilité des
populations sauvages, comparer ces niveaux deengf@rentre populations ou entre espéeces
et suivre dans le temps le maintien d’'un niveaselesibilité ou I'apparition de phénoménes
de résistance.

Ces valeurs de références inexistantes cheZidisoidescompliquent la mise en
ceuvre de mesure de LAV. Ainsi, ce chapitre préssmtis la forme de 4 articles scientifiques
les travaux menés en laboratoire et sur le tegairdifférentes populations @ulicoidesen
Europe et en Afrique, afin deléterminer la sensibilité des espéces d€ulicoides
d’'importance vétérinaire aux substances actives dggincipaux insecticides

Le développement d’'une méthodologie adaptée paitests et la mise au point des
gammes de concentrations pour les différentes anbss actives ont d’abord été réalisés sur
des individusC. nubeculosusssus d’une colonie d’élevage. Une fois la méthagie validée
(Manuscrit #3, un criblage de 6 substances actives a été @éaksir deux populations
sauvages d€. obsoletuset C. imicola collectées en France permettant d’établir pour la
premiére fois des valeurs de référence de sensilplour les deux espéces principales
d’intérét vétérinaire en Europdanuscrit #3. Afin de confirmer sur d’autres populations a
I'échelle européenne ces niveaux de sensibilité moiécules les plus utilisées dans des
formulations insecticides en santé vétérinaire,mathodologie a été transférée a des
laboratoires partenaires du projet EDENémttd://www.edenext.elet du réseau MedReoNet
(http://medreonet.cirad.)f(EID-Med, France ; CRESA et UIB, Espagne ; ISF5&négal et
ARC-OVI, Afrique du Sud). Ainsi, plusieurs populats sauvages d€. obsoletuset C.
imicola issues de la zone de distribution de ces deuxcespnt été testées. Ces essais menés
en collaboration avec les partenaires ont permitesier plus de 30000 femell€silicoides
(Manuscrit #4, %et6) et former les acteurs de recherche a une mélihgidstandardisée.

e

Figure 2.1 Tubes OMS d’exposition contenant les papiers mimpéég:i’insecticide et placés
en position verticale
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Les résultats sont présentés a la suite de ce mramaus la forme de cing articles :

- Venail R, Mathieu B, Setier-Rio ML, Borba C, Alexandre Mijudes G, Garros C,
Alléne X, Carpenter S, Baldet T and Balenghien @112 Laboratory and field-based
test of deltamethrin insecticides against adidiicoides biting midges. Journal of
Medical EntomoloyManuscrit #2page 75.

- Venail R, Lhoir J, Rakotoarivony |, Allene X, Setier-Rio MIScheid B, Gardes L,
Gosset A, Lancelot R, Gimonneau G, Garros C, BaliemgT, Carpenter S and Baldet
T. Insecticide susceptibility d@ulicoidesbiting midges (Diptera: Ceratopogonidae) in
France. Soumis a PlosOmdanuscrit #3page 83.

- del Rio R,Venail R, Calvete C, Barcel6 C, Baldet T, Lucientes J arichiia M.,
2013. Sensitivity ofCulicoides obsoletugMeigen) (Diptera: Ceratopogonidae) to
deltamethrin determined by an adapted WHO standandceptibility test.
ParasitologyManuscrit #4page 103.

- del Rio R, Barcelé C/enail R, Lucientes J and Miranda M. Sensitivity@filicoides
obsoletus (Diptera: Ceratopogonidae) to cypermethrin in bary conditions.
Soumis a Pest Science ManagemBbtanuscrit #5page 109.

- Venail R, Fall M, del Rio R, Talavera S, Labuschagne K,eBghien T, Garros C,
Miranda M, Pagées N, Venter G, Carpenter S and Badldmsecticide susceptibility of
Culicoides biting midges (Diptera: Ceratopogonidae): a malicic study using a
modified WHO standard assay. Soumis a Parasitee@&dvs Manuscrit #6page 119.
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2.1 Sensibilité des Culicoides aux substances actives
insecticides en France

Le Manuscrit #2 (Jounal of Medical Entomology 201fjésente les travaux préliminaires sur
la sensibilité de€ulicoidesaux substances actives menés en 2010-2011. Ce cnamtiant

en parfaite cohérence avec les objectifs de caitrde thése, est considéré comme un article
a part entiére de ce mémaire.
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VECTOR CoNTROL, PEST MANACEMENT, RESETANCE, REFFLLENTS

Laboratory and Field-Based Tests of Deltamethrin Insecticides Against
Adult Culicoides Biting Midges

R. VENAIL'® B. MATHIEU," M.-L. SETIER-RIO.' C. BORBA' M. ALEXANDRE® G. VIUDES !
C. GARROS® N, ALLENE " 5 CARPENTER® T. BALDET axn T. BALENGHIEN®

J. Med. Entomol. 48(2): 331-357 (011): DOI: 101603/ MEIOLTS

ABSTRACT  Bluetonzue virus (BTV) is an economically important arbovirus of ruminants trans-
mitted by Culicoides hiting midges. Vector control using residual sprayving or application to livestock
is recommended by many authorities to reduce BTV transmission: however, the impact of these
measures in terms of both inflicting mortality on Culicoddes and subsequently upon BTV transmission
is unclear. This study consisted of a standardized World Health Organization laboratory assay to
determine the susceptibility of European Culicoidles species to deltamethrin and a fi eld trial based upon
allowing individuals of alaboratory strain of Culicoides nubeculosus Meigen to feed upon sheep treated
with Butox 7.3 pour-on {a deltamethrin-based topical formulation ). Susceptibility in the laboratory
trial was higher in colony C. nubreculosus {34-h LCq, = 0.00106% ), than in field populations of Crlicoides
ubsvletus Meigen (24-h Ly, = 0.00203%) or Culicvides imicoly Kieffer (24-h LC,, = 0.00773% ). In
the field, the pour-on formulation was tested with a total of 816 C. nubeculusus specimens Fed upon
on the thigh of treated sheep. The study revealed a mazimum mortality rate of 4% at 4 d postap-
plication, and duration of lethal effect was predicted to be as short as 10 d, despite testing being carried
out with a hizhly susceptible strain. The reasons for thislow efficacy are discussed with reference both
to the potential for lack of spread of the active ingredient on the host and feeding patterns of the major
potential vector species on the sheep host. Practical implications for vector control strategies during

BTV incursions are also detailed.

KEY WORDS Culicoides, bluctongue, deltamethrin, Butox 7.5 pour-on, vector control

Culicoides biting midges (Diptera: Ceratopozonidaes)
are responsible for the transmission of several live-
stock arboviruses of international importance, includ-
ing bluctongue virus (BTV) and African horse sick-
ness virus. In recent vears, BTV has inflicted huge
economic losses upon Eurcpe {Callistri et al. 2004,
Velthuis et al. 20010 because of clinical disease in
infected ruminants and animal movement restrictions
imposed during attempts to limit the spresd and im-
pact of cuthreaks. By far the most spectacular example
has been the recent epizootic caused by a BTV sero-
type $ strain in Northern Europe. This unprecedented
event led to transmission oceurring across alarge num-

ber of countries that had no prior history of BTY
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2z

incursions and demonstrated the previously held the-
ory that northern Eurepean Culicoides were capable
of transmitting BTV (see Carpenter et al. 2000 for
review ). The primary vectors involved in transmission
in this region are thought to belong to the subgenus
Avaritin, although the vector status of these specics
remains unclear.

During the period before vaccination {which has
recently restricted the spread of BTV-Y and subse-
quently eradicated it from several countries; Zientara
et al. 2010}, the only method to limit virus transmission
lay in restricting animal movements { economically
damaging in itself) and in emploving vector control.
As a result of the scant data at that time concerning
larval breeding sites and resting and endophagic be-
havior of adult BTV-§ vectors, little information was
available on which to base a rational stratesy for con-
trolling mideges { Carpenter et al. 2008}, In this context,
the use of insecticides in stables, in trucks for animal
transportation, or directly on animals was sugzested
(EFSA 200%), and was employved on a compulsory
basis by some countries (eg., France). The suscepti-
bility of Culicoides populations to pyrethroids, the
primary class of insecticides authorized active for re-
sidlual spravine and products applied directly to live-
stock (EFSA 2004), has rarely been assessed in a stan-
dardized fashion {with Braverman et al. 1993, 2004

2383 LI035 1003 TERE00/ 0 @0 2001 Entomologieal Society of America
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being notable exceptions). The most common way
currently used to protect cattle and sheep against
Culicoides is the application of pour-on formulations
along the backline, but the spread of these products is
known to be limited on the host (Stendel et al. 1992),
and active ingredient may not reach the commonly
used biting sites on belly, legs, and face (Nielsen et al.
1988). Whereas studies have examined the impact of
exposure of Culicoides to deltamethrin-treated hair,
sampled from treated ruminants at known times po-
stapplication (e.g., Mehlhorn et al. 2008: Schmahl et al.
2008, 2009: Papadopoulos et al. 2009), these have
tended to involve a passive laboratory exposure to the
agent, rather than one caused by a true feeding re-
sponse. Perhaps even more worrisome, products that
have been shown to reduce Culicoides biting activity
may still fail to protect animals from BTV infection
(Mullens et al. 2001, Melville et al. 2004).

Given the clear lack of information about Culicoides
species susceptibility to insecticides, this study aimed
to do the following: 1) provide a standardized test of
the susceptibility of Culicoides to deltamethrin (the
most used pyrethroid) using a World Health Organi-
zation (WHOQ) test kit against three different species
of interest, Culicoides nubeculosus Meigen (IAH ref-
erence strain), Culicoides obsoletus sensu stricto Mei-
gen, and Culicoides imicola Kieffer field-collected
populations (France): and 2) assess the efficiency of
Butox 7.5 pour-on (a commonly used deltamethrin-
based topical formulation) against the reference strain
of C. nubeculosus via direct feeding on sheep.

Materials and Methods

Intrinsic Susceptibility of Culicoides to Deltame-
thrin (Phase I). Susceptibility to deltamethrin expo-
sure was assessed in three different species of veter-
inary importance, as follows: C. nubeculosus, C.
obsoletus s.s., and C. imicola, using a standardized
WHO assay test. C. nubeculosus specimens were pro-
vided from the colony maintained by the Institute of
Animal Health (Pirtbright, United Kingdom). C. obso-
letus s.s. and C. imicola specimens were collected from
the field in Saint-Martin-de-Londres (Mediterranean
region, France, April 2008) and in Figari (Corsica,
France, August 2008) using an ultraviolet light trap
(Agricultural Research Council - Onderstepoort Vet-
erinary Institute [ARC-OVI] model, South Africa)
and replacing the collection jar with a fine mesh cage.
To prevent desiccation, cages were covered with wet
papers and an outer layer of aluminum foil and re-
trieved at dawn.

As sensitivity to insecticides can be age specific
(Chareonviriyaphap et al. 2006), 2- to 3-d-old nullip-
arous females of colony C. nubeculosus and field-col-
lected, nulliparous individuals of C. obsoletus and C.
imicolu were used with parity determined using ab-
dominal pigmentation (Dyce 1969). For each species,
trials were conducted using a standardized assay for
assessing insecticide resistance (WHO 1981). For C.
nubeculosus, in each replicate, =15 nulliparous Culi-
coides were exposed in the essay system to eight del-
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tamethrin-impregnated papers (0.0035, 0.0025, 0.0015,
0.001, 0.00075, 0.0005, and 0.0003%) and one control
paper for 1 h using WHO test kit tubes (WHO/VBC/
81.805). Test papers (Whatman n°l filter paper, 90
g/m>, 12 X 15 cm) were impregnated in a WHO
collaborative center (Laboratoire de Lutte contre les
Insectes Nuisibles/Institut de recherche pour le
développement [ (LIN)/(IRD) |, France) using an ac-
etone-silicon mix as solvent (2 ml per paper, 67%
acetone, and 33% silicone). Control papers were im-
pregnated with 2 ml of acetone-silicone mix only
(WHO 1981). After exposure, live midges were trans-
ferred using an aspirator to observation cages. The
record of dead midges gave an assessment of the 1-h
mortality, evaluating immediate effects. Then dead
and live midges were counted at 24 h after exposure
to assess the delaved mortality. For field-collected
strains, =100 unsorted individuals were used in each
tube to be certain of obtaining at least 15 nulliparous
females of the target species. As a result of the diffi-
culty in manipulating field-collected Culicvides, only
four concentrations were tested (0.005, 0.001, 0.0003,
and 0.0001%), and mortality was recorded solely at
24 h after exposure, even if midges were transferred to
observation cages after 1-h exposure. During the 24-h
observation period, tubes were kept horizontally in an
isolated room (24°C) with a 10% sugar solution pro-
vided on cotton wool pads.

After exposure during the insecticide trials, field-
collected individuals were morphologically identified
to species for C. imicola or to complex for specimens
of the Obsoletus complex (Delécolle 1985, Delécolle
and La Rocque 2002), with specimens of the Obsoletus
complex further identified to species level using a
diagnostic multiplex polymerase chain reaction (mod-
ified from Nolan et al. 2007). Thus, specimens from the
Obsoletus complex were initially dissected under a
binocular microscope using sterile forceps, and the
head and thorax were individually separated into
1.5-ml Eppendorf tubes. Head and thorax were then
ground in 100 pl of 5% chelex solution (Biorad, Marne-
La-Coquette, France), and the tubes were maintained
at 56°C for 1 h, followed by 30-min incubation at 95°C.
Tubes were then centrifuged at 13,000 X g for 3 min
and then held at —20°C until amplification. Amplifi-
cations were performed in a 25 ul reaction volume
following the procedure of Nolan et al. (2007) using
only the reverse primers for C. obsoletus s.s. and Cu-
licoides scoticus. Products were visualized after elec-
trophoresis on an ethidium bromide-stained 2% aga-
rose gel. Two positive controls, one C. obsoletus s.s. and
one C. seoticus females, were identified by an expert
and confirmed with different molecular tools (Ma-
thieu et al. 2007, Nolan et al. 2007).

As recommended by the WHO, only those repli-
cates in which control mortality was <20% were con-
sidered during analyses, and if control mortality was
=3%, mortality data were corrected using Abbott’s
method, as follows: corrected mortality = 100 X (ob-
served mortality — control mortality)/ (100 — control
mortality) (WHQ 1981). Mortality data were then
analyzed by probit regression using CalcuSyn version
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Fig. 1. (a) Arles Merino sheep: (b) contact between biting midges and the tight of the sheep: (¢) observation cages: (d)
exposure cage top view: and (e) exposure cage bottom view (mesh only on the top of the lid).

2.1 (Biosoft Copyright 1997-2010) to obtain a LC,
and LC,, value for each population.

Efficiency of a Topical Formulation of Deltame-
thrin: Butox 7.5 Pour-On. Fifteen Arles Merino sheep
(Fig. 1a) of =25 mo old and 40 kg weight were sep-
arated into five batches of three animals. All animals
had access to identical food during trials, were
checked for parasitic infectionsby a veterinary worker
before the experiment, and were sheared 15 d before
the trial. In four batches of three treated animals, 10
ml of a deltamethrin pour-on formulation (Butox 7.5:
0.75 g of deltamethrin/100 ml) was applied along the
backline of 12 individuals from the head to the tail, as
recommended by the manufacturer. Insecticide ap-
plication was staggered between batches of animals to
allow different times posttreatment to be assessed on
each experimental day. One batch remained entirely
untreated as a negative control. During the study,
sheep were kept inside the sheepfold and were not
exposed to rainfall (which can wash away insecticide)
or to direct sunlight (avoiding photo-degradation of
insecticide). Each batch was restricted to a dedicated
pen so that contact with other groups wasnot possible.
The impact of treatment was assessed at 1,4, 6,and 13 d
posttreatment by allowing 2- to 3-d-old nulliparous
unfed females of C. nubeculosus to feed on the thighs
of treated sheep. An exposure cage (Fig, 1, d and e)
was placed on the sheep thigh, and 10 nulliparous
females were transferred with a mouth aspirator into
this cage, allowing direct contact between Culicoides
and the sheep skin (Fig. 1b). During this exposure

period, midges were able to feed, and the number of
engorged females was recorded immediately posttrial.
Three batches of C. nubeculosus were exposed to each
sheep and, after an exposure period of 3 min, midges
were transferred to observation cages using an aspi-
rator (Fig 1c). A cotton wool soaked with 10% sucrose
solution was placed on top of the cages, which were
then placed in an insecticide-free environment under
regulated conditions (=21°C). Finally, mortalities
were recorded 1 and 24 h after exposure. If control
mortality was >5%, mortality data were corrected
using the Abbott’s method described above. After cor-
rection, mortality data were modeled using a gener-
alized linear model with a B-binomial distribution to
account for observed overdispersion of data (Bouyer
et al. 2007). Then upper and lower confidence inter-
vals of prediction were computed for a = 0.05. Effects
of mortality were considered statistically different
from 0 as long as the lower value of the confidence
interval was >0. The R software (version 2.9.1, R
foundation for statistical computing) was used for
statistical computing and graphs, and the package
“aod” for R (Lesnoff and Lancelot 2006) was used to
fit B-binomial models.

Results

Intrinsic Susceptibility of Culicoides to Deltame-
thrin (Phase I). The susceptibility of Culicoides to
deltamethrin was assessed using 348 nulliparous C.
nubeculosus in three replicates, 176 nulliparous C. ob-
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Table 1.
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Susceptibility of field populations of Culicoides imicola ( Corsica, France) and Culicoides o bsoletus 5.5, (Mediterranean region.,

France) and of a laboratory strain of Culicoides nubeculosus (IAH colony) to deltamethrin: delayed mortality 24 h after 1-h exposure to

different concentrations

Specics Origin M{iﬂt‘)’m LCs, £ SD (95% CI) LCyy = SD (95% CI)
Culicvides nubeculosus TAH colony (UK.} 3 (348) 0.00039 = 0.00007 (0.00022; 0.00057)  0.00106 + 0.00008 (0.00085: 0.00127)
Culicvides vbsoletus s.5. Mediterrancan region L {176) 0.00077 (0.00046; 0.00128) 0.00203 (0.00107: 0.00387)

(France)
Culicoides imicola Corsica (France) 3 (442) 0.00183 £ 000194 (0.00000; 0.00665)  0.00773 % 000805 (0.00000: 0.03021)

n, mimber of individuals: LC, lethal concentration: CI, confidence interval: 8D, standard deviance.

soletus s.s. in one replicate, and 442 C. imicola in three
replicates. Among the 182 individuals of the Obsoletus
complex, 176 were molecularly identified as C. obso-
letus s.s., five as C. scoticus, and one specimen did not
give any polymerase chain reaction amplification and
was not able to be identified; hence, the analysis was
only performed with the 176 C. obsoletus s.s. At 24 h
postexposure, the laboratory strain of C. nubeculosus
was more susceptible to deltamethrin (LC,, =
0.00039% = 0.14 mg/m”, and LC,, = 0.00106% = 0.39
mg/m”) than field populations of C. imicola (LC5, =
0.00183% = 0.67 mg/m", and LCy, = 0.00773% = 2.83
mg/m?) and C. obsoletus s.s. (LCs, = 0.00077% = 0.28
mg/m”, and LC,, = 0.00203% = 0.74 mg/m”) (Table
1). Differences were marked between the laboratory
strain of C. nubeculosus and field populations, but not
between C. imicola and C. obsoletus s.s.

Complete mortality was observed at 24 h postex-
posure for C. nubeculosus at deltamethrin concentra-
tions from 0.0010 to 0.0035% (from 0.37 mg/m” to 1.28
mg/m?) (Fig. 2). Mortality at the end of the 1-h ex-
posure was observed in C. nubeculosus for concentra-
tions =0.0005% (0.18 mg/m?>), and 100% lethal effect
at the end of the 1-h exposure period was observed at
concentrations >0.0025% (0.92 mg/m>).
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Fig. 2. Mortality of C. nubeculosus (mean = SD, three

replicates, n = 348) at the end of 1-h exposure to deltame-
thrin concentrations (%) and after 24 h postexposure.

Efficiency of a Topical Formulation of Deltame-
thrin: Butox 7.5 Pour-On. In 34 exposures, 816 nul-
liparous C. nubeculosus were exposed to the thighs of
untreated and treated sheep. The maximum corrected
mortality in treated sheep (45%) was observed on day
4 postexposure (Fig. 3), although mortality rates were
highly variable throughout the trial. On day 4 postex-
posure, the engorgement rate was similar or lower for
the treated compared with the untreated sheep: how-
ever, this effect was dependent upon the batch of
animals considered (e.g., 41 versus 40% for one batch
[P=10.99, x" test], and 11 versus 28% for another batch
[P < 0.001, ¥ test]). As the maximum mortality was
observed on day 4, data from day 1 were not used for
regression, which was used to model the mortality
decrease and to estimate the insecticide persistence.
The persistence of the lethal effect for this pour-on
formulation is estimated to be shorter than 10 d (when
the lower value of the predicted confidence interval
reached 0).

Discussion

All Culicoides populations tested were highly sus-
ceptible to deltamethrin when exposed in a standard-
ized WHO laboratory assay: however, field trials to
assess a formulation based upon this active ingredient
led to only limited increases in mortality rates after
feeding on treated hosts. Of the species investigated,

100 B

B0 =
40 -

20+ -

Corrected mortality (%)

T T T T
1 4 B 13
No, days after insechicide application

Fig. 3. Boxplot of the 24 h postexposure corrected mor-

tality of C. nubeculusus (34 contacts, n = 816) after 1, 4,6, and

13 d after the application of deltamethrin pour-on formula-

tion (Butox 7.5 pour-on).
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the most susceptible was C. nubeculosus, whereas field
populations of C. imicola and C. obsoletus s.s. exhibited
a higher tolerance (in part because of the limited
testing carried out upon the latter). This could be
because of a variety of factors, including the inbred
colony origin, lack of prior exposure to insecticides,
and significantly greater size of C. nubeculosus. The use
of this assay, however, provides a baseline upon which
to base further studies of both efficacy of active in-
gredients for use against Culicvides and the potential
development of resistance. The LC,, values produced
for C. imicola during this study were substantially
lower than those produced previously using the same
species and standardized assay in Israel with cyhalo-
thrin (0.46%) and A-cvhalothrin (0.0564%) (Braver-
man et al. 1995, 2004) (Table 2), indicating deltame-
thrin’s superiority as an active ingredient for use
against Culicoides, for example.

In the field trials, Butox 7.5 pour-on was selected for
use, as it was widely used during the BTV-§ epizootic
in Europe, and particularly in Northern France in part
because of its ease of application. Application accord-
ing to the manufacturer’s recommendations should
have theoretically resulted in a concentration of 71
mg/m® active ingredient if spread evenly over the
individual [estimation of the skin surface of a 42-kg
sheep from Fischer et al. (1999)]. Although this the-
oretical concentration is =180, 25, and 100 times
greater than the estimated LC,, for the laboratory
strain of C. nubeculosus, and the field strains of C.
imicola and C. obsoletus s.s., respectively, only limited
and short-term effects on mortality were observed in
all species and a variable reduction in engorgement
noted only in C. nubeculosus placed on the thigh of
treated sheep. In other studies carried out in the Eu-
ropean Union, high mortalities were observed by ex-
posing field-collected Culicoides sp. to hair clipped
from sheep and cattle on which Butox 7.5 pour-on was
applied in Germany (Mehlhorn et al. 2008: Schmahl et
al. 2008, 2009). Additionally, high and persistent mor-
tality of C. nubeculosus exposed to belly hair was ob-
served when a-cypermethrin was applied as a pour-on
to sheep at the concentration of 600 mg/m> (almost
100% mortality after 3 exposure min up to 28 d and 50%
at 42 d) and on cattle at 64 mg/m” (almost 100% up to
21 d) (Papadopoulos et al. 2009). The differences
between these studies and the current study could be
the result of a number of factors, including the use of
a different exposure method (mixing adult Culicoides
with hair taken from hosts in bags, in the majority of
cases), and, additionally, the breeds selected for trials
are in some cases not listed and the areas of the body
sampled also vary significantly.

Given the application along the backline in the
current study, it is unlikely that the active ingredient
diffused entirely to the thigh of the sheep when ap-
plied in this current formulation, despite using re-
cently shorn individuals. This effect has been demon-
strated for a flumethrin-based product used on cattle
that was found to vary from 0.2 to 126 mg/m” at day
1 and from 0.1 to 8 mg/m” at day 10 after pour-on
application, depending on distance from the site of

a7
27

Deltamethrin
0.00773% (0.00000: 003021 )
0.00205% (0.00107; 0.00387)
0.00106% (0.00083; 0,001

ACyhalothrin

0.0564% (0.0442; 0.0767 )"

Cyhalothiin

046% (1261 1. 404)7

1.Cqy, of active ingredient (95% CI)
Fhenothrin

0.03027% (0.01136; 0.03688)"
0.0012% (0,0006 0,0151)"

0.0080: 0,0209)"

0.0253% (0.020; 0,034)°

2

Resmethrin
0.01134% (0.00832; 00178137

0.0135

0.0021; 0,0050)"

0.027% (0017, 0.053)

FPermethrin

()

0.00487% (0,00310; 0.00983)°

00025

Method
Wind tunnel
WHO tube

(1995).

Susceptibility of different populations of Culicoides midges to pyrethroid insecticides in laboratory trials

Midges were exposed in a wind tunnel to solutions of insecticide in acetone, sprayed using an atomizer (wind tunnel method) or exposed to an impregnated filter paper { WHO tube method).

“Kline et al. (1951),

b Floore (1983).
“Braverman et al. (2004),

“Holbrook (1986),
“ Braverman et al.
I The present study,

Table 2.

Species
Culicvides mississipiensis

Culicoides sonorensis
Culicvides imicola
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application (Stendel et al. 1992). This effect has also
been documented for the United States BTV vector,
Culicoides sonorensis Wirth and Jones, feeding on a
membrane system through hair of both goats (Mullens
1993) and calves (Mullens etal. 2000), which had been
treated with permethrin. In this study, mortality ef-
fects were recorded across several body regions, and
it was notable that these were greatest at the point of
application. The poor diffusion of active ingredient
when applied as pour-on on sheep was also suggested
by Carpenter et al. (2008) to explain the absence of
toxicity to C. nubeculosus of belly and leg hair from
sheep treated with 1.25% cypermethrin (at 450 mg/
m?) or 1% deltamethrin (at 60 mg/m?) pour-on in the
United Kingdom.

A recent study by Mullens et al. (2010) demon-
strated that application of 10 ml of 7.5% deltamethrin
(Butox 7.5) to shorn sheep eliminated engorgement
by Culicoides. However, these authors applied the
insecticide to the entire animal body rather than as a
pour-on applied to the backline. Hence, whereas dip-
ping of sheep in insecticidal products is currently in
decline in most European countries because of user
safety concerns and the risk of groundwater contam-
ination, the use of spray races that reduce runoff may
prove to be more effective in treating large flocks. Tt
would be desirable, however, that this effect is quan-
tified by chemical analyses of insecticide residues on
host hair, which would allow a better understanding of
spread of active ingredient and Culicoides mortality in
the field.

Although it is likely that ruminants with hair that
allows more rapid and active dispersion of product
formulations will inflict higher mortality rates on feed-
ing Culicoides, it is still unclear how and whether this
ultimately translates to reduction in BTV transmission.
To date, small-scale studies of protection provided in
areas of endemic BTV transmission have produced
equivocal results. In Australia, weekly application of
deltamethrin pour-on on cattle (48 mg/m”) reduced
incidence of BTV transmission, whereas flumethrin
(216 mg/m”) and fenvalerate (59 mg/m”) pour-on
applications had no discernible effect. Neither of
these trials, however, eliminated BTV transmission
despite the use of relatively high concentration of
insecticide (Melville et al. 2004). Similarly, Mullens et
al. (2001) found that applying 0.2% wt:vol permethrin
to the bellies of a herd of 200 cattle had no significant
effect on BTV transmission. In the case of both these
studies, it is unclear whether the absence of any effect
reflected the poor performance of the insecticide
and/or whether the intervention itself was applied on
too small a scale to have any significant impact on the
local midge population in term of reduction of density
and longevity. Larger scale studies, using a standard-
ized approach across several countries and examining
different primary vector species, would enable
pour-on products to be both compared and optimized
in formulation and application as a primary tool in
control of arboviral outbreaks during the period be-
fore implementing vaccination campaigns.
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Abstract

Culicoides biting midges are vectors of arboviruses, inclgdibluetongue virus and
Schmallenberg virus, that cause considerable ecimriosses to the global livestock industry.
The use of insecticides to inflict mortality @ulicoidesand hence reduce host-vector contact
forms part of an integrated vector control prograrhich aims to decrease arbovirus
transmission. Despite being recommended by marhodties there is a lack of quantitative
data demonstrating the efficacy of insecticideghis role. The objective of this study is
therefore to determine the baseline susceptibdigtus ofCulicoidesvectors against six
insecticide active ingredientshree based on synthetic pyrethroids (alpha-cypmine
deltamethrin and permethrin), and three based ayanmphosphate active ingredients
(phoxim, diazinon and chlorpyrifos-methyl). Susdeiity tests were conducted on field-
collected Culicoides obsoletus,Culicoides imicola and laboratory-rearedCulicoides
nubeculosusising a modified World Health Organization (WH@arslard assay. The study
revealed that the thregulicoidesspecies were highly susceptible to the six adgtigeedients
tested and that synthetic pyrethroid insecticidedlicted greater mortality than
organophosphate-based ones. Deltamethrin was fiaubd the most toxic active ingredient.
Data presented will be used as a baseline referenceonitor the susceptibility status of
Culicoides to current insecticides and also to new activeradgnts with practical
implications for vector control strategies.
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Introduction

Culicoides biting midges (Diptera: Ceratopogonidae) are sntadimatophagous, dipteran
insects involved worldwide in the biological tranission of livestock arboviruses. These
arboviruses inflict economically important diseasesh as bluetongue (BT), African horse
sickness (AHS), epizootic haemorrhagic disease (ER@D being notifiable to the Office
International des Epizooties: OIE — World Organmatfor Animal Health), and more
recently Schmallenberg disease [1]. These disezmgse severe economic impacts through
the imposition of animal movement restrictionsaduce spread (which also reducing animal
trade), the cost of monitoring and surveillance whige diseases are notifiable to OIE and
morbidity and mortality that arises in susceptétemals [2].

In the absence of safe and efficacious vaccinestralo measures againstulicoides
populations have been recommended by the Europead Bafety Authority (EFSA) to
mitigate against transmission of BTV [3] and woublel likely to be employed in the initial
stages of an outbreak of AHS. Measures suggesthdiminsecticide applications and larval
development habitat modification or destructione Tse of insecticide residual spraying has
been suggested only in protecting particularly &hla animals within stables and during
transport when livestock is moved outside a rdstriczone. Physical methods as habitat
modifications include removal or reduction of ldn@eeding sites on farm holding and
housing livestock in closed buildings at times igfhhlevels ofCulicoidesactivity.

At present, no insecticidal products are authorigeetifically againsCulicoidesin the EU,
although a wide range of untested products ardadlaj licensed and in use against other
arthropods species of veterinary interest [3]. st commonly used method employed in
attempts to contraCulicoidesvectors of arboviral animal diseases is the appbo of pour-
on pyrethroid insecticides on ruminants (usuallyned or sprayed along the back-line of the
animal). Pour-on products are most commonly basedsymthetic pyrethroids but some
certain organophosphate-based formulations ateastllable and licensed for use in Europe.
Insecticidal pour-ons exert their effect in two waprimarily they are highly toxic to insects
landing on the treated animal, often killing withimnutes of their landing; secondarily they
exert a contact irritation that may reduce the phility of the insect successfully initiating or
completing a blood meal from the host. While tayicof different active ingredients is
usually relatively easy to define, the latter effet pour-on products is not usually so well
defined and results vary greatly between studigs [4

Among a relatively short list of authorised vetary medicinal products in Europe provided
by EFSA (2008) [3] some active ingredients havenb&adied in their effect o@ulicoides
These include alpha-cypermethrin [5,6], cypermatiiri8], deltamethrin [9-12], fenvalerate
[13], lambda-cyhalothrin [14] and permethrin [1316. Other trials have been conducted
with organophosphates [17,18], DEET [5], plant dediinsecticides [19], fungi [20] and with
a mixture of active ingredients [21-23]. The assex# of the insecticide efficiency have
been made using different experimental designsidicy the exposure @ulicoidesto hair
cut from pyrethroid-treated animals [6,14,24] aredtly to treated animal [12] or nets treated
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with a variety of insecticides with mesh-treateghti traps close to animals [21,23,25].
Comparison between studies is extremely difficall @esults produced are highly variable.
This variation in susceptibility to insecticideg@ss trials was reported previously and partly
attributed to variations in experimental protocal] [highlighting the importance of
standardized methods to obtain comparable data.

Recent studies have been performed using a modiétD standardized technique to
compare susceptibility aCulicoidesto insecticides [12,26] following earlier studi@y,28].
This baseline information on the susceptibility Glilicoides populations to authorised
insecticides is important in recommending the nadfgtctive insecticides and in detecting the
potential for development of resistance. While atsgde resistance has not been documented
in EuropeanCulicoidesto date, there is a risk of development due tolithéed classes of
products that are registered and available foriuslee Member States. In addition, the same
products have been used on a wide scale for maays yen livestock to control other
arthropods of veterinary interest like ticks antngi Dipteran (horn fly, stable fly). Such an
important use could result in the selection of gtsit insects that take blood on treated
animals or living in farms such &ulicoides As an example, the horn fly, Haematobia
irritans irritans, is becoming resistant to manyha insecticides in several countries [29].

Due to the lack of information about the suscefityoof Culicoidesspecies to insecticides,
this study screens the active ingredients of fiveth® more frequently used veterinary
products in Europe (pyrethroid: alpha-cypermethrideltamethrin and permethrin,
organophosphate: diazinon/dimpylate and phoxim)aralused in Africa and Latin America
(chlorpyrifos-methyl). Assessments were conductgiret three differentulicoidesspecies
of veterinary interest: laboratory-rear@ilicoides nubeculosubleigen and field-collected
populations (France) of. obsoletusMeigen, one of the main vector of BTV and SBV in
Europe [30] andC. imicola Kieffer due to its widespread distribution throogh Africa,
Europe and Asia and it's important role in BTV samssion in the Mediterranean Basin [7].
The main objective of this study is to obtain refere baseline and comparable data with the
perspective of testing the efficiency of insecticjgtoducts in laboratory and field conditions.
The integration of insecticidal treatments into tcoh programs againsCulicoidesborne
diseases is then discussed.

Material and Methods

Culicoides collections and identification

Three different species were used for insecticiggcaptibility tests: one laboratory reared
species and two field-collected speci€ailicoides nubeculosuspecimens were provided
from laboratory colony maintained under insectaoypditions (temperature 24°C £1°C, 70
+10% relative humidity and 12:12 hours light:dayicle) at Cirad (Montpellier, France). The
C. nubeculosusolony was established in 2012 from eggs and é&meovided by The
Pirbright Institute.Culicoides obsoletusnd C. imicola specimens were collected from the
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field in privately owned farms in Peret-Bel-Air (8D'05"N; 9°02'50"E, Correze department,
France, May-June 2012 and 2013) and in Pianot@alit&ello (45°28'43"N; 2°02'40"E,
Corsica, France, August 2012 and September 20%pgctvely.Culicoideswere collected
using a modified suction UV-light trap (OVI modé&puth Africa) with the collection jar
replaced by a fine mesh cage to enable live cadiest To prevent desiccation Gulicoides
during the collection period, wet paper was plaoadaluminium foil and rolled around the
mesh cages. Due to different activity perio@s,obsoletusollections were conducted from
1h before sunset to midnight, whi® imicola were collected from 1h before sunset until
dawn. Culicoides obsoletusollection cages were stored in an insulated boxexpanded
polystyrene covered with a soaked tissue papernayldr andC. imicola collection cages
were transported directly to the test room.

Following insecticide trials, field-collected indduals were morphologically identified to
species level foC. imicolaor to Obsoletuscomplex [31] using a binocular microscope; the
Obsoletuscomplex were further identified to species leveihg a diagnostic multiplex PCR
following the method outlined previously [32].

Insecticide active ingredients and impregnated pape

Insecticide active ingredients were selected onlthsis of the most commonly pour-on
formulations used by European farmers to contn@stiock ectoparasites (Table 1). There
were acquired from Sigma-Aldrich® from the same afaoturer PESTANAL® trademark
and presented a purity degree > 98% (Sigma-AlddPhC batch analysis). Test papers were
impregnated after training provided by a WHO catlattive centre (LIN-IRD, France).
Insecticide active ingredients were stabilized gsin acetone-silicon mix as solvent (2 ml per
paper, 67% acetone, and 33% silicone). Control nsapere impregnated with 2 ml of
acetone-silicone mix only. Impregnations were mli by the same person to ensure
consistency. Papers were impregnated few days éodiier testing period and conserved at
4°C wrapped in aluminium foil. Each paper was uselg three times.

Insecticide susceptibility tests

Insecticide susceptibility tests were performedofweing the standardised WHO protocol for
mosquito bioassay using tubes test (WHO/VBC/81.883)34] adapted fo€Culicoides[12].
Because insecticide susceptibility could not oné dge specific [35], but also related to
physiological status and gender [34,36], bioessare standardized accordingQailicoides
physiological states. Bioassays were performed ®ih days old females of laboratory-
rearedC. nubeculosughat had not been blood-fed and field-collectediviuals of C.
obsoletusand C. imicola from the night before the day of the trial. Foeldi collected
Culicoides,data analysis only considered nulliparous femagbasity was determined using
abdominal pigmentation following completion of ts37].

Culicoideswere exposed for 1h to insecticide-impregnatedemampregnated with serial
dilutions of insecticides and one control paperhwtite carrier compound only, in WHO
insecticide exposure tubes. For each replicateiecammut on field collectedCulicoides

approximately 100 unsorted individuals were placedeach tube to obtain at least 25
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nulliparous females of the target species. Follgwihe exposure period, dead and live
Culicoideswere transferred using a motorised aspirator covery tubes held vertically for
24h, supplied with a 10% sugar solution providedcotton wool pads. After the observation
period, liveCulicoideswere collected with a mouth aspirator and place8a% ethanol. The
number of dead and liv@ulicoideswas then recorded to assess the 24h rate of myor#sll
susceptibility tests were performed in rooms wigmperatures of 21+3°C and relative
humidity of 70£10%. One complete series of seridlitibns and one negative control
(untreated paper) was considered a single replimatefour replicates were performed for
each active ingredient and targeted species.

Statistical analysis

Classical dose-response analysis was performedwioly WHO recommendations [34]:
mortality was calculated by pooling the number Ibfde@ad Culicoidesacross all replicates
and expressed as a percentage of the total nunibekpmsed individuals. The control
mortality was used to validate the replicates, whentrol mortality was above 20% the
replicate was discarded. When control mortality waswveen 5% and 20%, mortality was
corrected using Abbott’'s method:

"Corrected mortality= 100 x " "(% observed mottali % control mortality)" /*(100 - %
control mortality)" [38]. When control mortality wéelow 5%, no correction was performed.
Data were analysed with a probit regression arej39] using PriProbit ver. 1.63 to obtain
susceptibility values (L6 and LGg) and sigmoidal curves of dose-response estimatbns
each insecticide active ingredient for each species

A second insecticide susceptibility analysis wagqumed to determine the effect of species,
doses and their interactions on the probabilitydeath after insecticide exposure. The two
families of active ingredients were analysed sdpbraas the concentrations tested were
different. Initially, a generalised linear modeltlvea binomial distribution was fitted leading
to an over dispersion of our data (goodness op#f).05). Therefore, to account for this, a
beta-binomial logistic regression model was usexbdgess of fit: p>0.05). The first model
was fitted with both explanatory variables (i.e.rtabty~dose*species); a second model was
fitted without species and then the effect of treiable was tested using the Pearson
correlation coefficient. R freeware (R Developmebore Team 2012) and additional
packages (aods3, lattice) were used for data a@aagsd graphics.

Ethics statement

Field Culicoidesspecimens were collected in privately owned famasspecific permissions
were required for these locations. This study aitinvolve endangered or protected species.
Insect collections did not cause any pain or sttesmimals in vicinity. Thus, according to
the Directive 2010/63/EU on the protection of arBnased for scientific purposes in Europe,
it was not necessary to submit this protocol tcetimics committee. The collection protocol
was presented to all animal owners who gave tleimssion to their involvement.
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Results

A total of 25,972 nulliparous females were usedimassays (4,00Culicoides obsoletys
10,204 Culicoides imicolaand 11,761Culicoides nubeculosisAmong the 4,16%bsoletus

complex individuals collected, 4,007 (96.2%) werelaoularly identified asC. obsoletus

146 (3.5%) a<C. scoticusand 12 (0.3%) specimens were not identified byatbgay and not
included in analysis.

Mortality recorded 24h after 1h exposure to ingédéis active ingredient indicated that
nubeculosusC. imicola and C. obsoletusvere all susceptible to the six active ingredients
tested (Fig. 1, Table 2 and 3). The susceptibiahes (LGo and LGg) calculated by probit
analysis are presented in percentage of activeedngnt/surface (Table 2) and in its
equivalent in mg/m2 (Table 3) as baseline values ftother studies. For pyrethroids,
permethrin produced the highestdg@nd LG, values, whereas deltamethrin gave the lowest
for the three species studied. Among the organgptais active ingredients tested,
chlorpyrifos-methyl produced the highest Jg@Gnd LG, values, whereas diazinon gave the
lowest ones. The gaps between lower and upper @bftdence intervals (95% CI) in figure

1 represent the variability of the response wiich species against each active ingredient.
The gaps between lsgand LG within each species represent the slope of the-tesponse
curves against each active ingredient (Fig. 1, @&bkand 3). The smaller the gap between
LCsp and LGy, the steeper the slope was, which means that B simi@ase of the dose can
provide a higher mortality. Results from deltamethagainstC. imicola pass from 50% to
90% by increasing the quantity of active ingrediént eight times. Alpha-cypermethrin
againstC. nubeculosusequired a quantity of 35 times the amount ofva&cingredient to
achieve the same increase in mortality.

Sigmoidal curves of dose-response obtained aftéa daalysis indicated that synthetic
pyrethroid active ingredients were 1-3 log-fold moreffective/unit weight than
organophosphates (Fig. 2). Deltamethrin was thet nwsc insecticide ingredient while
diazinon was the least toxic. The apparent grouggohoidal curves from the same active
ingredient represented that the dose-responsedhtbe tested species is similar. The species
effect was not significant in the case of deltametfp=0.14), alpha-cypermethrin (p=0.26)
or permethrin (p=0.65) active ingredients. In castr organophosphate active ingredients
presented significant species effects in chlorgygamethyl (p<0.001), phoxim (p<0.001)
and diazinon (p<0.001). In chlorpyriphos-methyl ahdzinon, the LG of C. nubeculosus
was respectively 2.6-3.8 times and 1.8-2.2 highantthe other two species, whereas with
phoxim the LG, of C. obsoletusvas 5.0-5.6 times lower than the other two spetés 2).
Diagnostic concentrations for the six insecticitksted are presented in Table 4.
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Discussion

The results of this study present the first ingsd#i susceptibility assessment across
Culicoidesspecies in Europe. More than 25,@D@licoideswere tested to obtain a robust and
reliable dataset demonstrating that species witengenus varied significantly in intrinsic
susceptibility to pyrethroid and organophosphatdivacingredients. The use of the
standardized method enabled the assessment oCilkieoides susceptibility to current
insecticides, providing important baseline inforimat including reference values for a
laboratory reared-specie€, nubeculosusPyrethroid insecticides were demonstrated to be
more toxic to the thre€ulicoidesspecies tested than were organophosphate inslesticihis
confirms previous studies conducted in wind tuntmigls carried out in USA with other
Culicoidesvector species [40-42]. This differential toxicligtween the two insecticide active
ingredient families has been also previously hgjitked in other insect species such as
mosquitoes [43-45] and termites [46]. The most doxisecticides were deltamethrin and
alpha-cypermethrin, both of which are synthetic Ztheration type lb-cyano pyrethroid
insecticides.

WHO recommendations for insect susceptibility testgise the use of standardised ages for
analysis. This restricts material in use to eithéult females derived from larval collections
(the preferred option) or, if larval collectionseanot possible, the F1 progeny of field
collected females. These solutions were not usékisnstudy however, as colonization©f
imicola and C. obsoletushas not been achieved [47]. As a more logisticéigsible
alternative to circumvent this issue, field-colesttunpigmented females were assumed to be
of a similar age [37].

Diagnostic concentrations proposed in this study iar accordance with strains of the
mosquitoAnopheles gambia4] (Table 4). The statistical modelling approaded in this
study highlighted no species effect for the thrgatisetic pyrethroid active ingredients,
indicating that the threeulicoides species showed similar susceptibility. Althougte th
absence of insecticide resistance needs to berewmdiby further bioassays and additional
biochemical or molecular studies, diagnostic cotregions for routing monitoring purpose of
insecticide resistance i@ulicoidesare proposed for the three pyrethroids Al studieable
4). Additional studies need to be conducted foranophosphate insecticides in order to
confirm diagnostic concentration, as some spedfeste were highlighted, suggesting natural
species-specific susceptibility as previously régafor mosquitoes [48,49]. This could also,
however, represent potential resistance mechanialtigugh diagnostic concentrations are
again similar to those of the mosquito suscepshi@nAnopheles gambig@4].

Resistance to many insecticides has been widelyrtegbin the New World for an important
veterinary insect pesHaematobia irritans irritans which has been specifically targeted by
insecticide treatment on farms or ruminants usiagrfpn applications. This resistance has
been demonstrated to occur through several knowohamesms, including target site
insensitivity [50,51] and metabolic detoxificatif?]. In order to detect the development of
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resistance mechanism @ulicoides as in mosquitoes, it is recommended to test bgdsay
the vector susceptibility over time throughout ylear to assess temporal trends in resistance,
and also compared multiple sites to provide infdramaabout geographical distribution of
resistance. Surveys of broadly distributed spesieh asC. imicolaandC. obsoletusould
provide helpful information about resistance acogdo the different insecticide pressure
and environmental context across countries. Indeg@throids are mainly used in agriculture
such as for crop protection against pests [53]tberoanimal diseases vector such as ticks
[54], which could select or increase resistanceeligment inCulicoides As Culicoides
borne diseases remains a major animal health migkurope, the monitoring of insecticide
resistance irnCulicoidesvectors should be increased in periodicity, geplgial coverage,
and range of insecticides to assist control progréomanticipate and respond accordingly to
Culicoidesinsecticide resistance status [34].

In conclusion, this study has defined the basedumgceptibility status o€ulicoidesvectors
against six insecticide active ingredients, thresseld on synthetic pyrethroid active
ingredients  (alpha-cypermethrin, deltamethrin  andermethrin), and three on
organophosphates (phoxim, diazinon and chlorpyifieshyl). A laboratory colony and field
collected species @@ulicoideswere all susceptible to these insecticides buadedthrin was
most effective as an active ingredient. Diagnostmcentrations are proposed for three
pyrethroids active ingredients, which are commamed insecticides across Europe. These
diagnostic concentrations will be used in furtherdges aiming to test the efficiency of
insecticidal formulations applied directly on anlmge.g. pour-on and baths/dips), or
insecticide impregnated materials (e.g. nets amtg)aagainsCulicoidesbut also to monitor
the potential emergence of resistance
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Tables

Table 1. List of the most commonly authorised veterinary ol products used for the treatment of livestéakcontrol ectoparasites in

Europe

Active ingredient Characteristics Routes of adminigation

Targeted livestock Common trade names

Pyrethroids

Deltamethrin 2nd generation typesHcyano pour-on, dip and spray

Alpha-cypermethrin ~ 2nd generation type H-cyano pour-on and dip

Permethrin 1st generation type | non cyano pouarahear tags

Organophosphates
Chlorpyrifos-methyl* pour-on
Phoxim pour-on, dip and spray

Diazinon spray and dip

cattle and sheep toxBR
cattle and sheep Ectotrine ®, Renegade ® and Dysect ®
cattle, sheep and horses Flypor @ectdnik ®

Cattle Vectoclor ® in Africa or Cyperchl®rin Latin America
cattle, sheep, goats and horses Sebacil ® 50%

Sheep Dimpygal ®**

*Active ingredient with no authorization in Europ&The only organophosphate insecticide currentitharized in UK.
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Table 2. Susceptibility values (L& and LGo, expressed in % of active ingredient) of fieldleoled adult femal€ulicoides obsoletugCorréze,
France) andCulicoides imicola(Corsica, France) and laboratory-rea@dicoides nubeculosU§€IRAD colony) to different active ingredients:

mortality recorded 24 h after 1h exposure to défgrconcentrations.

Active ingredient Species

Culicoides obsoletus

Culicoides imicola

Culicoides nubeculosus

No. test LCso LCoo No. test LCso LCoo No. test LCso LCoo

(n) (95%Cl) (95%Cl) (n) (95%Cl) (95%Cl) (n) (95%Cl) (95%Cl)
Pyrethroids
Deltamethrin 3 0.0001 0.0008 g 0.0002 0.0008 4 0.0003 0.0019

(1,491) (0.0000-0.0002) (0.0005-0.0018) (2,525) (0.0001-0.0002) (0.0005-0.0014) (2,528) (0.0001-0.0004) (0.0012-0.0043)
Alpha-cypermethrin 3 0.0012 0.0102 4 0.0008 0.0034 3 0.0016 0.0199

(502) NA NA (2,084) NA NA (1,883) NA NA
Permethrin 2 0.0207 0.0668 4 0.0194 0.0812 3 0.0102 0.1045

(527) (0.0188-0.0229)  (0.0565-0.0822) (1,562) (0.0171-0.0219) (0.0695-0.0975) (2,055) (0.0080-0.0117) (0.0849-0.1337)
Organophosphates
Chlorpyrifos-methyl 5 0.0182 0.0769 1 0.0274 0.1273 4 0.0725 0.1661

(615) (0.0142-0.0222)  (0.0632-0.0980) (122) (0.0176-0.0388) (0.0784-0.3535) (1,803) NA NA
Phoxim 6 0.0273 0.1177 2 0.1053 0.2441 3 0.1532 0.2759

(763) (0.0238-0.0312)  (0.0944-0.1564) (2,207) NA NA (1,965) (0.1143-0.2091) (0.2036-0.5761)
Diazinon 2 0.0848 0.2944 2 0.1031 0.3424 4 0.1839 0.3317

(917) NA NA (1,704) NA NA (1,527) (0.0800-0.2747) (0.2347-0.4333)

No. test = number of test performeds number of individuals tested, 95% CI = 95% coaffide interval
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Table 3 Susceptibility values (L& and LGo, expressed in mg/mz2 of active ingredient) of fietdlected adult femal€ulicoides obsoletus
(Corréze, France) andulicoides imicola(Corsica, France) and laboratory-reafadlicoides nubeculosu€IRAD colony) to different active

ingredients: delayed mortality 24 h after 1h expega different concentrations.

Active ingredient

Species

Culicoides obsoletus

Culicoides imicola

Culicoides nubeculosus

No. test LCso LCao No. test LCsp LCao No. test LCso LCgo

(n) (95%Cl) (95%Cl) (n) (95%CI) (95%Cl) (n) (95%Cl) (95%Cl)
Pyrethroids
Deltamethrin 3 0.04 0.30 3 0.06 0.28 4 0.10 0.69

(1,491) (0.01-0.07) (0.19-0.368) (2,525) (0.04-0.09) (0.19-0.49) (2,528) (0.05-0.15) (0.45-1.59)
Alpha-cypermethrin 3 0.43 3.73 4 0.28 1.25 3 0.59 7.31

(502) NA NA (2,084) NA NA (1,883) NA NA
Permethrin 2 7.62 24.53 4 7.14 29.84 3 3.75 38.39

(527) (6.91-8.42) (20.75-30.21) (1,562) (6.29-8.04) (25.54-35.81) (2,055) (3.23-4.28) (31.19-49.11)
Organophosphates
Chlorpyrifos-methyl 5 6.67 28.23 1 10.06 46.75 4 26.64 61.02

(615) (5.20-8.15) (23.20-35.98) (122) (6.47-14.24) (28.81-129.84) (1,803) NA NA
Phoxim 6 10.01 37.58 2 38.68 89.68 3 56.26 101.35

(763) (8.74-11.45) (29.57-47.75) (2,207) NA NA (1,965) (41.98-76.81) (74.78-211.62)
Diazinon 2 31.16 108.13 2 37.89 125.78 4 67.55 121.85

(917) NA NA (1,704) NA NA (1,527) (29.38-100.91) (86.22-159.17)

No. test = number of test performeds number of midges tested, 95% CI = 95% confidentval
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Table 4. Insecticide diagnostic doses (twice the g§)Cfor field-collected adult female
Culicoides obsoletuqgCorreze, France) andulicoides imicola (Corsica, France) and
laboratory-reare@€ulicoides nubeculos€IRAD colony)

Active ingredient Species

C. obsoletus C.imicola C. nubeculosus

DD % DD mg/m?2 DD % DD mg/m?2 DD % DD mg/m?2
Pyrethroids
Deltamethrin 0.01 5.30 0.007 2.75 0.03 11.13
Alpha-cypermethrin ~ 0.21 77.99 0.03 12.64 0.61 222.61
Permethrin 0.48 175.82 0.77 284.41 2.65 973.45
Organophosphates
Chlorpyrifos-methyl ~ 0.74 272.47 1.36 500.15 0.82 301.56
Phoxim 116 426.55 1.22 449.00 1.05 385.28
Diazinon 2.29 840.84 2.54 931.77 1.26 464.00
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Figures
Active ingredient concentration in mg/m?
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Figure 1. Lethal concentrations LGy LCgo and 95% confidence intervals for C.
obsoletus, C. imicola and C. nubeculosus exposed to six active ingredients: Delta:
deltamethrin; Alpha: alpha-cypermethrin, Perm: permethrin, Chlor: Chlorpyriphos-
methyl; Phox: phoxim and Diaz: diazinon. Lethal comentrations were calculated with
PriProbit ver. 1.63, based on the mortality recordd at 24 h after 1h exposure to
different concentrations.
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Figure 2. Sigmoidal curves of dose-response estin@ts of 3 species dtulicoides exposed to different insecticides active ingrediénDots

represent pooled data obtained for each tested coemtration (square: C. obsoletus; diamond: C. imicola; filled circle: C. nubeculosus)

and lines represent the logistic regression line @ach population for each active ingredient, calcated with PriProbit ver. 1.63, based on
the mortality recorded at 24 h after 1h exposure taifferent concentrations.
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2.2 Sensibilité des Culicoides aux substances actives
insecticides en Europe et Afrique

Manuscrit #4 (Parasitology, Vol 141, 2014)

Sensitivity of Culicoides obsoletus (Meigen)
(Diptera: Ceratopogonidae) to deltamethrin determined
by an adapted WHO standard susceptibility test
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SUMMARY

Bluetongue isa disease of major economic concern in Europe. Its causative agent, bluetongue virus (BTV), is transmitted by
several Culicoides species (mainly Culicoides imicola and Culicoides obsoletus in Europe). The application of insecticides on
animals may reduce transmission of BTV, however, no formulation is currently licensed specifically against Culicoides
midges. The present study assesses the susceptibility of C. obsoletus to deltamethrin using an adapted World Health
Organization (WHO) suscepribility test. Midges were exposed to different dosages of deltamethrin for 1 h, and morality
after 1 hand 24 h was recorded. Results indicated that deltamethrin is highly toxic to C. obsoletus since a dose of 1-33 X 10~ %%
was enough to kill 50% of the population (I.LDsp) in 24 h. The deltamethrin concentration needed to kill 90% of the
population (L.Dgy) was 5-55 X 10~ *%. The results obtained in the present work could help to create a system that can be used
to assess insecticide resistance and susceptibility of Culicoides biting midges.

Key words: Culicoides obsoletus, bluetongue, insecticide bioassay, [.Ds, I.Doy, vector control.

INTRODUCTION

Bluetongue (BT) is a widespread viral disease of
ruminants, inflicting mortality rates of up to 13% and
41% in cattle and sheep, respectively (Conraths et al.
2009). The pathogen agent is an Orbivirus that is
transmitted by competent vector species of Culicoides
Latreille biting midges. A number of species can
transmit the bluetongue virus (BTV) but Culicoides
imicola Kieffer is considered the main vector of
BTV in Africa and southern Europe (Boorman et al.
1985; Mellor et al. 1985) while Culicoides pulicaris
Linnaeus, Culicoides dewulfi Goetghebuer, Culicoides
obsoletus (Meigen) and Culicoides chiopterus (Meigen)
are considered vectors in northern Europe (Purse
et al. 2004; Conte et al. 2007; Balenghien, 2008;
Meiswinkel et al. 2008; Stephan et al. 2009). Of these
species, C. obsoletus is the most abundant in Europe
(EFSA, 2008) and is considered as the main vector
species in Europe (Jennings and Mellor, 1988;
Carpenter et al. 2006; Hoffmann et al. 2009). This
species, as well as C. chiopterus and Culicoides scoticus
Downes & Kettle, has also been implicated in the

* Corresponding author: Laboratory of Zoology,
University of the Balearic Islands, Cra/Valldemossa Km
7'5, Palma de Mallorca, Spain. E-mail: ricardo.delrio@
uib.es

Parasitology, Page 1 of 5. © Cambridge University Press 2013
doi:10.1017/S0031182013001935

transmission of Schmallenberg virus, which emerged
recently in northern Europe (Elbers et al. 2013).

The insecticide susceptibility of European species
of Culicoides to deltamethrin is poorly documented.
The responses of several species of Culicoides to a
range of organochlorines, organophosphates, carba-
mates and pyrethroids has been documented (Hill
and Roberts, 1947; Kline and Roberts, 19381; Floore,
1985; Holbrook, 1994; Braverman et al. 2004;
Schmahl et al. 2008, 2009; Venail et al. 2011) and
the results obtained with insecticides based on pyr-
ethroids —such as deltamethrin —show promise for
the control of Culicoides midges (Mehlhorn et al.
2008a,b; Schmahl et al. 2008, 2009; Venail et al.
2011).

In an attempt to standardize the technique of
assessing the response of insects to chemical treat-
ments, the World Health Organization (WHO, 1981)
developed an in vitro method that proved successful
for mosquitoes and was subsequently adapted to
work on biting midges (Venail et al. 2011). The
present work could aid to standardize a protocol to
assess the sensitivity of Culicoides to insecticides and
the results obtained could be used to develop com-
mercial products with the correct doses of deltame-
thrin, thus avoiding the misuse of active components
in the field that may be toxic to non-target insects or

- 103 -



Chapitre 2 : Comment évaluer la sensibilité aux substances actives

R. Del Rio and others

that might lead to the rapid development of resistance
in Cuficoides populations.

This study evaluates the sensitivity to deltamethrin
of a field population of C. sbseletus using the stan-
dardized World Health Organization {(WHO) test.

MATERIALS AND METHODS
Insect collection

Adult Culicoides midges were collected at a dairy farm
named Ca’s Boter (39°30'N; 3°7'5)) located in
Felanitx on the Balearic Island of Majorca, Spain.
Insects were collected using either Onderstepoort
{Agricultural Research Council-OVI, South Africa)
ot Mini-CDC (John Hock Company, USA) light
traps, which were operated from dusk to dawn {19:30
to 7:00) between April and June 2010. A piece of
roughly folded paper towel was placed inside the
collection container of the trap to shelter trapped
ingects from the air How of the fan. Early in the
morning captured midges were taken to the insectary
inside a thermally insulated container. At the insec-
tary, midges were transferred to WHO chambers
(WHO, 1981) in batches of 2100 individuals and
maintained in a dim light environment at 25+2°C
and 75-85% relative humidity (RH) with 5% sucrose
solution for 24 h. After this time, any dead Culicoides
wete discarded and live ones were used to assess the
ingecticide.

Insecticide suscepitibility test

The standard WHO test procedure (WHO, 1981)
was modified to assess the lethal effects of differing
doses of deltamethrin on C. ehseletus. Filter papers
{Whatman # 1, 90gm™ %, 12X25 cm) impregnated
with different doses of deltamethrin (0-0001, 0-0005,
0-001, 0-005 and 0-01%) in acetone-silicone solution
—2mL per paper; 67% acetone, 33% silicone —were
supplied by a WHO collaborative centre {Vector
Control Research Unit, Universiti Sains Malaysia).
Nets supplied along with the WHO test kit were
replaced by fine gauze to avoid escape of midges and
their transfer from the maintenance to the test cham-
bers (and vice versa) was easily conducted after cold
anaesthetizing the insects for 3 min at —4 °C.

Papers without insecticide and impregnated only
with 2 mL of acetone-zilicone mixture were supplied
by the same institution and used as a control.

WHO treated chambers with batches of =100
unsorted Culicoides were held horizontally for 1 h at
252 2°C, 75-85% RH. At least three replicates per
concentration were conducted although more repli-
cates were performed when some of the insects sur-
vived the treatment {T'able 1). After exposure, insects
killed by the immediate action of the insecticide were
counted and identified, while those still alive were
transferred to clean chambers and maintained in

2

the insectary with 3% sucrose solution. After 24 h,
alive and dead midges were again counted and iden-
tified. If the mortality of control groups was between
5 and 20%, the mortality rate of the treatment groups
was corrected by applying the Abbot formula
(Abbott, 1925). If mortality of control groups was
=20%, the results were discarded. Data of the tested
samples were pooled if mortality <3% was noted for
the control. All midges were identified using the key
of Rawlings {1996) although a subsample of 793
specimens belonging to the Obsoletus complex were
gsent to CIRAD {Centre International de Recherche
de I'Agriculture et du Dévéloppement) for molecular
analysis as females of this complex are difficult to
wdentify morphologically.

Data analysis

Drata obtained from the different assays were pooled
and subjected to Probit analysis (Finney, 1971) with
the program XL 5tat 2011 {Addinsoft) and the Lethal
Dose 50 (LDsg) and LDy (Raymond, 1983) were
obtained. Only the numbers collected of C. pbsoletus
were high enough to analyse statistically as individual
species. Statistical differences were considered sig-
nificant at P<0-05. Cumulative per cent mortality
was transformed into probit units and plotted against
the logarithm of dose of toxicant with the analytic
program Statplus 2009, The log-dose probit (Ld-P)
morttality line obtained was used to measure the
variability of the strain.

RESULTS

A total of 2737 Culicoides midges belonging to 11
different species were assayed, namely: Obsoletus
complex (78-4%), C. circumscripius Kieffer (15-1%),
C. newsieadi Austen (3-6%), C. maritimus Kieffer
(0-9%), C. univittatus Vimmer {0-8%), C. cataneii
Clastrier {(0-6%), C. longipennis Khalaf (0-3%),
C. pictipennis Staeger {(0-1%), C. puncticollis Becker
(0-1%) and C'. émicola (0-1%). 2145 specimens be-
longed to the Obsoletus complex. Molecular analyses
on specimens belonging to the Obsoletus complex
revealed that only five (0-63%) of the 793 tested
belonged to . scoticus Downes & Kettle, while
the remaining (788 individuals; 99-37%) belonged to
C. obsoletus.

The mean mortality observed for the Obsoletus
complex was >50% at a deltamethrin concentration of
0-0005% and >90% at a deltamethrin concentration of
0-001%. Doses = 0-005% led invariably to 100% mor-
tality. At 29 h post-exposure the mortality observed
ranged from 1-8 {delt. conc. = 0-0001%) to 1-01 {delt.
cone. = 0-001%) times higher than the mortality
observed at 1 h post-exposure {(Table 1).

After 1 h exposure, and following correction using
the Abbot formula, the deltamethrin LT}s5 observed
for the Obsoletus complex was LDsg=1-89x 10" "%
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Table 1. Effect of deltamethrin on the mortality of Cuficoides obsoletus under laboratory conditions

Deltamethrin concentration (%)

T Cuficoides assayed (range) N

X % mortks.o. (1h) X% mortdsn. (24 h)

Control 171 {(41-78) 3 243 0a 9+91a
0-0001 389 (38-165) 6 23+17:7a 461220
0-0005 621 (67-185) H 81+22-6a 83+16-7a
0-001 409 (54-10%) 5 98+ 16-3a 00+ 1-4a
0-005 187 (27-106) 3 1002 0-0a 1002 0-0a
0-01 179 (28-115) 3 1002 0-0a 1002 0-0a
Means in rows with the same letter are not significantly different (P <0-05).
1.0+ 104
= 81
9 -
£ o 6- %
£ 0.54 g
=] =
= T H /
t
=}
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Fig. 1. Sensitivity of C. obsoletus when exposed to
various concentrations of deltamethrin for 1h (grey line)
and after 24 h post exposure (black line) indicating
Loy (crosses) and LDy, (dots).

and a LDgg= 6-57% 107 ¥% (Fig. 1). LDsg and LDgg
were slightly lower at 24 h post-exposure (LDsp=
1-33%107%% and LDg=555%10%%) than after
1 h exposure (Fig. 1).

The natural mortality observed was close to 2% at
1h post-exposure and lower than 10% 24 h post-
exposure (Table 1).

Slope values of the Log. Dose-Probit Line (Ldp)
showed homogeneity in population response to
the insecticide treatment (slope 2-11; R?= 0-96).
The straight line observed for the Ldp indicated a
unimodal response of the population to the treat-
ments (Fig. 2).

DISCUSSTON

The population of C. ebseletus studied showed a high
sensitivity to deltamethrin. The lowest concentration
tested increased the mortality rate of the population
by approximately 40% and concentrations = 0-005%
killed all midges assayed in less than 1 h, thus indi-
cating the effectiveness of this insecticide in labora-
tory conditions. Deltamethrin affected the insects
mainly during the first hour of contact and any resi-
dual effect was only evident when the lowest con-
centrations were applied.

The results obtained in the present work are
consistent with other bioassays that demonstrate the
highly potent effect of deltamethrin on Culicoides

Fig. 2. Regression model showing the variability of

response to deltamethrin of the Cuficoides population
assayed. Grey line represents the experimental points
while black line represents the regression line (I.d-P).

populations {Bishop ef al. 2001; Doherty e af. 2001;
Melville ef af. 2001; Mehlhorn et al. 2008a; Schmahl
et al. 2008). Furthermore, the protocol used in the
present bicassay offers a reproducible and standar-
dized method to test Culicoides midges to insecti-
cides. In a similar study, Venail ¢t af. (2011) obtained
a LDg=203x107%% 24h post-treatment, thus
indicating that the population of C. ebsoletus assayed
in the present trial was 3-5 times more susceptible to
deltamethrin than the population studied by Venail
et af. (2011). This difference in tolerance observed
between populations of the same species suggests that
previous exposure to deltamethrin due to farm prac-
tices could have had an effect on the susceptibility of
the Culicoides populations to this insecticide.
Standardized WHO tests are used to assess the
susceptibility and possible resistances of certain
insects — especial ly mosquitoes — to insecticides inlab-
otatoty conditions. However, field studies are essen-
tial to determine the real effect of the insecticide over
the target population and associated fauna. The
environmental temperature should also be considered
since pyrethroids can exhibit lower toxicity at higher
temperatures (Hodjati and Curtis, 1999). Knowledge
of the temperature effects on deltamethrin toxicity
could avoid the continuous use of sub-lethal doses of
pyrethroids during the summer season in southern
Europe that may lead to resistance development.
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In the present work we have assessed the sensitivity
of one of the main vector species — C. obsoletus —of
BTY in Europe. However, assessment of the other
important species in Europe— C. émicola, C. pulicaris
or . chiopteris —should be conducted in future
wotks to contrast the results with previous studies
{Venail et al. 2011) and establish its susceptibility to
the insecticide. Furthermore, more field trials with
discriminating doses of ingecticide applied on ani-
mals should be conducted since the results obtained
50 far with permethrins have shown limited efficacy
{(Mullens et al. 2001; Venail ef af. 2011). The re-
pellent and insecticide effect of deltamethrin could,
however, decrease the biting rate of the midges or
reduce the size of the vector population thus affecting
the infection rate and preventing the transmission
of BTV.

The results obtained in the present trial showed
that the population of C. ebsoletus assaved is highly
susceptible to deltamethtin treatments. Field trials
with this insecticide would reveal its potential for the
control of the Culicoides populations and determine
if the reduction of the biting rate would be high
enough to generate a significant impact on the trans-
mission of BTV,
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Abstract

Background: Bluetongue (BT) is a viral disease of ruminantshwiemarkable economic
importance in the affected countries mainly duethie restrictions imposed on animal
movement and trading when an outbreak is detecié@. vectors responsible for the
transmission of the virus are insects of the gefwigcoidesLatreille. In Europe, two species
(Culicoides imicolaand Culicoides obsoletysare considered to play a major role in this
transmission. The present work assesses the simlitgpof the BT vectorC. obsoletugo
cypermethrin in laboratory conditions. An adaptedrl¥ Health Organization (WHO) test
protocol was used for the bioassays. Field colteCiglicoidesmidges were exposed for 1h to
papers impregnated with six different concentratiohcypermethrin ranging from 0.0001%
to 0.01% and then maintained for 24h to assessatiigrt

Results: Results indicated that the concentration needeklit®0% of the population was
LCse= 3.9e-003 (1.1e-003, 7.2e-002) after 24h post-sxpm Accordingly, the concentration
needed to kill 90% of the population was G 3.4e-002 (8.8e-003, 7.2e+004). A knock-
down effect was also observed and ranged from 028.1® + 36.5%.

Conclusions: Cypermethrin lethal concentrations have been détedrfor the BT vecto€.
obsoletusin laboratory conditions. Field studies based o results obtained in the present
work may provide valuable information for the caiof BT epidemiological situations.

Keywords: Pyrethroid insecticide, cypermethrin, knock-dos¥fect, WHO test.
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1. Introduction

Bluetongue (BT) is a viral disease of worldwidetdlsition that affects wild and domestic
ruminants and to some extent carnivores.1-3 Itsemserere clinical symptoms are displayed
over certain breeds of sheep and occasionally enated cattle.4,5 Up to 24 serotypes of BT
virus (BTV) with different pathogenic traits aramsmitted by vectors species@flicoides
Latreille (Diptera: Ceratopogonidae)@®ulicoidesimicola Kieffer is considered to play a
major role in the transmission of BTV in the sowthEurope and throughout the African
continent,7,8 while a group of two isomorphic spsc{ulicoidesobsoletus(Meigen) and
Culicoidesscoticus (Downes & Kettle)) identified as tBdsoletuscomplex9 are considered
the main vectors across Europe.10-12 The diffdsabgical and ecological aspects of these
vector species is of great importance for diseas¢ral when BTV or othe€Culicoidesborne
arboviruses (such as the recently detected in EuBghmallenberg virus13) emerges or re-
emerges in regions with economical important susigepruminants.14

Broad spectrum insecticides based on organophasploatorganochlorines have been used
for years to control nuisance and detrimental itssea farm habitats. The misuse of those
insecticides may however lead to the accumulatidmac compounds in soil and water or to
the development of resistant populations of tadjetesects.15 The insecticide effect of
different pyrethroids (synthetic compounds based natural pyrethrins) onCulicoides
populations is currently under study, and theiriemmental advantages over other organic
insecticides encourage the use of these compounttee ifarm industry. However, although
some studies have determined the lethal conceamgatf certain pyrethroids over particular
populations ofCulicoidesvector species,16,17 the insecticide or repebdfieict of large part

of pyrethroids orCulicoidespopulations remains to be studied.

The aim of the present study was to determine tisecticide effect of the pyrethroid
cypermethrin on &. obsoletugpopulation in laboratory conditions with an adapWorld
Health Organization (WHO) test protocol initiallgwkloped to asses mosquito susceptibility
to insecticides.18 Knowledge of insecticide lett@hcentrations oQulicoidesvector species

is essential to develop integrated strategies ain@davoid or manage potential
epidemiological risks associated@alicoidesborne diseases.

2. Material and Methods

Culicoidesmidges were collected between sundown and sumsgtcattle farm located in
Majorca (Ca’s Boter: 39° 30’ N, 3° 7' S) betweenyMane 2013 with Onderstepoort ultra
violet (UV) light traps (Agricultural Research CalrOnderstepoort, South Africa).
Collected insects were transported early in theningrto the laboratory in a thermic isolation
container and liveCulicoideswere separated and maintained in WHO tubes17 tches of
some 25 specimens for 24h with sucrose solutioB5&€C, 75% RH in darkness. After the
acclimation period, liveCulicoides were transferred to test WHO tubes with inseaticid
impregnated papers for 1h as described by deeRab. (2014).17 Test papers were manually
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impregnated with five different concentrations gpermethrin (0.0001%, 0.0005%, 0.001%,
0.0025%, 0.005% and 0.01%) and non-impregnatedrpapere used as controls. To avoid
biased results due to a potential uneven distobutf the insecticide, two sets of papers
(marked as A and B) were used alternatively. Afferexposure to the insecticideulicoides
from each concentration were separated in two reiffeclean WHO tubes according to the
following criteria; a) Midges apparently dead orh#siting clear intoxication signs (e.g.
crawling and flying difficulties) b) Midges appatgnnot affected by the insecticide. After
24h, alive and dead midges from each group weraratggl and morphologically identified
according to Rawlings key.19 The contribution afteapecies to the compl&bsoletusvas
determined previously with molecular tools (PCRheTgonotrophic status of females was
identified according to Dyce criteria.20 Insecteitests were discarded if mortality in the
control bioassay was higher than 20%, correctest afibbot’s formula when was between 5%
and 20% and pooled when was lower than 5%.

2.1 Data analysis

Data obtained from the different assays were poatetl subjected to Probit analysis22 with
PriProbit and the Lethal Concentration 50 {p)Cand LGo was determined.23 Only the
numbers collected of th@bsoletuscomplex were high enough to analyze statisticdljests
were used to compare the mortality rate betweentwte sets of papers (A and B) and
statistical differences were considered significainP < 0.05. Cumulative percent mortality
was transformed into probit units and plotted agfathe logarithm of dose of toxicant with
the analytic program Statplus 2009.

3. Results

A total of 1482Culicoidesmidges belonging to at least seven species waayed, namely:
Obsoletuscomplex (1307; 88.2%), C. newsteadi Austen (14B%), C. circumscriptus
Kieffer (22; 1.5%),C. imicolaKieffer (5; 0.3%), C cataneii Clastrier (2; 0.1%), maritimus
Kieffer (2; 0.1%) andC. puncticollisBecker (2; 0.1%). Regarding the gonotrophic coonit
of theObsoletuscomplex, 941 specimens (72%) were nulliparous,(26%) parous, 78 (6%)
gravid, 22 (1.7%) blood fed and 5 (0.3%) specimease males. A sample of 793 specimens
of this Obsoletuscomplex population analysed with molecular toodicated that more that
99% of the individuals belonged to the spe€ie®bsoletus

Nine replicates were conducted for each conceatrafive with paper marked as A and four
with paper marked as B, and not significant diffexe in the mortality rate between the two
sets of impregnated papers were observed (P =.08&r 1h exposure to the different
concentrations of the insecticide, the mortalitiye neecorded for the nulliparous femalesOof

obsoletuganged from 5.0% + 6.3 for the lowest concentratissayed (0.0001%) to 79.9% +
21.8 for the highest (0.01%). After 24h post expedo the insecticide, the mortality rate of
the remainingC. obsoletusanged from 2.7 + 5.3% for the lowest concentra{i@0001%) to
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16.7 £ 25.8% for the highest concentration assdQdill%) (Table 1). Some of the midges
that exhibited clear signs of intoxication after étposure to the insecticide were recovered
when checked after 24h. This recovery rate (knosvhreck-down effect) ranged from 0% at
lowest concentrations to 23.8 + 36.5% at conceantradbf 0.005% (Table 1). The fitted
dose/mortality curve obtained after correction wilbbot’'s formula indicated that the
cypermethrin concentration needed to kill 50% @ plopulation (L&) of C. obsoletusfter
24h was LGe= 3.9e-003 (1.1e-003, 7.2e-002). According to tames curve, the expected
concentration that would kill 90% of the populatiovas LGy = 3.4e-002 (8.8e-003,
7.2e+004) (Fig. 1).

4. Discussion

Results obtained in the present bioassay indidd&idthe population of. obsoletustudied

is highly sensitive to cypermethrin concentrations0.005%. At lower concentrations,
survival of midges was > 50%. This pyrethroid aetingredient exerted its insecticide effect
mainly during the 1h exposure to the population aadimportant residual effect was
observed during the following 24h. The knock-dovifea of a Culicoidespopulation to an
insecticide was not analysed before this work, &mvdas observed that a proportion of the
cypermethrin affected population recovers during rilext 24h at concentrations > 0.001% if
they are no longer in contact with the insecticideing able to continue a potential BTV
transmission cycle. The Ldp line obtained indicatibat the population assayed was
homogeneous in its response to the treatment anata@tions that may lead to consider
potential resistance to the insecticide were olexbrv

The toxicity of cypermethrin oveCulicoidespopulations have been demonstrated in the past
both in laboratory as well as in field conditionsZzl and even if a repellent effect with
compounds based on this pyrethroid have not begfire®d,25 it has been observed that
captures of the vector speci@simicolawith UV light traps placed inside pens were redice
when physical barriers were treated with cyperniet®r Toxicity bioassays have not been
conducted previously with this insecticide o@irlicoidesmidges, however, the susceptibility
of the same vector species to other pyrethroidgdedthrin) have been determined in the past
and resulted to be around ten times more toxic tbgoermethrin.16,17 In contrast,
cypermethrin seems to be more toxic than othertpsorls when assayed ddulicoides
populations, but this needs to be confirmed sinuesd insecticides were assayed over
differentCulicoidesspecies and methodS.(imicolaand C. sonorensis Wirth & Jones).28-30

The species assayed in this trial belonged tdthsoletuscomplex, comprising. obsoletus
and C. scoticus which are considered as siblingiepelue to their taxonomic similarity. 9
Culicoidesscaoticus is not likely to have contributed to tasults obtained in this work since a
subsample composed by 793 individuals of the s@tsoletuscomplex population was
molecularly identified in 2012 by the CIRAD instiduand revealed that > 99% belonged to
the specie€ulicoidesobsoletusl7 Hence, it is considered that results obtaimethis work
correspond to the speci€silicoidesobsoletus

-112 -



Chapitre 2 : Comment évaluer la sensibilité aux substances actives

Further studies with this insecticide should beduared on field conditions to assess its
potential use for the control of vector populatiolngbish & Liebish23 already confirmed the
toxic effect of cypermethrin oveZ. obsoletusy applying impregnated ear tags on cattle and
pyrethroid treated nets have been assayed in faomdetermine the efficacy of those
insecticide in controllingCulicoidespopulations.31 However, the efficacy of pyrethsofdr

the control the other major vector species in Eear@p imicolgd both in laboratory as well as
in field conditions remains to be confirmed.

Vector populations should be controlled avoidingsusie of toxic compounds in the field.
Organisms treated with sub-lethal concentrationsingecticide may develop resistance
responses while an over-use may result in excessisg@mulation of toxic compounds in soil
and organisms. Furthermore, other insects or eveall svertebrates can be affected
unnecessarily when too much insecticide is appmiedield.31 This work presents data of the
cypermethrin concentration needed to exert an teftec a BTV vector population in
laboratory conditions. The assessment of diffecamicentrations of this pyrethroid in field
conditions based on the results presented may wéleable background information for the
control of future BTV outbreaks or oth€ulicoidesassociated diseases.
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Tables

Table 1. Mortality rate (MR) and knock-down (KD) effect alifferent concentrations of
cypermethrin assayed on nulliparous femaleS.asbsoletusinder laboratory conditions.

MR (% +/- SD)

Treatment (%) N 1lh 1-24h KD MR
Control 155 0 18+27 0 18+27
0,0001 128 5.0+6.3 27+53 0 7.2+55
0,0005 123 6.7+9.5 9.3+11.5 0 15.7+12.1
0,001 114 11.5+6.7 6.0+7.4 0 16.9+9.0
0,0025 109 19.0+11.0 9.7+11.2 8.1+15.6 26.1 +15.6
0,005 116 34.7+22.4 47+5.9 23.8+36.5 37.7+20.8
0,01 149 79.9+21.8 16.7 + 25.8 8.0 +£16.7 815+21.1
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Figure 1. Sigmoidal dose-response curve Gfilicoides obsoletusfter 1h exposure to
cypermethrin.
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Abstract

Background: Culicoidesbiting midges are small dipterans involved in trensmission of
various arboviruses that cause diseases of vetglim@ortance worldwide. Insecticides have
been used againsCulicoides although the scatter data available to demonsttiagdr
efficiency. The assessment of the baseline intrissisceptibility of vector populations to
insecticide remains a central phase in the inddeticesistance detection and monitoring
which have been integrated in control programs. dbjective of the present study was to
work in a network using a standardized protocolagsess the susceptibility of different
populations from two livestock associatédlicoidesspecies to deltamethrin and permethrin
(pyrethroids) active ingredients.

Methods: The insecticide susceptibility dulicoides obsoletufrom mainland France and
Majorca (Balearic Island, Spain) afullicoides imicolafrom France, Spain, Senegal and the
Republic of South Africa were determined using adified WHO (World Health
Organisation) susceptibility assay adapte@udicoides.

Results/conclusions: This multicentric study revealed that all the éestpopulations of
Culicoidesfrom Africa and Europe were very susceptible to tested pyrethroid active
ingredients. The gold standard insecticide, delthnre was found to be more toxic than
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permethrin. The data presented will be used adeserece in further studies @ulicoides
control strategies and insecticide resistance tieteand monitoring locally and/or across
countries.

Keywords Culicoides,vector control, active ingredient efficiency

Background

CulicoidesLatreille (Diptera: Ceratopogonidae) are smallrhaphagous insects implicated
worldwide as primary biological vectors of arbowes causing important diseases of
livestock including bluetongue (BT), African horsiekness (AHS), epizootic haemorrhagic
disease (EHD) and Schmallenberg disease (SB) figsdCulicoidesborne diseases have a
severe economic impact through direct loses duketanorbidity and mortality that occurs in
susceptible animals, but also because if the remtuagt production of milk, wool and meat in
affected animals. Additional losses also occur ttu¢he imposition of animal movement
restriction that affects animal trade [2, 3] an& ttost of monitoring and surveillance.
Culicoidesare also extremely abundant in some areas imjatuisance on both humans and
livestock, limiting tourism and producing allerglermatitis in horses caused by their bites [4-
6].

In the attempt to contraCulicoidesborne diseases such as BT and AHS, several cesintri
have implemented compulsory vaccination campaiguaslimestock movement restrictions as
first line of defence in affected regions [7]. Waesafe and effective vaccinesQalicoides
borne viruses are either unavailable or absenttralormeasures againsCulicoides
populations have been recommended by veterinahoatiés to reduce host-vector contact
and thus decrease virus transmission.

The use of insecticide residual spraying withirbla and during transport when livestock is
moved outside a restriction area has been recomademaly in protecting animals with high
economic value (e.g. prize rams and racehorseslitiddal physical measures have also been
suggested to reducgulicoidespopulations such as the mechanical removal amdghrction

of larval breeding sites on farms and housing tmels during high seasonal activity of
Culicoides[8].

To date, no insecticidal products have been awédrispecifically againsCulicoides
although a wide range of products tested, liceressdl in use against other arthropods of
veterinary importance are available [8]. Worldwitleg most commonly method employed to
protect livestock fromCulicoidesis the application of pour-on pyrethroid insect&s on
ruminants [6]. While some effort has been made ssessing the efficiency of pour-on
products, results vary greatly between studiesd[§] to the different experimental designs.
Methodologies used include the exposur€olicoidesto hair clippings from treated animals
[9-11] or directly to treated animals [12] or evanllectingCulicoideswith insecticide mesh-
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treated light traps close to animals [13-16]. Thaability of results across studies highlights
the importance of standardized methods to obtaimpewable and reliable data.

Following EFSA’s recommendations to assess sudukfytiof Culicoidesto insecticides
using standardized procedures [8], recent studes lbeen performed using a modified
World Health Organisation (WHO) standardized tegheiadapted tGulicoides[12, 17, 18].
This baseline information is essential in recomniggdhe most effective insecticides and in
detecting and monitoring the development of reststa While insecticide resistance has not
been documented i@ulicoidesto date, the risk of its development exists cosrsidy that the
same products have been used on a wide scale &s ym livestock to control other
arthropods of veterinary interest as ticks, hoiesfland stable flies, which could result in the
selection of resistant insects as documented ihdihe fly Haematobia irritans irritang19].

As standardised information about the susceptybdft Culicoidesto insecticides is lacking,
this multicentric study aims to assess the sudméifptiof Culicoidesspecies of veterinary
interest to deltamethrin and permethrin (two of th@re frequently used insecticides in vector
and pest control).

Bioassays were conducted agairSulicoides nubeculosusMeigen, as the reference
laboratory-reared species, and field-collected faimns of two other€ulicoidesspecies of
primary importance. FirstlyCulicoides obsoletudeigen was tested as one of the most
abundant livestock associat€dlicoidesspecies in Europe and because of its implicat®n a
main vector of BTV and SBV in this region [20]. 8edly, the major Afrotropical arbovirus
vector Culicoides imicolaKieffer, were also tested due to its large disititn throughout
Africa, Asia and Southern Europe and its importasie in BTV transmission in the
Mediterranean Basin [7].

The main objective of this study was to work inedawork using a standardized protocol to
determine baseline susceptibility of differe@ulicoides vector populations to the most
commonly used pyrethroid insecticide active ingeeth: deltamethrin and permethrin.

Material and Methods

Culicoides collection and identification

Susceptibility tests were performed on th€adicoidesspecies: the laboratory reared species
and two field collected species. The reference ritboy-rearedC. nubeculosuspecimens
were provided from laboratory colony maintainedaim insectary (temperature: 24°C +1°C;
relative humidity: 70 £10%; light:dark: 12:12) atr&d in Montpellier (France). This colony
was established in 2012 from eggs and larvae peovioy The Pirbright Institute in the
framework of the FP7 EDENext European Project.d-pgpulations ofC. obsoletusaandC.
imicola were collected from several locations by differpattners in two European countries
(France, Spain) and two African countries (Senegalth Africa) (Table 1). The site choice
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was based on prior captures performed by partr@@ofiection sites are characterized by
abundant populations of target species and théddmise of insecticides.

Culicoideswere collected using a modified suction UV-ligrapg (OVI model, South Africa
[21]). The collection beaker was replaced by a fmesh netted cage to enable live
collections. To prevent desiccation of insects myrthe collection period, wet absorbent
paper was placed on aluminium foil and secured ratailne mesh cages. Traps were set
before sunset and retrieved at da®@nlicoidescollection cages were stored in an isothermal
container with an ice pack during transport tottet room.

Following insecticide trials, field-collected indiuals were morphologically identified to
species level [22] using a binocular microscopes @bsoletuscomplex were further
identified to species level using a diagnostic ipldk PCR [23].

Insecticide active ingredient and impregnated paper

Deltamethrin and permethrin active ingredients wesed at > 98% purity (Pestanal®, a
registered trademark Sigma-Aldrich Laborchemikal@mbh, London, UK). Test papers
(Whatman n°1 filter paper, 90 g/m2, 12 x 15 cm) evémpregnated following training
provided by a WHO collaborative centre (LIN-IRD,aRce) to RV in order to ensure
consistency and reduce possible bias. Papers wepeegnated with insecticides active
ingredients using an acetone-silicon mix as caagant (2 ml per paper, 67% acetone, and
33% silicone).

Control papers were impregnated with 2 ml of acetsiicone mix only. As recommended
by WHO [24], insecticide papers were impregnated tkys before the test, wrapped in
aluminium foil and kept at 4°C between uses and mgemore than three times for any test.

Insecticide susceptibility tests

Insecticide susceptibility tests were performedofwing the standardized WHO protocol for
mosquito bioassay using test tubes [24] adapte@uiticoides[12, 17].

As insecticide susceptibility could be age specji®, 26], and physiological status and
gender dependant [27], to optimize the standaidisabioassays were performed with 2-3
day old laboratory-reared. nubeculosusnfed females. Due to the difficulties to obtaiRla
generation, adults collected from the field thehtilgefore the test were used @r obsoletus
and C. imicola For field-collected Culicoides only unfed females determined using
abdominal pigmentation [28] were considered foadatalysis.

Culicoides were exposed for 1h to insecticide-impregnatedemawith different serial
dilutions of insecticides (Table 2) and one congraper, in WHO insecticide exposure tubes.
For each replicate carried out on field collectedlicoides approximately 100 unsorted
individuals were placed in each tube to obtain aladueast 25 unfed females of the target
population.

Following the one hour exposure period, ,@illlicoideswere transferred with a motorised
aspirator from exposure tubes to the observatibesuvhich were kept vertically for 24h,
supplied with a 10 % sugar solution provided ortaoivool pads. The number of dead and
live Culicoideswas then recorded to assess the 24h mortalityaradethe live individuals
collected and conserved in ethanol 96%.

-122 -



Chapitre 2 : Comment évaluer la sensibilité aux substances actives

A complete series (replicate) was composed of Iseilations and one negative control
(untreated paper) and four replicates were perfdrifioe each active ingredient and target
population. All tests were performed in rooms widmperatures of 21+3°C and relative
humidity of 70+10%.

Statistical analysis

Dose-response analysis fo€ulicoides mortality was performed following WHO
recommendations [27]: mortality was calculated kgolijng the total number of dead
Culicoidesacross all replicates and expressed as a pereeotdfe total number of exposed
individuals. The control mortality was used to dale the replicates and when control
mortality was above 20% the replicate was discardféden control mortality was between
5% and 20%, mortality was corrected using Abbattethod: corrected mortality = 100 x (%
observed mortality - % control mortality) / (100% control mortality) [29]. When control
mortality was below 5%, no correction was performBéta were analysed by a probit
regression analysis [30] using PriProbit ver. 1t63btain susceptibility values (ls&and
LCq0) and sigmoidal curves of dose-response estimatibrach insecticide active ingredient
for each target population.

A second insecticide susceptibility analysis waggumed to determine the effect of species,
origin (country and population), doses and thetieractions, on the probability &ulicoides
death following exposure. The two insecticide axtivgredients were analysed separately as
the tested doses were different. Initially, a geheed linear model with a binomial
distribution was fitted leading to an over dispensiof data (goodness of fit, p<0.05). To
assess the fixed effects (species and origin)lifferences in deviation between the complete
model (fixed effect: species, origin and doses authnteraction) and the model without the
fixed effect were calculated, taking into accouhe tdispersion factor. R freeware (R
Development Core Team 2012) and additional packémmds3, lattice) were used for data
analysis and graphics [31].

Results

A total of 13,306 unfed females were used in biagssbelonging to the reference laboratory-
reared species and seven different field-collepgullations: 3,99€. nubeculosys,423C.
imicola and 2,583C. obsoletus Among the 3,050 individuals collected belongimgthe
Obsoletuggroup: 2,583 (84.7%) were molecularly identifiesiGa obsoletus381 (12.5%) as
C. scoticusDownes & Kettle and 86 specimens (2.8%) were ¢ &0 be identified and
were discarded. Data analysis was performed wighntiolecularly confirmedC. obsoletus
Amongst the 1,803 individuals froif®@bsoletusgroup collected in Correze, France; 1,736
(96.3%) were identified a€. obsoletus 64 (3.5%) asC. scoticusand 3 (0.2%) were
unidentified; from the 543 individuals collectedMallorca Island, Spain, 513 (94.5%) were
identified asC. obsoletus3 (0.5%) a<C. scoticusand 27 (5%) were unidentified, and from
the 704 individuals collected in Catalonia, Sp&i84 (47.4%) were identified & obsoletus
314 (44.6%) a<. scoticusand 56 (8%) unidentified. The proportion ©f obsoletusn the
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bioassays performed in Catalonia was medium andhlardepending on the concentrations
and did not allow to conduct a proper analysish& mortality specific to this species in
contrast to the two other populations (mainlandnEea Mallorca) wheré€C. obsoletusvas
predominant and constant. Thus, the populatiod. afbsoletusrom Catalonia was discarded.

Mortality recorded 24h after 1h exposure to ingga# active ingredients indicated that all
tested populations were susceptible to deltametrthpermethrin. The lethal concentrations
LCso and LGy (susceptibility values) calculated by probit asédyare presented in percentage
of active ingredient/surface (Table 23) and ineggiivalent in mg/mz2 (Table 4). Deltamethrin
active ingredient was found to be more toxic tothl tested populations (left sided red
sigmoidal curves in Figure 1) than permethrin (rigided green curves in Figure 1).

The sigmoidal curves from the same active ingradigame colour in Figure 1) are grouped
together which could be interpreted as the testgullations have similar responses to the
same insecticide. In addition, the statistical gsial showed that the variable “species” have
no significant effect neither in deltamethrin (©:98) nor permethrin (p = 0.16) results, more
clearly, it can be considered that the three tespegties responded similarly to each of the
two pyrethroid insecticides. In contrast, when #fiect of the variable “origin”’an (country)
was tested, it was found a significant effect iftadeethrin (p=7e-4) and permethrin (p=5e-3)
results. In fact, the L& and LGo values of field-collectedCulicoides populations from
France to deltamethrin were lower than those framerocountries (Tables 3 and 4). When the
effect of the variable origin (population) was &hkta significant effect was evidenced in
deltamethrin (p=3e-5) and permethrin (p=4e-3) rasps. Indeed, the French populatioiCof
obsoletusand the Senegal population Gf imicola elicited the lower LG and LG, to
deltamethrin and permethrin respectively (Figuené Figure 3).

The similar steeper slope of sigmoidal curves (fégll), and the equivalent small gap
between LGy, and LGy either for deltamethrin and permethrin (Figure ri2l &igure 3),
evidenced the efficacy of pyrethroids to inducehkigmortality by a slightly increase in the
dose, demonstrating that results obtained wereistens. Despite the general robustness and
low variability of the response within each popidatagainst each active ingredient, which
can be traduced from the small size of gaps betweeer and upper 95% confidence
intervals (95% CI) (length of LC lines in Figuread Figure 3), the results Gf obsoletus
population in the Mallorca Island were highly vata

Discussion

This multicentric study represents the first assessg of the insecticide susceptibility of
Culicoides species of veterinary interest in a wide scaleogrcountries and continents
working in network, using the same experimentaigtesand providing robust, reliable and
comparable data, which may be used to establisthélseline concentrations to the most
commonly used pyrethroid insecticide active ingeats (deltamethrin and permethrin) for
subsequent susceptibility testing of field popwas. Such basic information is required to
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guide insecticide use in disease control prografos: selecting insecticide(s) and for
ascertaining continued susceptibility of targeettsspecies to and efficacy of insecticides in
use, in particular regarding the potential develeptof insecticide resistance.

All the Culicoides populations tested in this study were susceptibleeltamethrin and
permethrin active ingredients, which was documempeyiously using the same WHO test
method [12, 18, 32, 33] and also using the winchéhmethod [34-36]. Deltamethrin showed
higher toxicity against all th&ulicoides populations tested than permethrin, which was
previously documented in mosquitoes [37]. It is Iwglown that synthetic 2nd generation
type Il a-cyano pyrethroid insecticides as deltamethrin aywbermethrin were more
efficient/toxic than 1st generation type | (withcam o-cyano, providing less stability) as
permethrin, bifenthrin and tetramethrin [27, 38].39

This multicentric study, conducted on a larger scaith differentCulicoidespopulations,
allowed to confirmed that the recently stablisheydostic doses of the two commonly used
synthetic pyrethroids, deltamethrin (0.03%) andnpehrin (2.65%), using the reference
laboratory rearedC. nubeculosugl7] are an excellent means of resistance deteciiod
survey. This kind of multicentric bio-essay was dawocted in Ivory Coast to assess the
geographical distribution of resistancefofopheles gambiagopulations to deltamethrin and
permethrin [40].

While not resistance of an@ulicoides population investigated in the current study was
evidence, low variability between results was obsgér The bioassays conditions were
slightly different depending on the country, thelexdion site, the laboratory and the person
that performed the test, which may explain thiscepsbility variability. Multicentric
insecticide bioassays are subjected to extringitofa that can influence results, misleading
the real effect of an insecticide to a given popoia Some factors can be controlled like test
room temperature and humidity during the test, @sd the origin of impregnated papers and
the use procedure standardisation as made inttldg.dJnfortunately, other factors cannot be
controlled as the temperature during collectionrabe night, usually cooler than the test
room. This change of temperature could affect #sponse oCulicoidesto insecticides as
recently observed iAnopheles stephenskposed to permethrin by changing the temperature
before and during the test [41]. This point hightgythe complexity of field-based trials and
the importance of reducing bias to obtain reliatdéa.

Given that insecticides, and particularly pyrettspihave been used for decades in farms for
the control of pests in agriculture [42] and vestof veterinary interest as ticks, mites and
biting flies [43], this could provide additional Isetion pressure and could lead the
development of resistance mechanism to insecticid&ulicoidespopulations, which require
particular monitoring [27]. Establishing a baselinsecticide discriminating dose is crucial
for determining susceptibility status and chandemgporal patterns of physiological response
over time in insect populations. Most insecticidsgd for the control aAnophelesmalaria
vectors andAedesdengue vectors have well established and recomededdscriminating
concentrations (diagnostic doses) for routine nuoimg of vector populations. The
discriminating concentrations for mosquitoes weedinéd as 0.05% of deltamethrin and
0.75% of permethrin [24, 27, 44-46]. The monitoriof) resistance of malaria vector to
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pyrethroids has been performed in Africa and peedito reveal that resistance is clearly
widespread across the continent, highlighting timétations of previous control measures and
also the importance of encouraging alternative oeshrather than insecticides [47].

Local baseline data and its monitoring over timetlghout the year are needed to assess
early detection and temporal trends in resistanceuch broadly distributed species @s
imicola and C. obsoletusas each site has its own specific context antbigal use of
insecticides. Broad scale data is also needed awid® information about geographical
detection, distribution (aims of the present studgyl surveillance of insecticide resistance
(next studies).

In conclusion, this study has defined the basesinsceptibility of seven field collected
different Culicoides populations across countries in Europe and Afribai confirmed the
baseline diagnostic concentrations for the two mostnmonly used pyrethroid active
ingredients (deltamethrin and permethrin), whicluldobe used in further studies in the
detection and monitoring of resistance to thesedtsides. The susceptibility values may
also be used to evaluate in the field the efficgen€ insecticidal products against local
Culicoidespopulations.
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Tables

Table 1 Origin of Culicoides tested populations and date of collection

Species Origin
Country Location Date of collection
Culicoides nubeculosus France Cirad colony, Montpellier
Culicoides imicola France Piannotoli Caldarello, Corsica Island 08/20922013
Spain Caldes de Malavella, Catalonia 09/2012
Senegal Niague, Rufisque 03/2013, 02/2014
South Africa ARC-OVI Institute, Pretoria 06/2010
Culicoides obsoletus France Peret—Bel-Air, Corréze 06/2012, 06/2013
Spain Susqueda, Catalonia 09/2010
Spain Felanitx, Mallorca Island 06/2013
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Table 2 Concentrations in percentage of deltamethmni and permethrin active ingredients used to assesise insecticide susceptibility of
different populations of Culicoides

Species Origin (Country) Deltamethrin Permethrin

Culicoides nubeculosu€IRAD colony (France)

0.0001, 0.0005, 0.00075, 0.001, 0.002, 0.003 @8, 0.05,0.1,0.2
Culicoides imicola Corsica Island (France)
0.0001, 0.0005, 0.00075, 0.001, 0.002, 0.003 @@s, 0.1, 0.2, 0.4
Catalonia (Spain)
0.0001, 0.0005, 0.001, 0.002, 0.003, 0.005 0.0@D5) 0.01, 0.05, 0.1

Pretoria (South Africa)
0.0001, 0.0005, 0.001, 0.005, 0.01

Rufisque (Senegal)
0.00025, 0.0005, 0.00075, 0.001, 0.002, 0.003 0.00D3, 0.005, 0.0075, 0.01, 0.02, 0.04

Culicoides obsoletus Correze (France)
0.0001, 0.00025, 0.0005, 0.001, 0.00125, 0.0023).0.005 0.01, 0.02, 0.04, 0.08

Mallorca Island (Spain)
0.0001, 0.0002, 0.0003, 0.0005, 0.001, 0.003 0.0@4, 0.02, 0.04, 0.08
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Table 3 Susceptibility values (LG and LCqq, expressed in % of active ingredient.) of differenpopulations of Culicoides to deltamethrin
and permethrin active ingredients: mortality recorded 24 h after 1h exposure to different concentratios

Species Origin (Country) Deltamethrin Permethrin
No. test LG LCgqg No. test LG LCgqg
(n) (95% ClI) (95% ClI) (n) (95% ClI) (95% ClI)
Culicoides nubeculosus CIRAD colony (France) 4 0.0003 0.0019 3 0.0102 0510
(1,940) (0.0001-0.0004)  (0.0012-0.0043)  (2,054) 0@80-0.0117)  (0.0849-0.1337)
Culicoides imicola Corsica Island (France) 3 0.0002 0.0008 4 0.0194 0812
(2,283) (0.0001-0.0002)  (0.0005-0.0014)  (1,369) 0101-0.0219)  (0.0695-0.0975)
Catalonia (Spain) 3 0.0003 0.0023 2 0.0175 0.1071
(378) (0.0002-0.0004)  (0.0016-0.0037)  (123) NA NA
Pretoria (South Africa) 3 0.0003 0.0020
(291) NA NA
Rufisque (Senegal) 4 0.0005 0.0015 3 0.0031 0.0168
(458) (0.0004-0.0005)  (0.0012-0.0018)  (521) (0.001®45)  (0.01048-0.0431)
Culicoides obsoletus Correze (France) 3 0.0001 0.0008 2 0.0207 0.0668
(1,304) (0.0000-0.0002)  (0.0005-0.0018)  (432) (6830.0229) (0.0565-0.0822)
Mallorca Island (Spain) 4 0.0005 0.0032 4 0.0147 .0800
(382) (0.0002-0.0011)  (0.0013-0.1246)  (131) (0.0001203)  (0.0502-0.2445)

No. test = number of test performad.= number of individual tested. 95% CI = 95% confide interval, NA = confidence interval not

computed, due to a large variability in the dosglomse effect.

-134 -



Chapitre 2 : Comment évaluer la sensibilité aux substances actives

Table 4 Susceptibility values (LGo and LCqy, expressed in mg/m2 of active ingredient.) of diirent populations of Culicoides to
deltamethrin and permethrin active ingredients: mottality recorded 24 h after 1h exposure to differentoncentrations

Species Origin (Country) Deltamethrin Permethrin
No. test LG LCgqg No. test LG LCgqg
(n) (95% ClI) (95% ClI) (n) (95% ClI) (95% ClI)
Culicoides nubeculosus CIRAD colony (France) 4 0.10 0.69 3 3.75 38.39
(1,940) (0.05-0.15) (0.45-1.59) (2,054) (3.23-4.28) (31.19-49.11)
Culicoides imicola Corsica Island (France) 3 0.06 0.28 4 7.14 29.84
(2,283) (0.04-0.09) (0.19-0.49) (1,369) (6.29-8.04) (25.54-35.81)
Catalonia (Spain) 3 0.11 0.84 2 6.43 39.34
(378) (0.07-0.15) (0.59-1.36) (123) NA NA
Pretoria (South Africa) 3 0.11 0.73
(291) NA NA
Rufisque (Senegal) 4 0.17 0.55 3 1.14 6.17
(458) (0.15-0.18) (0.44-0.66) (521) (0.66-1.65) 86315.83)
Culicoides obsoletus Correze (France) 3 0.04 0.30 2 7.62 24.53
(1,304) (0.01-0.07) (0.19-0.37) (432) (6.91-8.42) 20.75-30.21)
Mallorca Island (Spain) 4 0.18 1.18 4 5.40 30.86
(382) (0.07-0.40) (0.48-45.77) (131) (3.71-7.46) 8.44-89.81)

No. test = number of test performad.= number of individual tested. 95% CI = 95% confide interval, NA = confidence interval not
computed, due to a large variability in the dosglomse effect.
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Figure 1 Overview of sigmoidal dose-response curvesf different populations of
Culicoides exposed to deltamethrin (red) and permethrin (greepactive ingredients:dots
represent observed data and lines represent tigidogegression line of each population for
each active ingredient (solid line€. nubeculosusand dotted linesC. obsoletusand C.
imicola) calculated with PriProbit ver. 1.63, based onrtiatality recorded at 24 h after 1h
exposure to different concentrations.
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Active ingredient concentration in mg/m?
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Figure 2 Lethal concentrations LGy, LCgoand 95% confidence intervals for different
populations of Culicoides exposed to deltamethrin.FR: France, ES cat: Catalonia, Spain,
SA: South Africa, SEN: Senegal and ES mal: Malldstand, Spain. Lethal concentrations
were calculated with PriProbit ver. 1.63, basedtloe mortality recorded at 24 h after 1h
exposure to different concentrations.
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Active ingredient concentration in mg/m?
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Figure 3 Lethal concentrations LGy, LCgoand 95% confidence intervals for different
populations of Culicoides exposed to permethrinFR: France, ES cat: Catalonia, Spain, SA:
South Africa, SEN: Senegal and ES mal: Mallorcaridl Spain. Lethal concentrations were
calculated with PriProbit ver. 1.63, based on ttwetaiity recorded at 24 h after 1h exposure
to different concentrations.
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Discussion du chapitre 2

Les études menées avaient comme objectif déeerminer la sensibilité des
principales espéces de&ulicoides d'importance vétérinaire en Europe aux substances
actives insecticidesNos travaux établissent pour la premiére fois\ddsurs de sensibilité
de référence de différentes populationsCGleobsoletusen France et en Espagne etGle
imicola en France, en Espagne, au Sénégal et en Afriqugudua la deltaméthrine et a la
perméthrine.

Malgré la levée de nombreux obstacles méthodolegigicertaines difficultés
persistent. D’abord, la réussite de la mise enagjewd’une seule espéce paléarctique, dont
limplication dans la transmission de pathogénestereencore a prouver, impose une
extrapolation des résultats pour les populationvages des especes d’intérét. Cette souche,
C. nubeculosygeste trés adaptée a la manipulation en laboeagbiest un excellent outil de
travail : les individus supportent la manipulatensont de grande taille. La mise en élevage
d’'une souche de référence pour une espéece d'inét@&tinaire serait une grande avancée.

La capture d’'un grand nombre @ailicoidessauvages peut étre entravée par la saisonnalité
des espéces et les conditions météorologiques auentodes piégeages. En effet, cette
abondance peut étre largement impactée en présienpluie, de vent ou de températures
fraiches. De plus, la diversité d’espéces présenten site est généralement importante et
nécessite donc des prospections préalables powssus&a que |'espece cible soit
majoritairement représentée. Les temps d’identificades individus apres les essais sont
trop longs. L’analyse de la dynamique spatialeetporelle des populations Geilicoidesen
France Manuscrit #) a permis de programmer les campagnes de piégpageses tests de
sensibilité insecticide au moment des pics d’aboodalans les sites ou les espéeces ciblées
sont prépondérantes. De plus, il est impossiblstaledardiser 'age des adultes collectés lors
des piégeages dans les populations sauvages. $acleala sensibilité dépend de I'age, du
stade physiologique et du sexe (WHO, 2013), sdatefemelles nullipares (a 'abdomen non
pigmenté) et non gorgées ont été incluses darsni@yses. Enfin, 'absence quasi-totale de
données de sensibilité de base a rendu laborieusmide au point des gammes de
concentrations.

Les modifications techniques apportées au testinaligOMS développé pour les
moustigues ont été indispensables pour une uiilisatvec lesCulicoides.Cependant, ces
modifications sont mineures et les tests réalisgCsilicoidescontinuent de respecter les
grandes lignes des recommandations publiées pMS3 @our déterminer la sensibilité aux
insecticides des insectes d’intérét.

Les valeurs de sensibilité obtenues dans ces étié@mentrent que la population de
'espéce de référenc€. nubeculosugntretenue en élevage et les différentes popuoktio
sauvages de&. obsoletuset C. imicola sont sensibles aux 7 substances actives testées :
I'alpha-cyperméthrine, la cyperméthrine, la deltthmée et la perméthrine appartenant a la
famille des pyréthrinoides et le chlorpyriphos-nyétke diazinon et le phoxime de la famille

- 139 -



Chapitre 2 : Comment évaluer la sensibilité aux substances actives

des organophosphorés. Les populations Qidicoides testéessont plus sensibles aux
pyréthrinoides, classe d’insecticides développés ptcemment que les organophosphorés,
ce qui est aussi observé chez les moustiques (BandaSingh, 2004 ; Moshet al, 2008 ;
Juntarajumnongt al, 2012). Aussi, nous confirmons que les pyréthdaside 2génération

de type IlI, l'alpha-cyperméthrine et la deltamétbrisont parmi les substances actives les
plus toxiques contre le€ulicoides ceci étant aussi observé chez les moustiques (WHO,
2013). Parmi les substances actives autoriséesuerp& dans le contexte vétérinaire, la
deltaméthrine apparait donc comme la plus toxique.

Nos résultats a partir des tubes OMS ne mettenepasvidence de phénomeénes de
résistance aux pyréthrinoides et aux organophoépluams les populations testées.
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Introduction du chapitre 3

Suite & I'émergence soudaine de la FCO en 2006 wopE, I'évaluation de
I'efficacité des traitements insecticides et réfisiislevint une priorité au niveau européen.
Plusieurs essais ont été menés a ce propos. @esigae quelques produits commercialisés
pour le traitement des animaux, recommandés pautsités européennes afin de contréler
la maladie, ont été étudiés. Leur efficacité a gd@éralement évaluée suivant le méme
schéma : les animaux sont traités sur le terra@t d&s produits a tester, puis quelques poils
sont coupés et transportés au laboratoire, ouefimaht ils sont mis en contact avec des
Culicoides Apres un premier contact de quelques minutespdds sont placés dans un sac
plastique hermétique et stockés a 4°C et la mt#tait enregistrée. Quelques jours plus tard,
les poils sont sortis du réfrigérateur et remicentact avec le€ulicoides C’est ainsi que la
persistance des formulations a été évaluée pows qéu 10 produits commercialisés. En
utilisant cette méthode, tous les produits testés gous avons répertoriés ont montré
d’excellentes performances, allant jusqu’a 1009detalité a 35 jours aprés le traitement de
bovins et ovins avec Butox 7.5 pour-on(7.5 g de deltaméthrine/l) (Schmagtlal, 2009a).

Le stockage a froid des produits insecticides corf@agapiers imprégneés, est préconisé par
'OMS pour conserver leur efficacité pendant desaees voire des mois (WHO, 1981).
Ceci expliquerait les persistances observées danétades.

Dans une étude menée en Australie quelques aanasavant, les animaux avaient
été traités avec des avermectines (anti-parasitgeetable en sous-cutané) et leur efficacité
et persistance évaluées en exposantldeoidesdirectement sur le corps de I'animal traité.
Apres une exposition de 30 minutes a l'oreille 'daiial, la mortalité a été enregistrée, puis
les animaux ont été placés dans des enclos, sép@&manins et traités pour éviter des
contaminations. Les expositions ont été répétaeslas jours pendant une vingtaine de jours
et il a été observeé que le traitement était trésagfe avec 70-100 % de mortalité les premiers
jours, puis 50 % a 10 jours, moins de 20 % a 1%sjet inférieur a 10 % 18 jours apres le
traitement (Standfasét al, 1984). Cette méthode d’exposition directe d@adicoides a
I'animal (conditions plus réelles et moins artiéibées que les poils stockés au froid), a permis
de mettre en évidence une perte d'efficacité dansrhps des avermectines, se traduisant en
une persistance inférieure a celles observéeslasdéormulations d’application cutanée.

Confrontés a ce contraste, nous avions choisi tliévdefficacité de la formulation
topique plus utilisée en Europe, le Butox 7.5 mour-on en exposant le€ulicoides
directement a I'animal traité. Cette méthode ad#ija été utilisée auparavant pour tester
I'effet répulsif d’autres formulations (Reevesal, 2010). Ainsi, hous avons traité des ovins
avec la dose préconisée par le fabricant (10 mlleswlos) puis nous avons exposé les
Culicoidespendant 3 minutes a la partie antérieure de lseuws I'animal traité (Figure 2.2
page 79), nous avons enregistré la mortalité ets remons répété les contacts pendant
plusieurs jours. Cette étude, réalisée en dehoredeavail de these, est incluse dans cette
these car elle nous a permis d’avoir des basesptualles et méthodologiques. La mise en
place de ce type d'étude a nécessité d’'importardgens tels qu'un élevage avec des
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animaux ou le traitement insecticide soit autoesé proximité de l'insectarium ou sont
éleves leCulicoides

Limités par ces difficultés logistiques, nous avdasté, en laboratoire, d’évaluer
I'efficacité des formulations en utilisant la procée de référence de 'OMS, le test en cage,
ou les moustiques maintenus en cage sont mis eermé d'un animal traité (lapin ou
cobaye). Comme le repas @e nubeculosud’élevage était assuré sur souris avant de passer
au systeme de gorgement artificiel actuellement emisplace, nous avons choisi la souris
comme modele animal pour servir d’appat vivant. ¢ages préconisées pour ce test, 25 cm x
25 cm couverte d’'un voile en moustiquaire, se swérées trop grandes pour (@slicoides
femelles de 3 jours n'ayant jamais pris de repagEa, et aucune attirance pour la souris
posée endormie sur le voile n'a été observée. Mooss donc remplacé les cages par des
plus petites de 20 x 20 cm puis par des cylindeedscm de hauteur avec un diamétre de 9
cm, mais dans aucun des deux casUaficoidesne se sont intéressés a la souris. Nous
sommes, par la suite, retournés a l'utilisation cges en carton avec des adultes issus de
I'élevage et nous avons disposé les souris anésgsésomme il avait été fait auparavant pour
la maintenance de I'élevage @e nubeculosugFigure 3.1). La formation d’expérimentation
animale de niveau 2 a été suivie pour permettradaipulation des souris. Afin d’optimiser
le taux de gorgement du témoin, nous avons rédésépré-tests sous différentes conditions
comme I'age des femelles, la luminosité, la temjpéeaet 'humidité. Finalement, nous avons
constaté que les meilleures conditions pour manéedt étaient avec des femelles agées au
maximum de 5 jours, dans I'obscurité totale, avee température et une humidité relative
d’environ 20°C et 60%. Ces conditions nous ont e gorger a plus de 80% des femelles
sur souris témoin (Figure 3.1). Nous avons ainsatéé le test avec des souris traitées avec
guatre formulations : le Butox 7.5 (deltaméthrind&ctotrine (cyperméthrine), le Vectochlor
ou Cyperclor (chlorpyriphos-méthyl, cyperméthrirtecdgronnelle) et le Sebacil (phoxime).
Nous avons permis le gorgement pendant 30 mincées)ous voulions standardiser le temps
d’exposition et nous ne disposions que de 1 h (sedipffet anesthésique) pour endormir
toutes les souris. La mortalité et le taux de gomyst ont été enregistrés 24 h apres
I'exposition et les contacts ont été répétés danerhps. Les atouts majeurs de cette approche
sont la faisabilité, la répétabilité, la compar®imais surtout le criblage rapide des produits.
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U

Figure 3.1 Mise en contact de la souris traitée avec Qesicoides (gauche) et femelles
gorgées (droite).

Concernant les produits a caractere répulsif, tades menées jusqu’a présent, ont
utilisé diverses méthodologies se basant sur désctas a proximité des traitements ou en
utilisant des pieges avec les filets imprégnéssraassi, sur I'exposition d€xulicoidesa des
poils ou au sang d’animal traité, ou directemetia@imal ou dans un olfactométre en Y.
L’effet répulsif obtenu dans ces études est trémbie, voire contradictoire selon la méthode
utilisée, comme par exemple ; le traitement du fifen piege avec de la citronnelle n’a pas
diminué les captures par rapport au piege témoagdRt al, 2009), mais, quand elle est
testée dans un olfactometre, la répulsion est @& &6des concentrations de 0,1 pg/ul de
substances actives (Gonzaédal, 2014).

Dans le but d’évaluer, de facon homogene, I'efitéades répulsifs qui inhibent le
repas de€ulicoides,nous proposons une approche différente a celleg@sgnsqu’a présent.
Elle consiste a employer le systeme de gorgemsdificiat, utilisé en routine pour le
gorgement d€. nubeculosumis en élevage, et traiter avec différents pradiaitmembrane
de la pastille de sang sur laguelle le repas eéstafin de quantifier la réduction du taux de
gorgement par rapport au témoin sans traitemenusNaovons donc, testé en laboratoire
I'efficacité de 6 huiles essentielles : géraniumvende, eucalyptus citronnée, citronnelle,
menthe poivrée et arbre a thé, 2 répulsifs : neemEET et 1 insecticide : deltaméthrine
contre des femelles d&. nubeculosusle 3 jours n’ayant jamais pris un repas sangubnsT
les produits ont été dilués dans I'éthanol a 96 t%d& ul ont été appliqués et étalés
délicatement sur la membrane du systéeme de gordemm@pli de sang bovin (Figure 3.2)
afin d’obtenir des concentrations de 0,083 pul destance active/cm?2 pour les 6 huiles
essentielles, le neem et le DEET a 5 %, de 3,2 |duibstance active/cm? pour le DEET a 20
%, et de 4 pg de deltaméthrine/cmz2. Les surfacegtériaissées 10 minutes a I'air libre pour
que I'étanol s’évapore, puis le gorgement a éténjgependant 20 minutes et finalement le
nombre de femelles gorgées et non gorgées a @gisiné. La procédure a été répétée 3 fois.
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Nous avions prévu de mener ce test avec des pamdatauvages et des missions ont
été réalisées en France pour colle@epbsoletusians le département de la Corréze (19) et
C. imicolaau sud du département de Corse du Sud (2A) etngaliser les tests sur place
dans un gite rural, ou une chambre a été résereée effet. Malheureusement, les taux de
gorgement de ces deux especes n'ont atteint qué.Bace a cette contrainte, nous avons
adapté la procédure en remplacant la membran&draiair une pastille de papier filtre
imprégné (comme dans le test en tube OMS) avesuriace identique a celle de la pastille
de sang. Le sang a été remplacé par de I'eau socl@&e pour nous permettre d'identifier
les femelles qui ont pris de I'eau. Vu que le pafilee est plus absorbant que la membrane,
le volume des dilutions a appliquer a été augmant@0 ul pour obtenir des concentrations
de 0,104 pl de substance active/cm?2 pour les @heissentielles, le neem et le DEET a 1%,
de 0,052 pl de substance active/cm? pour le DEETY, et de 4 pg de deltaméthrine/cm2.
Sur les pastilles de papiers d’abord 150 ul d’esurée colorée puis les 100 pl de dilutions
ont été pipetés. Par la suite, elles ont été posdredes tubes en plastique transparent nous
permettant de visualiser le comportement @eticoides(Figure 3.2). Les pastilles ont été
laissées 10 minutes a I'air libre pour que I'étHasiévapore, puis le gorgement a été permis
pendant 1 h et le nombre de femelles gorgées egoees a été enregistré. La procédure a
été répétée 3 fois avé€l obsoletusnais les tests programmés a¥&cimicolan’ont pas pu
étre réalisés a cause des conditions météorolagiyeats violents) qui n'ont pas permis des
captures conséquentes. Nous disposons donc setlldesedonnées po@. nubeculosust
C. obsoletus.

S 2. 30
:d '_.._._‘._3 i

Figure 3.2 Dispositifs pour évaluer I'inhibition de repas $es Culicoidesavec des répulsifs
membrane sur la pastille de sang (a gauche) ell@atst papier filtre non traitée (au centre) et
traitée avec du géranium (a droite).
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L’objectif de ce chapitre est doncévaluer I'efficacité des produits insecticides
appliqués directement sur les animaux et des répuls contre lesCulicoides. Les résultats
obtenus au cours des essais sont présentés dadadsuie manuscrit sous la forme de deux
articles, le premier concernant les insecticidde second, les répulsifs :

- Venail R, Balenghien T, Carpenter S and Baldet T. Assesspofethe efficiency of
insecticides formulations agairStlicoidesbiting midges (Diptera: Ceratopogonidae)

using a novel approach. A soumettre a Veterinamastalogy. Manuscrit #7page
149.

- Venail R, Lachance S, Lhoir J, Rakotoarivoany |, Garro8&enghien T, Carpenter
S and Baldet T. Feeding inhibition and lethal praps of various essential oils
against adulCulicoidesbiting midges. En preparatioklanuscrit #8page 161.
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3.1 Efficacité des produits insecticides appliqués
directement sur les animaux contre le€ulicoides

Manuscrit #7 (a soumettre a Veterinary Parasitology) :

Assessment of the efficiency of insecticide formuians
againstCulicoides biting midges
(Diptera: Ceratopogonidae) using a novel approach

Roger Venail , Thomas BalenghiénSimon Carpentémand Thierry Baldét

'Entente Interdépartementale pour la Démousticatiorittoral méditerranéen (EID Med),
Montpellier, France.

’Cirad, UMR15 CMAEE; INRA, UMR1309 CMAEE, MontpelligFrance

® INRA, UMR1309 CMAEE, 34398 Montpellier, France

* The Pirbright Institute, Vector-borne Viral Disea@rogramme, Woking, GU24 ONF, UK
“e-mail: rvenail@yahoo.com

Abstract

Culicoides biting midges transmit viruses of veterinary impoxte worldwide, including
bluetongue virus and Schmallenberg virus. Inseafdiciproducts in pour-on and bath
formulations are commonly employed to reduce savief Culicoides bloodfeeding on
treated animals. This is despite a lack of pubtish&andardised data concerning their
efficiency in this role. The objective of the praesstudy was to assess the efficacy of four
commercialized insecticidal formulations agai@siicoidesusing a novel laboratory method
Laboratory reare@ulicoides nubeculosudeigenspecimens were exposed for 30 minutes to
the belly of laboratory mice treated with commedreéapical insecticidal products: Butox ®
7.5 (deltamethrin active ingredient. a.i.), Ecto#&ri® (Cypermethrin a.i.), Vectoclor ®
(Cypermethrin, Chlorpyrifos a.i. and Piperonyl Bxitte enhancement) and Sebacil ® 50%
(Phoxim a.i.). Products were applied following teeommended dose for biting flies, taking
into account the substantially smaller body weigihthe mice used. The mortality rate ©f
nubeculosuswas then observed at 24h following exposure are [gthal persistence of
insecticide products was assessed for 15 daystegsmentAll products elicited immediate
impacts of feedin@. nubeculosusvith a lethality of > 75% one day after treatmtattowed

by a general decrease in efficacy over time. Theeoyethrin (pyrethroid) based topical
formulation, Ectotrine ®, presented the better ltsswith the highest lethal effect at 15 days
postapplication and the longest persistence, etdtrat 18 days after treatment. The method
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described may be used as a reference in furthaeliestuwof product screening against
Culicoides.

Keywords Culicoides,vector control, insecticide formulation efficiency

Introduction

Culicoidesbiting midges (Diptera: Ceratopogonidae) are rasjide for the transmission of
livestock arboviruses of veterinary importance udahg bluetongue virus (BTV), African
horse sickness virus (AHSV), epizootic haemorrhagisease virus (EHDV) and
Schmallenberg virus (SBV) (Carpenter al, 2013). Culicoidesborne diseases caused by
these arboviruses can inflict mortality and redtlee quantity and quality of products from
affected livestock. The imposition of animal movermeestrictions to reduce the disease
spread in the case of arboviruses notifiable toQHe also impacts on trade at a global scale,
particularly in epidemic regions.

In the attempt to reduce transmissionCaflicoidesborne arboviruses, guidelines have been
recommended by the European Food Safety AuthoBHSA) (EFSA, 2008). Insecticidal
control measures implemented agai@sticoidestend to be highly specific as the abundance
and ubiquity of potential larval development sitgarticularly in northern Europe, precludes
wide scale treatment. Applications of insecticides generally restricted to direct treatment
of valuable animals as prize rams and racehorsegdiraited use within stables and during
transport when livestock is moved outside restickwnes (EFSA, 2008). While larval
Culicoideshabitat modification or removal is also recommendbd practice has recently
been shown to have little discernable impact onrgemee (Harrup 2014). This is a
significant issue for farmers as prior to the inmpémtation of an effective vaccination
strategy, there is often an extended period wheset techniques represent the only available
response to transmission.

Insecticidal pour-on formulations are the most camiy used method to contr@ulicoides

in Europe, despite the fact that no specific ins&t# has been registered for use against them
(EFSA, 2008). The commercially available formulascare commonly based on a synthetic
pyrethroid active ingredient. The efficacy of symoducts has previously been assessed in a
variety of methods. These include exposidglicoidesto hair clipping from pyrethroid-
treated animals (Mehlhowmt al, 2008; Papadopoulad al, 2009; Schmahdt al, 2008) or by
exposingCulicoidesdirectly to treated animal and then monitoring tality (Venail et al,
2011). Comparison between such studies is chaligngnd results produced are highly
variable due to major differences in experimentatgcol, which highlights the importance of
standardising the methods to obtain and compaee dat

Since 1960, with the initiation of the WHO Pestei@tvaluation Scheme (WHOPES), the
World Health Organization (WHO) has been coordinmatine evaluation of insecticides for
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public health by studying their safety and theifiicety. Specific guidelines for testing are
available [ttp://www.who.in) including i) for monitoring the insecticide retsiace
monitoring in malaria vector mosquitoes (WHO, 198013); ii) for laboratory and field-
testing of long-lasting insecticidal nets; iii) fefficacy testing of spatial repellents; iv) for
monitoring the durability of long-lasting insectlal mosquito nets and; v) for testing
mosquito adulticides for indoor residual sprayimge baseline of WHO reference guidelines
is to test insecticides against mosquito vectora lmuman health context. In the absence of
such reference procedures for testing insectiageistCulicoides recent studies have been
performed by adapting WHO test to be used with gleisusallowing the assessment of their
susceptibility to insecticide active ingredientsdaformulations (Bravermarmt al, 1995;
Venailet al; Venailet al, 2011).

An issue also arises in standardising methods siintg the efficacy of insecticides when
applied to live hosts. While this remains a vit@imponent of assessing the impact of
applications, such studies are extremely diffi¢altstandardise across countries, costly and
time consuming. In this paper we therefore exantinmeeuse of a mouse model system to at
partially fulfil this role in the laboratory. We @sthis system to assess three veterinary
products commercialized in Europe, Butox ® 7.5 t@akthrin-based), Ectotrine ® (alpha-
cypermethrin-based) and Sebacil ® 50% (phoxim—basedl one used in Africa, Vectoclor
® (chlorpyrifos-methyl-based).

Material and Methods

Biting midges

Laboratory-rearedC. nubeculosusused during trials were provided from the Cirad
(Montpellier, France) colony. This was establisire@012 from eggs and larvae provided by
The Pirbright Institute in the framework of the FEDENext European Project and
maintained following rearing procedures describgdkemer (Kremer and Lienhart, 1998).
As insecticide susceptibility could change not onith age (Chareonviriyaphagt al, 2006;
Rajatilekaet al, 2011), but also with the physiological status aed (WHO, 2013), all
bioassays were performed with <5 day old, laboyateared, unfeC. nubeculosugemales.

Mice

Eighteen four-week old mice were separated in aixhes (two as controls and one for each
insecticidal product tested) of three individuatsl placed in cages. All animals had access to
identical food and water during the three-weekldridice were maintained in a room at
moderated conditions (temperature: 21 + 2°C; nadatiumidity: 60 = 10%; light:dark :
12/12). No direct sunlight exposure was alloweavoid the possible photo-degradation of
insecticide.
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Insecticide formulations

The insecticidal products used are described inleTab The amount of insecticide to be
applied on each mousse was calculated accordimgatmfacturer recommendations related to
the skin surface of the animal to be treated. kine surface area (SA) of cattle was estimated
using the Brody’s equation: SA = 0.14 x W exp Q(Biody, 1945), where W is the weight of
the animal in kg. The theoretical concentrationsacfive ingredients on cattle skin were
calculated following manufacturer recommendation$odiows: 10 ml of pour-on per 100 kg
of animal for Butox ® 7.5, Ectotrine ® and Vectacl®, which represent a theoretical
concentration of 39 mg/mz2 of deltamethrin for But®x7.5; 259 mg/m?2 of cypermethrin for
Ectotrine ® and; 362 mg/m? of chlorpyriphos-metlayld 259 mg/m? of cypermethrin for
Vectoclor ®. The recommended dosage for SebaciD® % 3 L per 100 kg animal which
represents 388 mg/m2 of phoxim. The mouse skirasarfvas then calculated using the Meeh
equation: : BSA = k x W exp 0.667 (Cheuetgal, 2009), where K is a constant (9.693) and
W is the weight of the mouse in grams. Finally, &meount of product to be applied on each
mouse was calculated (39.4 ul of pour-on and 11.8frbath product), in order to obtain the
theoretical concentrations previously calculatectattie. Preliminary investigation found that
the bath product volume was too high for applicgago all products were tested as for pour-
on’s.

Insecticide applications

On the treatment day (TO0), all mice (untreated &mdted) were anesthetized with an
intramuscular injection of 0.12 pl of a solutioméaining 0.2 ml of Imalgene 500; 0.05 ml of
Rompun 2% and 0.4 ml of distilled water. The b&fymousse was shaved with an electric
razor, then, 39.4 ul of pour-on were applied (38.# the belly and 19.7 ul in the back as the
pour-on application on cattle) and spread with@glover the mouse’s body. Gloves were
changed after each mouse treatment.

Insecticide assays

The WHO cage bioassay on which the current studyased, evaluates the efficiency of
authorised pour-on and dip-wash formulation inggb#is using a mosquitoes guinea pig or
mouse enclosed in a cage. This procedure was tegthdCulicoidesbut no feeding by
Culicoideson mice was observed in mosquito cages (40mmd 20cr trialled). Small card
pill boxes used for the maintenance@fnubeculosug the colony, were therefore used as
exposure cages. At TO, approximately one hun@edubeculosushat were not sorted for
gender were placed in each card pill box (covernén fine mesh) to obtain at least 25 fed
females. A paper sheet (Whatman n°1 filter pap@rg/®n?, 5 x 5 cm) with a 2 x 4 cm hole
was placed over the covering mesh to standardeseexiposure surface on the mouse. To
avoid contamination, untreated mice (control) wiested first. Exposure time for treated and
untreated mice was 30 minutes.

Following exposure, mice were returned to their sgowages to recover. All
Culicoideswere transferred using a mouth aspirator from Ipikes to observation WHO
tubes that were kept vertically for 24h, with a 16&grose solution provided on cotton wool
pads. After completion, the number of dead and Guicoideswas recorded to assess the
mortality. Tests were performed in a laboratorymowith temperature of 21+3°C and relative
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humidity of 60+£10%. Mortality was assessed on dalpting the insecticidal treatment and
then on 5, 8, 12 and 15 days in order to examiag#sistence of insecticide during the trial.
When control mortality was above 20% the entirdicafe was discarded.

Statistical analysis

Formulations were analysed separately becauseeditferences in active ingredient. Due to
over-dispersion of data, flzbinomial logistic regression model was used. Thedpess of fit
was tested using the functigof of the aods3 package from the software R ( R. Deweent
Core Team, http://www.R-project.org) to test thekgjuality of the adjustment and verify the
over dispersion of data (p>0.05). The average tityrtevas modelled and the lower and
upper confidence interval of prediction were coneplutora = 0.05. Data was not corrected
in all trials due to some missing control valuetud, the average control mortality was
calculated (~10%) and was considered as the thiesih@xperimental mortality. Indeed, the
lethal effect was considered statistically difféarélom 10% as long as the lower value of the
confidence interval was >10%. R freeware (R Develept Core Team 2012) and additional
packages (aods3, lattice) were used for data @salgsd graphs.

Ethical considerations

This study was performed following the appropriatechnical requirements for
accommodation and care of experimental animalsrdoapto the Directive 2010/63/EU on
the protection of animals used for scientific pueg®in Europe. All tests were performed in
an accredited institution for animal experimentatity the French authorities (Arreté N° 09
XIX 109 licensed the 1% of September 2009 by the Prefecture de I'Hérabitection
Départementale des Services Vétérinaires de I'Higrdll activities followed the Guidelines
of Good clinical practices (GCP) outlined by théehnational Cooperation on Harmonisation
of Technical Requirements for Registration of Vietary Medicinal Products, VICH GL9
(GCP) June 2000 - Implemented in July 206ftp(//www.vichsec.org/ The protocol was
approved by the ethics committee Comité d’éthiqué.ahguedoc-Rousillon and each step of
the protocol was conducted by qualified staff fomaal experimentation.

Results

A total of 2,749C. nubeculosusnfed females were exposed to mice: 346 to untleaiee;
617 to Butox ® 7.5; 760 to Ectotrine ®; 542 to Seb® 50 % and 484 to Vectoclor to
treated mice. All formulations elicited a high latreffect againsC. nubeculosu®ne day
after their application on mice, ranging from 77.4%th Butox ® 7.5 to 96.4% with Sebacil
® 50%. Following this there was a clear decreasthenlethal effect of all treatments during
the trial period of fifteen days. The mortalitidstained with Vectoclor ® and Sebacil ® 50%
declined from > 75% at day 1 to < 25% at day 8 arid % at day 10 after exposure. Butox
® 7.5 demonstrated greater long-term efficacy veitterage mortalities > 75% at day 1, >
25% at day 8 and > 10% at day 10 post-exposure EEt@rine ® gave the best performance
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with average mortalities > 75% at day 1, > 50%aat 2 and > 25% at day 15 post-exposure
(Table 2).

The models constructed fitted well with the dataesbed for all products (p>0.05). The
reduction of efficiency was observed in all produaetith a steep slope with Vectoclor ® and
Sebacil ® 50%, a medium slope for Butox ® 7.5 anthaderate slope for Ectotrine ®,
consequently, the persistence of the lethal effex predicted to be 8 days, 10 days, 13 days
and 18 days after application for phoxim, chlorpiins-methyl-cypermethrin, deltamethrin
and cypermethrin (Table 2. and Fig. 1.).

Discussion

While the reference procedures to assess theesfligiof insecticides against mosquitoes in a
public health setting have been used for decadesetsystems are poorly developed for
veterinary vectors such &ulicoides In the absence of standard protocols, the presady
shows a novel technique permits rapid and straoghtrd assessment of the efficiency of
insecticidal formulation under laboratory condigoWhile not entirely replacing the use of
testing of insecticides on the hosts for which they intended (e.g. cattle, sheep and horses),
this assay circumvents some of the technical caims$r encountered when performing trials
in the field. Data provided from the assay was sbland repeatable and the longevity of the
products on the mice clearly varied. A major coasation for future studies would be how
the spread of insecticide on the mice compares thidh on target animals where hair and
application may vary.

One of the most critical values for insecticidetitesis the diagnostic dose (i.e. the dose of
insecticide that kills 100% of susceptiblaulicoideg because it represents the threshold
between susceptibility and resistance. The diagndsse ofC. nubeculosus/as determined
to be 11.13 mg/m? of deltamethrin; 301.56 mg/métdbrpyriphos-methyl; 385.28 mg/m? of
phoxim (Venail in press) and 143.90 mg/m2 of cypethmin (Venail unpublished data).
Theoretical concentrations of products applied tcenm the current study were 38.81 mg/m?
of deltamethrin; 362.22 mg/m? of chlorpyriphos-mgti388.09 mg/m2 of phoxim and 258.73
mg/m2 of cypermethrin. Thus, the applied doses vabaut 3.5, 1.2, 1 and 1.8 times greater
than deltamethrin, chlorpyriphos-methyl, phoxim awgpermethrin diagnostic doses,
respectively. This differential between expected| abserved efficiency was previously
documented with the widely used Butox ® 7.5 deltdmie-based pour-on, and the limited
diffusion of the active ingredient was suggestedxplain in part the poor efficiency of pour-
on products (Carpentet al, 2008; EFSA, 2008; Mullenst al, 2010; Sallovitzt al, 2003;
Venail et al, 2011). Given the use of small mice weighting 2@&rgl the spread of the
insecticide all over the body, the explanation ofvldiffusion would be an unlikely
explanation for the disappointing results obtaimethis study.
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The patterns of distribution and skin availabildf active ingredient from treated animals
following a pour-on’s formulation are poorly documbed, although discussed by (Carpenter
et al, 2008). It would be interesting to quantify thistgern on a representative available and
licenced product used in Europe although the issfuabsorption of the Al into the skin
remains difficult to quantify. The method proposedhis study, however, allows a rapid and
straight-forward first screening of insecticidabgucts.

Conclusion

To conclude, this study has illustrated that latmgascreening of veterinary used insecticide
products is feasible, easy and rapid to conduabjdang heavy studies in the field and
facilitating the screening of commercialized orgydtal products and formulations.

All products tested in this study, exhibited goafprmances with lethal effects > 75% one
day after mice treatment, then the effect decreasddne. The cypermethrin (pyrethroid)
based topical formulation, Ectotrine ®, presentked better results with the higher lethal
effect at 15 days postapplication and with the &mersistence than other products estimated
at 18 days after treatment.

This novel approach may be used as reference metiodher studies of product screening
againstCulicoides and will provide useful datand will also have an important impact in
vector control strategies. For example, it is wadhassess the performance, persistence and
the kinetic behaviour of Ectotrine ® spread withlave all over the animal body.
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Tables

Table 1. List of veterinary medical product tested.

Product trade name Active ingredient Applied theoretical | Route of | Targeted species Dose rates*** Theoretical
(Country*®) concentration** administration persistence
Butox ®7.5 Deltamethrin 7.5 mg/ml 38.81 mg/m? Pour-on Catleeep <100 kg: 10 ml 8-10 weeks
(BE, DE, FR\IE, IT, PL, PR 100-300 kg: 20 ml
UK) > 300 kg: 30 mi
Ectotrine ® Cypermethrin 50 mg/ml 258.73 mg/m?2 Pour-on Cattle 0 ml/ animal 7-8 weeks
(FR, Renegade® in IT, UK)
Vectoclor ® Cypermethrin 50 mg/ml 258.73 mg/m?2 Pour-on Cattle, pigs 10 ml/ 100 kg of animal unknow
(Africa) Chlorpyriphos-methyl 70 mg/ml 362.22 mg/m?

Citronella 5 mg/ml

Piperonyl butoxide (PBO) 50 mg/ml
Sebacil ® 50% Phoxim 500 mg/ml 388.09 mg/m? Topical applicatiognCattle, sheep, goats,| Cattle : 3-4 | ****, 2-8 weeks
(AT, CH, DE, FR, IT, NO, pigs, horses sheep and goats: 2-3 |,
PL, PR, SE) pigs: 0.5-1 1, horses: 2-3 |

*Country where the product is commercialized awdnised, **Concentration estimated from the skingase of a 100kg animal calculated with Brody’s &tipn, ***Doses recommended for
the prevention and treatment against flies, **epared solution: 1 | of Sebacil 50% for 1,000 lafter / animal. Countries abbreviations: AT, AustBE, Belgium; CH, Switzerland; DE,
Germany; FR, France; IE, Ireland; ; IT, Italy; Nprway; PL, Poland; PR, Portugal; UK, United Kingu¢SE, Sweden.
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Table 2. Mortality ofCulicoides nubeculosysostexposure to treated mice at 1, 5, 8, 12 andhyS after the application of formulations and the
estimation of persistence in days

Commercialized Active ingredient Applied theoretical Mortality (%) after insecticide application (Range) Estimated

product concentration persistence

Trade name Day 1 Day 5 Day 8 Day 12 Day 15

Butox ® 7.5 Deltamethrin 38.81 mg/m? 79.9 52.2 27.1 18.6 5.9 13 days
(77.4-82.3) | (50.0-54.5) | (20.0-34.2) | (15.1-22.1) | (5.8-6.0)

Ectotrine ® Cypermethrin 258.73 mg/m?2 85.9 66.2 52.8 52* 325 18 days
(79.2-92.7) | (62.5-70.0) | (45.1-65.0) (25.0-40.0)

Vectoclor ® Chlorpyriphos-methyl | 362.22 mg/m?2 79.0 59.7* 14.6 3.8* 3.5* 10 days

Cypermethrin 258.73 mg/mz2 (78.1-79.6) (10.8-18.5)

Sebacil ® 50% Phoxim 388.09 mg/m? 91.1 32.1* 10.75 3.8* 3.6* 8 days

(87.0-96.4) (7.2-16.0)

Minimal and maximal observed mortality in brackétmly one replicate was kept for analysis
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Figures
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Fig. 1. Estimated persistence of insecticidal fdatians applied to mice againSulicoides
nubeculosusDots represent the observed data. Solid lines septethe average mortality
predicted by the model. Red dashed lines repreben®5% lower and upper confidence
intervals. Blue dashed lines represent the 10%atiyrthreshold. Red arrows represent the
predicted day to obtain less than 10% mortalityhwiite lower confidence interval with

0=0.05 threshold.
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3.2 Efficacité des répulsifs contre le€ulicoides

Manuscrit #8 (en préparation) :

Feeding inhibition and lethal properties of various
essential oils against adulCulicoides biting midges

Roger Venail, Simon LachandeJonathan Lhoft Ignace RakotoarivorfyXavier Alléné,
Claire Garro§ Thomas BalenghiénSimon Carpentéand Thierry Baldét

'Entente Interdépartementale pour la Démousticadiorittoral méditerranéen (EID Med),
Montpellier, France.

ZUniversity of Guelph, Campus Ridgetown, Ridgeto®anada.

3Cirad, UMR15 CMAEE INRA, UMR1309 CMAEE, Montpellier, France.

“The Pirbright Institute, Vector-borne Viral Dised®®gramme, Woking, United Kingdom.
*e-mail: rvenail@yahoo.com

Abstract

Culicoidesbiting midges (Diptera: Ceratopogonidae) are wescttf various pathogens that
cause important economic losses to internatiomaktock industry. In the attempt to control
Culicoidesspecies and reduce disease transmission, the mrosbt@n technique is the use of
insecticides, however, because of their negatifectsf on human health and the environment,
combined to the restrictions on the use of somectisdes, have led into the development of
alternative control strategies to synthetic neudatoinsecticides, such as plant-based
repellents and more specifically the use of plaseatial oils. This study assesses the feeding
inhibition and lethal properties of six essentiids,cone oil extract, the gold standard repellent
(DEET) and the gold standard insecticide (deltam@ttagainst laboratory-rearégulicoides
nubeculosusand field-collectedCulicoides obsoletussing a novel approackseranium and
lemongrass showed excellent repellent propertregasito DEET, and lemon-eucalyptus and
lemongrass exhibit better performance than deltanmeinflicting mortality. Essential oils
could be useful for use as alternative strategiesgecticides.

Key words : Culicoides,vector control, repellency effet, essential oils
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Introduction

Culicoides biting midges (Diptera: Ceratopogonidae) are srhalinatophagous vectors of
several arboviruses affecting livestock and wilgraals (1), among which are bluetongue (2)
and Schmallenberg (3) viruses in ruminants andcAfrihorse sickness virus in equids (4),
some of the most feared pathogens of domesticttiekg5). Thes€ulicoidesborne diseases
have a severe economic impact, the direct lossesdae to the animal mortality and
morbidity and the veterinary costs of care for sackmals. The indirect losses are due to the
reduction of animal trade during animal movemestrietion when countries attempt to limit
disease spreadCulicoidesare very abundant in some areas inflicting nuisabiting on
humans and livestock, limiting tourism and prodgcatiergies in horses (6).

While integrated strategies have been used forcreduthe transmission of viruses, as
compulsory vaccination campaigns (7), the most commemployed method to control
Culicoidescurrently is the chemical control, more specifigathe use of pour-on pyrethroid
insecticide formulation directly on ruminants. Téféiciency (lethality) of insecticides against
Culicoideshas been studied worldwide and reviewed (6), sinuest of the work done has
focused on the pyrethroid insecticides (8-16). Tmmsas expected, the studies performed
showed thatCulicoidesare very sensitive to pyrethroids, particularlyth@ gold-standard
insecticide: the deltamethrin (Venal al. in press). However, because of their negative
effects on human health and the environment (Iofjkened to the restrictions on the use of
some insecticides (18), it has led into the develemt of alternative control strategies to
synthetic neurotoxic insecticides, such as rept|€lD).

The EU legislation for the use of repellents toteco livestock from pest bites is vague and
the rigorous safety testing for possible animalthedsks, have not been properly undertaken
(17). While no repellents are authorized in Eurspecifically for the treatment of animals to
decreas€ulicoidesbiting rates, and consequently, reduce virus trégsson, a wide range of
products are available and used as such. Moseséthepellents are synthetic, amongst them;
the most common and efficient at keeping midgesyd2@), as permethrin (8, 21, 22) and the
gold-standard synthetic repellent, DEET (N,N-DiétBymethylbenzamide) (23-25). In the
context of pest management, the increasing usegainec or “green” farming practices has
led to the development and use of plant-derivedatural repellent as essential oils (19).

Essential oils are usually extracted from plantsugh steam distillation producing a mixture
of different volatile secondary metabolites withloav molecular weight characterized by
strong odours (26). Some essential oils have arortapt biological activity against pest
insects (27), including insecticidal, antifeedantdeterrent or repellent properties
(19).Considering the potential value of essentiaills, some effort has been made to
demonstrate their efficacy in veterinary ectopaeasontrol, such as mites, ticks, flies, lice
and fleas (18). Other studies focused their efficagainstCulicoides and it has been
observed that some essential oils have no effedtrasella (8) and neem.
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In contrast, lemon eucalyptus (23), oregano (2&g, ttee (24, 25), neem (28), lemongrass
(29), eucalyptus and lavender were found to r&pdicoides The variety of experimental
designs used across studies makes difficult to epengiata obtained.

In the need for adequate and standardized prot@§6dlto obtain more data on control of
Culicoides(30), which could be integrated in sustainable ag@ment programs, this paper
presents a novel approach to evaluate the effigienic repellents againsCulicoides
nubeculosudMeigen (a reference laboratory-reared species)aidoides obsoletusleigen
(the commonest species in Europe). The aims of gshigy are to evaluate the feeding
inhibition and lethal properties of various essanils againsCulicoidesand compare their
performances with repellent and insecticide godhdards, DEET and deltamethrin.

Materials and methods

Targeted species

The tests were performed with two different speciegeterinary importanc&;. nubeculosus
and C. obsoletusThe laboratory-reare@. nubeculosuspecimens were provided from the
colony maintained by the CIRAD, Contrdle des maadanimales exotiques et émergentes
(Montpellier, France, April 2012. obsoletuspecimens were collected in the field in Peret-
Bel-Air (Correze department, France, May-June 2Qighg a suction trap UV-light trap
(OVI model, South Africa). To collect live individils during the trapping period (1h before
sunset to midnight), the collection jar was reptheath a fine mesh cage. Collection cages
were stored in an isothermal polystyrene box calergh a soaked tissue overnight to avoid
desiccation.

Tested products

Six essential oils, geranium rosat (Pelargonium vepkens), lavender (Lavendula
angustifolia), lemon-eucalyptus (Corymbia citrioglgrlemongrass (Cymbopogon citratus),
peppermint (Mentha piperita), tea tree (Melaleulter@ifolia), and one oil extract of neem
(Azadiracta indica), with a purity degree >99% daied from Sigma Aldrich were diluted in
ethanol to obtain 1% and 5% concentrations. Syithepellent DEET was diluted in ethanol
to obtain 1%, 5% and 20% concentration and thehgjiat insecticide deltamethrin was used
as an equivalent of 75 mg a.i./100 kg animal,ee®mmended for commercial formulations
(0.004 mg a.i./cm2). Ethanol was used as contrototal, 11 diluted solutions were tested
against two species dfulicoides 1 control (ethanol), 6 essential oils, 1 oil extr 2
concentrations of DEET and 1 insecticide (deltameth
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Experiment 1: blood feeding inhibition and mortalitf essential oils against C. nubeculosus

Sixteen microliters of the 11 ethanol diluted solos : ethanol as control, essential oils at 5%
(0.083 ul a.i./cm?), DEET at 5% (0.083 ul a.i./cradd 20% (3.2 ul a.i./cm?) and deltamethrin
at 0.004 mg a.i./cm?, were pipeted and uniformbtrébuted, using an L-shaped disposable
petri spreader, over the Parafilm membrane covehiageservoir (surface of 9.6 cm2) of an
Hemotek 6W1 artificial feeding system (Discovery M&hops, Lancs, England) previously
filled with cattle blood, as used routinely for aoyy maintenance. The treated surfaces were
allowed to ambient air-dry for 10 minutes before thst. The temperature of the blood was
set and maintained at 37°C during the exposur@geAbout 50C. nubeculosusulliparous
females (3-4 days old) were placed in top screeyiddrical cages of 160 cm3 (radius = 2.7
cm, height = 7 cm), and exposed for 20 minutefi¢atteated membranes (Stuetral. 2000).
Following the exposure period, the reservoir wasaeed andCulicoideswere kept for 24h
with a 10% sugar solution provided on cotton waadlg The number of dead, live, engorged
and not engorged females was recorded to assesdobe feeding and the 24h mortality
rates. The experiment was repeated three timesil(2pt2), using new individuals, new
blood and new treated membrane at each replicate.

Experiment 2: sugar feeding inhibition and mortalif essential oils against C. obsoletus

The same experimental design as experiment (1l)owpeed with laboratory-reare.
nubeculosusshould have been used with field collect€d obsoletus but after few
unsuccessful attempts to engorge them using tlifeciattblood feeding system, a different
experimental design (protocol) was used. The cdaraons of DEET used in this experiment
were reduced to 1% and 5% as results of experithshbwed high performances of 5% and
20% concentrations.

One hundred microliters of the 11 ethanol dilutetlisons (ethanol as control, essential oils
at 1% (0.104 ul a.i./cm?), DEET at 1% (0.104 pl/em?) and 5% (0.520 pl a.i.//[cm?) and
deltamethrin at 0.004 mg a.i./cm?), were pipetedraa filter paper (Whatman N°1 filter
paper; 90g/m2 and a surface of 9.6 cm2) previossigked with 150ul of colored sugar
solution (10 drops of food coloring on 100 cl ofter. Filter papers were allowed to ambient
air-dry for 10 minutes before the test. About 5Ganted Culicoideswere placed in top
screened cylindrical cages of 229 cm3 (radius =cy height = 7 cm) and exposed for 1
hour to the treated filter-papers. Following th@@sure period, the treated filter-papers were
removed an€ulicoideswere kept for 24h with a 10% sugar solution predi@én cotton wool
pads. Following trials, the number of dead, liveloced and not colored females was
recorded to assess the sugar feeding and the 2ahlityaates. The experiment was repeated
three times (June 2012), using new individuals, wel@ered sugar solution and new treated
filter-paper at each replicate.
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Statistical analysis(to be completed)

Following WHO recommendations (WHO 1981, WHO 20f8)susceptibilities studies, only

replicates with control mortality <20% were retanf®r data analysis, control mortalities
which exceeded 5%, were corrected using Abbott'shote and those <5% were not
corrected. The engorgement rate was calculatetieasiumber of engorged females / total
number of females x 100.

The best statistical approach is been discussédauihors...

Results(to be completed)

Effects of essentials oils d@ulicoidesfeeding and survival were evidenced (Fig 1 and 2),
indeed, the repellent and/or lethal performancefewf plant extracts were similar or better
than synthetic gold standards repellent DEET aseédticide deltamethrin (Table 1). These
positive controls show in both experiments simithiaracteristic effects, as DEET which
reduce considerably the feeding rate (<5 %) andinmhortality (<50%) and as deltamethrin
with average feeding rate and mortalities ranged/den 25 % and 50 %.

In experiment 1,C. nubeculosushow a higher feeding rate unexpectedly with neem
extract (46.6 %) better than the control with etlaid3.8 %). The best repellent
performances with feeding rate lower than 5 %, weyined with DEET 5% (0.0 %) and
20% (2.1 %) treatments, and only essential oilges&nium (0.0 %) and lemongrass (3.8 %)
exhibited similar degree of repellency. In termslathality, lemon-eucalyptus essential olil
(43.3 %) and DEET 5% (48.5 %) exhibited higher raldst than deltamethrin (36.5 %) (Fig
1). Statistical significance ?

In experiment 2, very few females Gf obsoletusvere found engorged with colored sugar,
hence, feeding rates were very low (i.e. contrahwvethanol 6.2%), none fed individuals were
found with DEET 1% and 5% and essential oils oagarm and lemongrass. The feeding rate
obtain with deltamethrin is surprisingly high, withmaximum observed at 40.1% compare to
the control with a maximum observed at 7.9%. Mdstabbtain with essential oil of
lemongrass (83.6%) was higher than deltamethrirB¢48 (Fig 2)._Statistical significance ?
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Discussion(to be completed)

This study presents a novel technique that penmapglly the assessment of the efficiency of
repellent active ingredients in the laboratory diett conditions againsCulicoidesbiting
midges. The results of this study are the firsellept screening assessment acrogbkcoides
species in Europe. All essential oils evaluatedehaw effect on the feeding and survival in
targetedCulicoidesspecies at varying degrees; among them geraniuhiemmongrass have
excellent repellent properties comparable/bettdDE&ET. Previous studies have focused the
performances of essential oils agai@Gstlicoidesto prevent them to bite humans and it was
documented that eucalyptus-based repellent (PMBOuced C. impuctatuslandings and
protect humans for 8h at 99% (23). Essential oteaftree also showed 80-95% repellence up
to 3h againsC. ornatusandC. immaculatusvhen applied to lower legs at 1.8 g per lower leg
(31). Lemongrass-based lotion applied on the foneashowed high efficacy again€t
pachymerusup to 5 h post-application (29). When light tregis were treated with essentials
oils to quantify the repellent effect traduced bg teduction of individuals caught compared
to an untreated trap, it was found that oreganoteadree (24, 25) were efficient at repelling
C. imicolafrom traps. In contrast, using the same methogplegsential oils of citronella (8)
and neem showed no significant effect reducinghestcMore contrasting, it was documented
that lemon-eucalyptus essential oil attradBedmicola(25). In laboratory-based assays using
a Y tube olfactometer it was observed that esdemitm of lemon eucalyptus (23, 25), neem
(28), eucalyptus and lavender re@eilicoides

Divergences between laboratory and field resultesacstudies (including the present study)
highlight one of the major difficulties in intergagion of field based bioassay data. These
discrepancies have been attributed to the diffemeegh sizes used in net treatments (32), or
the meshes material (8), or the use of olfactometech could be considered as unnatural
behavior in a confined space (33).

Some mayor difficulties encountered when workinghviield Culicoidesspecies (complexity
of testing in field conditions) are their small esizheir short seasonality peak, their not-well
documented behavior and, with the scarce contre¢lbee information, the development and
standardisation of appropriated technique are |®aging into account the above, the present
study provide useful information for further stusli@s technical improvements for screening
potential repellents. For example, field collectédobsoletusrom Terramo int he central
Italian region of Abruzzo could be fed on artificaembranes with a feeding rate of about
6% using parafilm and sheep blood (34). These tesuk similar to those obtained in the
present study, where tli& obsoletusave a feeding rate of 6.2% but using filter papith
sugar. This could demonstrate that the use of pajtbrsugar is equivalent to the use of
blood for repellency testing.
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The alternative experimental design of using papén sugar in the field was important to
circumvent logistical difficulties in feeding fieldbllected species with artificial membranes
and blood. Artificial membranes have been usednelyt in Culicoidescolonies since 2010,
after been fed for 30 years directly with mice.

It would be desirable to investigate the repelkdfitiency against otheCulicoidesspecies of
veterinary and/or public health interests givent thepellents only provide minimal and
temporary relief and that they are not considerkmhg-term solution (23, 35, 36). Despite the
lack of information, repellents are presently timdyaneans of self—protection against biting
by modifying the olfaction cues dCulicoides which are essential for the location and
identification of host required for a blood mealirder to grow their eggs (36). But, it should
be taken into account that some volatiles cues ftowers are used by adult midges to locate
sugar source and suitable oviposition or restitesHi36) and they risk to act as attractant and
not as repellents for different species. It wa®reéed thatCulicoidesare attracted by carbon
dioxide (37), lactic acid (38) and 1-octen-3-ol X3Blackwell et al. 1996), thus, it was
recommended to avoid attractants-based producisnimol programs (25).

Fields trials should be complemented with electyspdlogical assays, which aim to quantify
the odour response of a given molecule by recorthiegmagnitude of the electrical signal
from the insect’'s antennae when exposed to a gwmefecule/active ingredient. These
hyphenated techniques can be helpful to identilgvent components that can be integrated
into methods for the management and control. Teptex mixture of alkaloid, phenolic and
terpenoid compounds of essential oils and the joamtribution of the natural molecules to
insect repellence may also slow the developmergs$tance.

Conclusion(to be completed)

Geranium and lemongrass showed excellent repefimferties similar to DEET, with a
feeding inhibition > 90% against laboratory-rea@d nubeculosuand field-collectedC.
obsoletus

A dose of 5% of geranium or lemongrass would off@@% feeding inhibition against both
species ofulicoides but the duration of this protection should besider in further studies.
Even if blood-feeding and sugar-feeding inhibitessays were performed with two different
methods, the observed effects are similar. Saméadethould be used for both species to
allow comparable results.

The present study demonstrated the difficulty cdleating the repellent effecCulicoides
research is certainly hindered by the difficulteessociated with the lack of knowledge, but
with novel approaches like the present study adiiere integrated vector control strategies
could be developed.
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Tables

Table 1. Average feeding and mortality rates (min-maxgoficoidesnubeculosuand
Culicoides obsoletuafter exposure to plant derived and synthetic tneats

Treatment

C. nubeculosus

Feeding rate %

Mortality %

C. obsoletus

Feeding rate %

Mortality %

Ethanol (control)
Geranium

Lavender

Lemon-eucalyptus

Lemongrass
Peppermint

Teatree

Neem

DEET 1%
DEET 5%
DEET 20 %

Deltamethrin

43.8 (17.6-70.0)
0.0 (0.0-0.0)
22.5 (0.0-45.0)

25 (0.0-50.0)
3.8 (0.0-7.7)
8.6 (0.0-17.2)

12.5 (0.0-25.0)

46.6 (29.4-63.6)

NA
0.0 (0.0-0.0)
2.1 (0.0-4.2)

25.6 (3.2-48.0)

2.5 (0.0-5.0)
19.6 (0.0-39.3)
22.8 (15.0-30.6)

43.3 (40.6-46.0)
26.3 (3.8-48.9)
28.3 (3.4-53.3)

4.5 (0.0-8.9)

35.4 (13.6-57.1)

NA
48.5 (45.4-51.6)
31.2 (19.0-43.3)

36.5 (20.0-53.0)

6.2 (4.5-7.9)
0.0 (0.0-0.0)
5.5 (0.0-11.1)

6.5 (5.1-7.9)
0.0 (0.0-0.0)
6.4 (3.7-9.1)

3.4 (0.0-6.8)

7.8 (0.0-15.6)

0.0 (0.0-0.0)
0.0 (0.0-0.0)
NA

30.1 (19.6-40.1)

0.0 (0.0-0.0)
24.4 (12.2-36.8)
13.4 (4.5-22.2)

22.0 (15.8-28.2)
83.6 (70.7-96.5)
39.1 (29.6-48.5)

18.6 (7.0-30.1)

28.0 (10.6-45.5)

16.6 (7.0-25.7)
30.4 522.2-38.6)
NA

43.3 (21.7-64.8)

NA: not performed
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Figures
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Figure 1. Feeding rate (grey) and mortality rate (redCoficoides nubeculosusbserved 24
hours after 20 min exposure to different treatments
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C. obsoletus mort and feeding rate
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Figure 2. Feeding rate (grey) and mortality rates (redfolicoides obsoletugbserved 24
hours after 1 hour exposure to different treatments
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Discussion du chapitre 3

Les études que nous avons conduites avaient coiumeprincipal dévaluer
I'efficacité des produits insecticides appliqués dectement sur les animaux et des
répulsifs contre lesCulicoides. Elles nous ont permis de tester non seulementidafite
létale et répulsive de quelques produits contreCldgcoides mais surtout, les procédures en
elles-mémes que nous avions adaptées, modificedéwtloppées avec lintention de
standardiser les méthodes d’évaluation.

Aux difficultés liées au model€ulicoides auxquelles nous nous sommes heurtés
auparavant et que nous avions déja mentionnées ldadliscussion du chapitre antérieur,
viennent s’ajouter celles de i) la complexité denarales tests sur le terrain avec des animaux
disponibles et a proximité de I'insectarium ou die sle capture et ii) de la réussite tres
limitée du gorgement artificiel des especes sawabhganmoins, nous avons realisé les
études en essayant de les contourner.

Le test réalisé sur le terrain en exposant Qedicoides directement a la partie
intérieure de la cuisse d'ovins traités avec dwBuUt.5 nous a permis de vérifier, avec cette
nouvelle approche, que les évaluations menées ikgant d’autres techniques (comme
I'exposition aux poils coupés d’animal traité) stmmaient I'efficacité et la persistance des
produits. Il a permis aussi de mettre en évideaqeette d’efficacité du produit dans le temps,
observation qui avait déja été signalée avec dausubstances actives (Carpentetr al,
2008). Notre estimation de la persistance (10 joestsinférieure a celles obtenues ailleurs (5
semaines) (Schmabt al, 2008, 2009a, 2009b ; Mehlhoet al, 2008a, 2008b) et nettement
inférieure a celle annoncée par le fabricant (8-46maines) Http://www.butox-
info.com/butox/spc-butox75.8k(e test que nous avons mené en laboratoirexgosant les
Culicoidesa des souris traitées, confirme la faible effigaeit la courte persistance du Butox
7.5 observée sur le terrain en traitant des moutdabtention de résultats analogues obtenus
par ces deux approches différentes, nous menesidéoar les essais avec les souris comme
plus avantageux par rapport a ceux avec les moukmeffet, ils ont moins de contraintes
logistiques et génerent des résultats équivalardscqux sur le terrain, permettant un criblage
rapide des produits a application cutanée. Avete @tproche, nous avons testé 4 produits, le
Butox 7.5, la Ectotrine (cyperméthrine) a base yiéthrinoides, le Sebacil (phoxime) a base
d’organophosphorés, tous les trois trés utilisésEemope contre leCulicoides et le
Vectochlor ou Cyperclor (chlorpyriphos-méthyl, cypéthrine et citronnelle) un mélange de
pyréthrinoide, d’'organophosphoré et de dérivé a@atpk, utilisé en Amérique du Sud et en
Afrique de I'ouest contre les mouches. Nous aviméyu de quantifier le taux de gorgement
a chaque exposition, mais pendant la durée dueisty’a jamais dépassé 25% sur les souris
témoins. Nous avons donc opté pour ne pas exploderrésultats et seuls ceux sur la
mortalité ont été pris en compte, présentés etysd@sl Les deux produits a base
d’organophosphorés se sont démarqués par leursebgrerformances les premiers jours,
mais ils ont perdu tres vite leur efficacité. Pantce, les pyréthrinoides, moins performants au
début, se sont montré plus efficaces dans le tavgs des persistances d’environ 2 semaines,
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14 jours pour le Butox 7.5 et 17 jours pour I'Edid selon nos estimations. La quantité
théorique de substance active suite au traitemeat &&s deux produits est 39 mg de
deltaméthrine/m2 et 259 mg de cyperméthrine/mateedire 3 fois plus que la concentration
diagnostique calculée pour la deltaméthrine (1IriBm2) et 1,5 fois plus que celle de la
cyperméthrine (143,9 mg/m2). La concentration disfique est calculée comme 2 fois la
dose qui donne 99 % de mortalité. En principe, 406esCulicoidesqui rentrent en contact
avec ces deux concentrations de substances astmegués, mais ce n'est pas le cas. Une
perte de la biodisponibilit¢é du produit aprés laittment est évidente. La cyperméthrine,
moins létale que la deltaméthrine selon les testsamsibilité, serait moins vite dégradée et
qui resterait plus disponible pour induire la miida Poursuivre des études en utilisant cette
approche en laboratoire permettra de comparer meiips, valider leur efficacité et faire des
recommandations pour les stratégies de lutte.

Concernant I'étude menée sur l'inhibition du repalke nous a permis de confronter
deux nouvelles approches, I'une qui visait a gdi@ntfinhibition du repas de sang et l'autre
qui visait I'inhibition du repas de sucre, en répera I'impossibilité d'utiliser la premiére
avec des populations sauvages. Le faible taux dgegent obtenu dans le témoin (<10 %) en
utilisant le sucre aveC. obsoletusne permet pas de quantifier le taux d’inhibitthnrepas et
les résultats obtenus avec cette méthode ne pepasititre exploités. Le criblage effectué sur
plusieurs produits comme des huiles essentielEsrépulsifs et un insecticide, en utilisant la
méthode du sang ave€. nubeculosysconfirme les caractéristiques répulsives du gold
standard des répulsifs, le DEET, méme a faiblesemnations, et démontre que des huiles
essentielles peuvent étre aussi efficaces que mekiifs synthétiques. En effet, les huiles
essentielles de géranium et de citronnelle ont réaiés capacités répulsives équivalentes a
celles du DEET et des capacités létales équivaenteelles de la deltaméthrine. Les autres
huiles essentielles ont montré de plus faiblesoperdnces. Par contre, le répulsif neem, qui
avait fait preuve d'efficacité dans un olfactomé(Blackwell et al, 2004), a montré de
médiocres performances, observées récemment aussiuth olfactometre (Gonzales al,
2014). Il conviendrait d’améliorer le test d’intibn du repas de sucre afin d’obtenir des
résultats comparables qui permettront d’optimisserditratégies de lutte existantes.
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Introduction du chapitre 4

Peu d’études se sont intéressées a l'effet |émlimkecticides sur un support solide
comme des moustiquaires en aluminium, le boisldstigue ou des vétements (voir Chapitre
1). La encore, aucune procédure experimentale atdisée n’existe.

L’objectif de ce chapitre est évaluer I'efficacitée des matériaux imprégnés ou
traités d’'insecticides contre lesCulicoides.

Deux protocoles expérimentaux ont été proposés dmiame a standardiser
I'évaluation de l'effet Iétal et de la persistarde produits insecticides commercialisés pour
application sur support. Le premier, adaptationrgesiCulicoidesdu test en tunnel, permet
de quantifier la mortalité induite par le contaet,persistance et la réduction du taux de
passage de€ulicoidespar rapport a des moustiquaires imprégnées indlistrient. Cette
procédure consiste a séparer@agicoideset un appat avec une moustiquaire imprégnée puis
d’enregistrer le nombre d’individus qui la traversequi meurent suite au contact, et a suivre
son efficacité dans le temps. Le deuxieme, legastdone, permet de quantifier la mortalité
induite par le contact et la persistance d’une tdation insecticide appliquée sur un substrat
solide (ciment, bois, plastique). Le procédé cdasisexposer le€ulicoidesa une surface
traitée et a enregistrer le nombre d’individus ma@uite au contact, et a suivre son efficacité
dans le temps. Nous présentons ici les protocdtsliés et les résultats préliminaires.
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4.1 Protocole et premiers résultats pour le test etunnel
adapté pour évaluer [lefficacité des moustiquaires
imprégnées contre le€ulicoides

Le test en tunnel, procédure utilisée notammentgeatains centres collaborateurs
OMS, permet d'évaluer I'impact des moustiquairespriéggnées d’insecticides sur des
moustiques adultes en laboratoire. La procédursisigna placer une moustiquaire imprégnée
dans un tunnel rectangulaire de verre de 25 x @5 am aboutissant a deux compartiments, le
petit (1/3 du tunnel) ou est placé un appat (colmagmtenu en contention) et le grand ou sont
placées de jeunes femelles. Les femelles sont dacled soir, laissées toute une nuit, puis
récupérées le lendemain matin dans chaque compattidénombrées et classées en: i)
gorgées/vivantes/petit compartiment, i) gorgéesfvies/grand compartiment, iii)
gorgées/mortes/petit compartiment, iv) gorgéesfesfgtand compartiment, v) non
gorgées/vivantes/petit compartiment, vi) non gosf@eantes/grand compartiment, vii) non
gorgées/mortes/petit compartiment et viii) non geymortes/grand compartiment. L’analyse
des résultats obtenus par cette méthode permetediolle degré de protection individuelle
(P1l) en déterminant le nombre de femelles gorgeesar{tes ou mortes) quel que soit le
compartiment, le degré de protection collective )(B@ déterminant le nombre de femelles
gorgées vivantes quel que soit le compartimentanortalité induite par l'insecticide en
déterminant le nombre total de femelles mortestféfeépulsif de la moustiquaire peut aussi
étre obtenu en déterminant le nombre de femellesan restés dans le grand compartiment
par rapport au nhombre total de femelles. Pour quedt soit valide, la mortalité du témoin
doit étre inférieure a 20 % et le taux de gorgersaperieur a 45 %.

Nous avions observé I'absence d'intérét, lorsge&elsont placées dans un volume
important, des femelle€. nubeculosupour I'appat souris lors de la mise au point du tes
pour I'évaluation des formulations d’applicatiorntamee (Chapitre 3). Nous avons modifié la
procédure et le matériel d’origine avec plusieussaes. Nous avons réduit I'échelle du
systeme en utilisant deux tubes OMS, fixés entre eduséparés par une moustiquaire non
imprégnée. Dans un tube, nous avons placé unessamgsthésiée et dans I'autre, nous avons
laché une cinquantaine de jeunes femelles. Noussgvermis le contact pendant 30 minutes,
puis retiré la souris encore endormie. L'inconvéahi@vec ce type de systéme était une perte
importante de femelles (échappement, écrasemems)ldaompartiment souris lors du retrait
de cette derniere. Nous avons ensuite opté powsexpa souris a I'extérieur du tube OMS.
Nous avons placé les 2 tubes a la verticale pouwgip poser la souris anesthésiée sur le
tube. Dans cette configuration, la majorité deseias est restée dans le tube inférieur, trés
peu de passage a été constaté, et celles quiumsi @ passer au tube supérieur ont eu du mal
a atteindre la souris, tres peu de gorgement atarabservé. Finalement, nous nous sommes
focalisés sur le taux de passage étant donnédfieulté & évaluer le taux de gorgement.
Nous avons donc une source lumineuse pour atéssgCulicoides puisqu’ils présentent un
phototropisme important. Les tubes ont été placésogizontale. L'un d’eux, celui ou les
femelles sont placées, a été couvert d'un plastigirepour I'obscurcir et favoriser le passage
desCulicoidesattirés par la lumiére (Figure 4.1).
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Figure 4.1 Test tunnel adapté pour évaluer I'efficacité demistiquaires imprégnées contre
lesCulicoides

Avec cette procédure, nous avons eévalué l'effiéade deux moustiquaires en
polyester avec une maille de 1,0 x 1,5 mm (équntak environ 66 trous par cm?),
imprégnées avec des concentrations de 200 mg élethimifne (pyréthrinoide) par mz2, et pour
'une d’elle en plus du PBO, un synergisant géménaint associé aux pyréthrinoides, a
concentration inconnue. Ces échantillons nous tintf@urnis par le fabriquarntelligent
insect control(http://www.insectcontrol.net/lIJ/ Une moustiquaire en polyester avec une
maille de 1,0 x 1,0 mm (équivalent a 100 trous gaf) a été utilisée comme témoin. Une
centaine de jeunes femell€ nubeculosus été placée dans le tube sombre, et autorisée a
traverser la moustiquaire pendant 30 minutes. lrelmme d’'individus dans chaque tube a alors
été releve.

Les premiers résultats (Figure 4.2) montrent qegedeux moustiquaires (66 trous par
cm?), congues pour les moustiques, diminuent p@assage d€. nubeculosuskn effet, en
moyenne, 89,7 % des individus réussissent a travdasmoustiquaire imprégnée avec la
bifénthrine et 81,5% celle avec la bifénthrineeePBO, alors que 90,2 % le font a travers la
moustiquaire témoin. En revanche, en termes deafitérta 24 h apres exposition, elles
s’averent tres efficaces puisque plus de 99 %mt#igidus qui les traversent, meurent dans le
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tube exposé a la lumiére, contre moins de 1 % Bat&@moin. Mais aussi, plus de 90 % des
individus restés dans le tube sombre meurent, €omtoins de 5 % dans le témoin.
Globalement, la mortalité est supérieure a 98 % fEsuindividus exposés aux moustiquaires
imprégnées et de 1 % pour le témoin. Néanmoinpatsage de€ulicoidesimplique une
protection non immédiate (avec une mortalité d&rqui suppose la possibilité d’'une
transmission a I'animal a protéger en cas de pogsdaCulicoidesinfectés.En revanche, ce
delai peut suffir pour mettre en quarantaine umaiiinfecté et reduire la transmision de la
maladie.

|- - .

50 — B Entryindex %

Total mortality rate %
Mortality rate (%) dark
Mortality rate (%) light

25

| o=

I T |
Control Bifenthrin  Bifenthrin + PBO

Figure 4.2 Premiers résultats de l'efficacité de moustiquaimprégnées sur le taux de
passage et la mortalité induite @alicoides nubeculoswslite a I'adaptation du test en tunnel.

Apres échange avec le fabricant, nous avons olitesunoustiquaires non traitées de
différentes mailles : 382, 245, 96, et 44 trous/coéns l'idée de déterminer la maille
permettant de bloquer le passage @abcoides Nous avons observé gles deux plus fines
(382 et 245 trous/cm?) ont réussi a bloquer total@mle passage des individus.
nubeculosusalors que les autres laissaient passer 70 %¢86/tm?2) et 86 % (44 trous/cmz?)
des individus. Parallélement, en collaboration ayd8RA au Seénégal, la méme
expérimentation a été réalisée avec des invZlusiicolacollectés sur le terrain. En effél,
nubeculosusprésente une taille bien supérieure (7,1 %m@ux espéces associées a la
transmission du virus de la FCO com@@e imicola (1,1 mmni) et C. obsoletug2,5 mnft)
(Figure 5.3). Cette taille de€3ulicoidesa été calculée en élevant au cube la longueurade I
(Briegel 1990) de 30 individus issus de tests ménts. Les résultats confirmeront que la plus
fine maille (382 trous/cm?) bloque totalement lesgae deC. imicola, environ 7 fois plus
petit queC. nubeculosusalors que celle a 245 laisse passer 77 % et les grandes sont
perméables a 100 %. Néanmoins, en conditions digkvdes moustiquaires avec de si fines
mailles sont difficilement utilisables, car elleamikeraient grandement la ventilation des
batiments d’élevage, d’autant plus qu’elles se abdmaient treés vite a cause de la poussiere.
De ce fait, nous avons demandé au fabricant d’ign@éles moustiquaires de maille a 96 et
245 trous/cm? avec différentes substances activesdases diagnostiques déterminées dans
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les études de sensibilité (Chapitre 2). L'évaluatde ces moustiquaires n'a pas pu étre
réalisée dans le temps imparti pour cette thede. 48ra menée au Sénegal en premiére
intention avecC. imicola

Body size (mm3)

b e —
—

[ S—

o - C. Imicola C. obsoletus C. nubeculosus

Figure 4.3 Taille deCulicoides nubeculosu€. imicolaet C. obsoletuscalculé en élevant au
cube la longueur de l'aile.
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4.2 Protocole et premiers résultats pour le test en
cone adapte pour evaluer [lefficacité des supports
traités contre lesCulicoides

Le test en cbne, procédure de référence OMS psumtrustiques, permet d’évaluer
en laboratoire I'efficacité et la persistance dimsecticide appliqué sur un support (tissu,
moustiquaire, bois, ou ciment). Ces cbnes trangg@asont en PVC, une matiere sur laquelle
les moustiques ont des difficultés a se poser, gtamt de maximiser le contact entre les
moustiques et la surface traitée durant I'expasitiaa procédure consiste a placer le céne sur
le support a tester (moustiquaire placée sur upa@tid 40° et substrat solide a I’horizontale),
puis d’introduire 15 jeunes femelles, de fermerifice supérieur avec un bouchon en
polyéthyléne et d’exposer pendant 30 minutes ldwitius. Aprés exposition, les moustiques
sont transférés dans un gobelet en plastigue ebtemais dans une étuve en conditions
contrblées (27 + 1 °C et 90 + 10 % d’humidité), geemt 24 h avec du jus suad libitum
Aprés ce délai, le nombre de femelles mortes estpté Pour que le test soit valide, la
mortalité du témoin doit étre inférieure a 20 %Gt que les données brutes sont corrigées
si cette mortalité est comprise entre 5 et 20 %atdisées telles qu'elles si elle est inférieure &
5 %. Les expositions sont répétées dans le tenmpsd’abtenir la persistance du produit.

Par cette méthode, nous avons évalué l'efficatit@e peinture insecticide, Inesfly
IGR VET PYR, homologuée en Espagne en usage vaigxiat concue pour étre utilisée sur
les murs de batiments d'élevagehttf:.//www.inesfly.con). Ce type de peinture
microencapsulée a une grande efficacité et pemsist@ontre les moustiquesnopheles
gambiae vecteurs de la malaria (100% des moustiques martan aprés application)
(Mosqueiraet al, 2010a, 2010b). Le fabricant nous a fourni un étihan de cette peinture
blanche a base d’alpha-cyperméthrine (0,7 %), ttant&thrine (0,3 %) et de diflubenzuron
(0,015 %) et un échantillon de la méme peinture gasecticide (témoin).

Trois blocs de ciment (20 x 20 x 2 cm) ont éfiéséls. Un a été traité avec une seule
couche de peinture insecticide. Un autre a étéodthpeint avec une couche de peinture sans
insecticide, puis avec la peinture insecticide.deenier, servant de témoin, a été peint avec
deux couches de peinture sans insecticide. Pouqueheouche (insecticide ou non), nous
avons utilisé la dose recommandée par le fabridakg)/6 m2) et un temps de séchage de 24 h
a l'air ambiant a été respecté. Les cones onti¥és faux blocs placés a la verticale. Une
centaine de femelleS. nubeculosuagées de 3 jours n‘ayant jamais pris un repas g sa
éteé placée dans le cbne, puis le cone a été fewa un bouchon (Figure 5.5) pour une
exposition de 30 minutes. Apres exposition, lesvidds ont été transférés dans un tube OMS
et maintenus pendant 24 h en conditions stablegréen21°C et 70 % d’humidité) avec
apport sucré, pour observation de la mortalité.reemeux expositions les blocs ont été
enveloppés dans un sac plastique noir et stockes wze salle a 21°C et 60 % d’humidité,
suivant la procédure décrite par Mosqueira et boHateurs (Mosqueira 2010 a et b) afin de
comparer avec ces études.
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Nous avons observé une mortalité a 24 h, pourltEs liraités, comprise entre 50 et

75 % un jour apres I'application de la peinturdgiieure & 50 % un mois apres application et
d’environ 20 % deux mois apres. Les mortalités geurioc témoin n'ont pas dépassé 20 %.
Au vu des résultats, moins probants que ceux cocdnes les moustiques, nous avons réalisé
un deuxieéme test avec deux blocs, I'un traité awexseule couche de la peinture insecticide,
'autre restant nu. Nous avons quantifié la pemtperdue lors de I'application en pesant le
matériel avant et apres I'application, observarg perte d’environ 10 % de la peinture. Nous
avons repris le test décrit précédemment en réalisa parallelement le méme test a des
femellesAedes aegypbora bora (souche sensible aux pyréthrinoides)jders.

Les premiers résultats (Figure 5.4), montrent uroetatité induite par la peinture
faible et tres variable surC. nubeculosus(< 80 %) les deux premiers mois.
Culicoides nubeculosuparait moins sensible ghedes aegyptbora bora, mais la méme
diminution d’efficacité est observée sur moustiquaois apres I'application. Néanmoins, en
observant le€ulicoidespendant I'exposition, un effé€nock-Down(KD) est observé chez

tous les individus au bout de 15 minutes, effet trariable et persistant de quelques minutes
voire quelques heures.

100
75 /

50 - ]

Mortalité %

® C. nubeculosus

25 Ae. aegypti
Témoin sans peinture

0 . .
0 1 2
Mois apres l'application

Figure 4.4 Premiersrésultats sur l'efficacité de la peinture InesfigR VET PYR contre
Culicoides nubeculoswet Aedes aegyptivaluée avec le test en cbne
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Figure 4.5 Visualisation de I'effetknock Downcausé par la peinture insecticide, appliquée
sur un support en béton, a des individluidicoides nubeculosusrs de test en cone OMS.
Cing minutes séparent les prises de vue (de gaaclleoite), la premiére étant prise
immédiatement apres la mise en contact.
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Discussion du chapitre 4

Ce chapitre a comme objectif principal édaluer [l'efficacité des supports
imprégnés ou traités d’insecticides contre le€ulicoides. Les deux méthodologies utilisées,
le test en tunnel adapté et le test en cone, noupaymis d’explorer des éléments jusqu’a
présent pas ou tres peu étudiés, comme la rédudtiotaux de passage a travers une
moustiquaire ou la mortalité induite par une pemtinsecticide, qui a notre avis, sont des
pistes intéressantes a explorer dans de futuegies de lutte contre |€licoides.

En adaptant le test en tunnel classique, pour wilieé avec de<ulicoides nous
avons été en mesure d'évaluer le taux de passageegus’avérer indispensable lors de la
conception et la commercialisation de moustiquaingsrégnées dans un but de protection
des animaux. En effet, une moustiquaire imprégaissd passer l€3ulicoidesmais les tuent
dans les 24 heures, ce qui démontre l'intérét de wgdisation en termes de protection
d’animaux sensibles, et surtout de quarantaineirdaux infectés. Ce test permet par ailleurs
de faire un criblage rapide de moustiquaires pdenetde tester un grand nombre de
combinaison de substance active, concentratioaithe tle maille.

Le test en cbne nous a permis d’évaluer l'effigaal’'une peinture insecticide
applicable sur un support solide. Dans le conteeteCulicoides l'utilisation de peintures
insecticides sur les murs intérieurs des batim@misles animaux sont mis en stabulation)
peut avoir un intérét en présence d'especes vesiriapables de rentrer dans les batiments
pour piquer commé. obsoletugBaldetet al., 2008). En effet, nous avons observé sur le
terrain lors des piégeages nocturnes, que cetéeegeut étre capturée en grande quantité a
lintérieur des batimentsManuscrits #let #). Paralléement, nous avons constaté que les
femelles gorgées de sang se posaient sur les ohssryations personelles non quantifiées).
Ainsi, en se posant sur les murs traités, ellegpggeraient a la peinture et mouraient saite
contact avec l'insecticide, ce qui réduirait langmission des agents pathogénes. Néanmoins,
nos premiers résultats sur la peinture contreClekcoidesen utilisant le test en céne, ne
permettent pas de conclure sur son efficacité. sérablablement, des probléemes
meéthologiques persistent et des études complémensmnt nécessaires.
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L'objectif principal de ce travail de thése étai¢ @ontribuer aaméliorer les
connaissances sur lesméthodes de lutte antivectorielle disponibles corg les Culicoides
paléarctiques, vecteurs de virus émergents d’intété&n santé animaleet ainsi apporter des
éléments de réponse a plusieurs questions.

Les produits insecticides et répulsifs autorisés emlurope sont-ils efficaces pour le
controle desCulicoides ?

Jusqu’a présent, de nombreuses études portafeffioacité des produits insecticides
et répulsifs contre le€ulicoidesont été menées en employant diverses méthodologies,
propres a chaque laboratoire de recherche, reridsntdifficile leur interprétation et leur
comparaison. Ces études, parfois mal adaptéesfimtx echerchés ou aux produits a tester,
biaisent les résultats obtenus et surévaluentdadité des produits.

Pour contrecarrer cette absence de procéduresimenéales standardisées et afin
d’apporter des réponses plus congruentes surcéeiié des produits autorisés en Europe,
nous proposons guelques méthodes d’évaluationtéesren fonction du produit a tester
(substance active, type de formulation) et de &obf scientifigue (sensibilité aux
insecticides, efficacité létale ou répulsive).

Les Culicoides sont-ils sensibles aux substances actives insadis ?

Dans le contexte de la lutte anti-vectorielle eddiiner la sensibilité des vecteurs aux
substances actives doit étre la premiére étapeljgwatuation de I'efficacité des insecticides
(WHO, 2013). En effet, cette phase est indisperspblr préciser dans quelle mesure une
population visée est moins sensible qu'une pomragensible de référence, ce qui permet de
mettre en évidence un éventuel phénoméne de misstt d'orienter ainsi le choix et le
dosage des produits a recommander contre cettelgtopu cible. La sensibilité aux
insecticides peut étre déterminée en exposannsetes, dans un tunnel a vent ou dans un
tube OMS, a un gradient de concentrations d’'unetanbe active. L’analyse de la relation
dose/effet permet d’établir la quantité de substaautive nécessaire pour induire une certaine
mortalité des individus. Les concentrations létalesCL, et en particulier la Gp.et la Clgo,
sont des valeurs les plus utilisées en LAV.

Chez lesCulicoidesen général, et plus particulierement chez les espdintérét
vétérinaire, ces valeurs sont rares. Seules laibdiids de C. mississipiensiset de
C. sonorensigespeces nord-ameéricaines) a plusieurs substaotessaont été obtenues dans
les années 80 a l'aide d’un tunnel a vent (Kktel, 1981 ; Floore, 1985 ; Holbrook, 1986).
En Israél, des tests en tube OMS ont permis derdigter les Clgo et Clyo de la cyhalothrine
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(Bravermanet al, 1995) et de la lambda-cyhalothrine (Bravernetnal, 2004) chez
C. imicola.Par contre en Europe, ces valeurs étaient inexéstat ce, jusqu’en 2011 quand
nous menames des tests en tubes OMS que nousradagtaur étre utilisés avec des petits
insectes et nous obtinmes la sensibilité de 2 espeectrices de la FC@,. obsoletuset

C. imicolaet celle deC. nubeculosugprovenant de I'élevage du TPI, Royaume Uni) a la
deltaméthrineNlanuscrit #3.

Comme la méthode de test en tube OMS pour détermimesensibilité aux
insecticides nous a paru encourageante, nous Baketenue dans ce travail de these pour
réaliser un criblage plus approfondi avec d'auteedstances actives et sur d’autres
populations. Le choix des substances actives gese vers celles contenues dans les
produits commercialisés les plus utilisés en Euregsentiellement des pyréthrinoides, mais
aussi vers guelques organophosphorés employésrigmé\bu en Amérique du Sud.

Les sensibilités observées chez les difféerentesulppns deC. obsoletuset de

C. imicolaen France, Espagne, Sénégal et Afrique du Sudemagttent pas de mettre en

evidence l'existence de résistance ni aux pyrétidies ni aux organophosphorés chez ces
populations, bien que I'absence de population dé&redce ne permet pas de le démontrer
formellement. Il serait donc fondamental de powrsuile suivi de la sensibilité chez ces

populations afin de détecter I'éventuelle appanitie résistance, mais aussi d’acquérir des
informations supplémentaires sur d'autres populatiet d’autres substances actives.
Néanmoins, nous avons pu confirmer que @egicoides sont sensibles aux substances
actives, plus aux pyréthrinoides de nouvelle géméraju’aux organophosphorés, et que la
deltaméthrine est plus toxique que l'alpha-cypehmiée, la cyperméthrine, la perméthrine et

gue le diazinon, le phoxime et le chlorpyriphos-imyét

Les formulations disponibles diminuent-elles la duée de vie de€ulicoides et protegent-
elles les animaux contre les piqares deulicoides ?

Parmi la longue liste de produits insecticides alisples dans le commerce européen
contre lesCulicoides dont leurs vertus sont exaltées par les fabrscaenicun ne dispose
d’'une AMM spécifique. Alternativement, ce sont preduits disposant d’'une AMM pour les
mouches qui sont généralement recommandés pautestés vétérinaires. L'évaluation de
leur efficacité a fait 'objet de nombreuses étydemis les procédures expérimentales
utilisées restent peu conformes (par exemple liagpbn du produit sur un animal, stockage
au froid des poils coupés de I'animal traité puipasition desCulicoidessur ces poils) aux
conditions réelles (application du produit sur mim@al et exposition directe d€ulicoidesa
lanimal). Dans la quéte d’évaluer de maniére statidée I'efficacité de ces produits
commercialisés contre l€ulicoides nous avons proposé des approches différentesligs c
jusqu’a présent utilisées, permettant de faire nirlage rapide et homogéne de ces produits.
Nos différentes méthodes proposées sont oriente@metion du parametre a évaluer, soit la
|étalité soit la répulsivite.
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Premierement, concernant les formulations inseldgcgui visent a réduire la durée de
vie desCulicoidesqui rentrent en contact avec les animaux traités feeiner la dispersion
des maladies transmises par ces vecteurs, nous prgmosé deux approches. La premiére se
basant sur les diverses travaux effectués enntaiés animaux avec des formulations en
pour-on (recommandées par les autorités sanitaires et utdéisées en Europe), mais
contrairement a I'exposition a des poils coupésidial traité (Mehlhornet al, 2008a,
2008b ; Schmahét al, 2008, 2009a, 2009b ; Papadoputbsal, 2009 et 2010), nous avons
expose le€ulicoidesdirectement a I'animal traité comme I'avait déja fstandfast en 1984.

La seule différence est I'exposition a la partiééarure de la cuisse et non a l'oreille de
animal traité (Strandfast al, 1984). Cette méthode nous a permis d’évaluesriadlation

la plus utilisée en Europe, le Butox 7.5 gour-on mais aussi de mettre en évidence une
persistance trés courte (10 jours) par rapportlascebtenues dans les autres études (jusqu’a
7 semaines) et celle soutenue par le fabricantgéhet 10 semaines). Traiter 'animal sur le
terrain et exposer le€ulicoidesdirectement a I'animal aussi sur le terrain perergtide
mieux mimer les conditions réelles que le stockdgg poils, ce qui pourrait expliquer les
différences de résultats entre notre étude etriasedentes. Nous ne pouvons cependant pas
exclure qu’il existe une difféerence de persistatied’insecticide entre les parties glabres et le
pelage de l'animal. Malgré des résultats trés @ssants obtenus avec cette approche, elle
nécessite en revanche d'importants moyens (dispivdild’'un élevage avec plusieurs
animaux a traiter). Par conséquent, faire un agiblde plusieurs produits avec cette méthode
est difficile a standardiser et a réaliser. C’'assiaque nous avons développé au laboratoire
une méthode moins contraignante, permettant ddecriifférentes formulations tout en
restant fiable et reproductible. Cette approchebase sur le test en cage (procédure de
référence au LIN-IRD) qui permet d’évaluer une fafation cutanée appliquée sur un animal
(lapin ou cobaye) contre les moustiques. Nous havadaptée pour étre utilisée avec des
Culicoidesen réduisant le volume de la cage d’expositiom ¢dille de I'appat (souris), ce qui
nous a permis d'évaluer rapidement plusieurs ptedaommercialisés et d’obtenir des
résultats similaires a ceux obtenus avec la prem@ipproche. En effet, elle a permis de mettre
en évidence la courte persistance et la faibleadfié des produits commercialisés sur les
parties glabres. Il serait donc essentiel de coatime criblage d’autres produits en utilisant
cette procédure, afin d’obtenir des données corbfemajui pourront étre utilisées par les
autorités sanitaires pour choisir le ou les pradaitecommander dans les futures stratégies de
LAV contre les Culicoides. Une fois évaluées en laboratoire, les formulatites plus
efficaces pourront étre évaluées sur le terraiih gtrait possible de vérifier, en conditions
plus réelles, si par exemple I'étalage du produécaun gant sur tout le corps de I'animal
(comme nous l'avons fait avec les souris nous lasan le mode d’application déja
expérimenté par Mullens sur des moutons (Mulleinal, 2010), est plus avantageux que le
pour-onsur le dos de I'animal.

Deuxiemement, concernant les produits a effet sfpgli visent a réduire le contact
entre lesCulicoides et leur héte, nous avons proposé une approchenaitee, visant a
guantifier I'inhibition du repas sanguin, qui noaigpermis de mettre en évidence l'efficacité
de certaines substances actives d'origine végétgévalente a celle des produits d’origine

e

synthétique comme le DEET. Ces observations oidt €k constatées chez d’autres vecteurs
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tels que les acariens, les tiques, les moucheppleset les puces (Ellse and Wall, 2013) mais
également chez lg3ulicoidesen utilisant diverses méthodes comme dans untolfatre ou

en les collectant avec un piege dont le tulle atréiiéé (Venteret al, 2011, Gonzalest al,
2014). La procédure proposée, de traiter la mengbdaum systeme de gorgement artificiel,
s’est avérée trés convaincante et nous a perntshder plusieurs produits de fagon rapide et
reproductible ave€. nubeculosugrovenant de I'élevage, mais, avec les especesagasy
nous n'avons pas pu faire I'évaluation correcteneamtles individus issus du terrain ne se
sont pas gorgés sur la membrane artificielle. Nawsns donc modifié la procédure pour
guantifier I'inhibition du repas de sucre d0r obsoletusen utilisant une pastille de papier
filtre imbibée d’eau sucrée colorée puis traitéarpasualiser les individus qui auraient pris le
repas en sucre. Le faible taux de gorgement olstenle témoin avec cette méthode n’ont pas
permis d’analyser les données. Néanmoins, la méthudc le sang, nous a permis de mettre
évidence que les huiles essentielles de géraniumeetitronnelle ont un effet répulsif
similaire a celui du DEET et un effet létal simitia celui de la deltaméthrine. Dans la
difficulté de réaliser I'évaluation sur des popidas sauvages avec la méthode avec le sang,
il serait donc pertinent de mener d’ameliorer lacgdure de la pastille de papier filtre
imbibée d’eau sucrée colorée afin d’obtenir desndes comparables.

Finalement, les procédures que nous avons propoeessont permis d’évaluer en
laboratoire, de fagon moins contraignante et enantntes conditions du terrain, I'efficacité
de différents produits insecticides et d’autresai@actere répulsif. Parallelement, elles nous ont
permis de confirmer que les produits commercialgggg moyennement efficaces et que leur
persistance est tres faible ce qui conduirait, @mditions opérationnelles, a une application
plus récurrente de ces produits, alourdissant é&gsenkses des éleveurs. D’ou lintérét de
poursuivre le criblage des produits disponibles Burmarché en utilisant les mémes
procédures que nous proposons afin d’obtenir desnéks comparables entre elles,
permettant ainsi de guider le choix des produitdest formulations a recommander par les
autorités sanitaires européennes.

Les matériaux imprégnés ou traités d’insecticide dninuent-ils la durée de vie des
Culicoides aprés contact?

En Europe, aucun matériel imprégné n’est disponibtmtre les Culicoides
néanmoins, des moustiquaires imprégnées sont cowgatrutilisées contre d’autres modeles
de vecteurs comme les moustiques en Afrique. CanogldesCulicoides,plusieurs travaux
ont été menés jusqu’a présent avec des moustiguaiprégnées mais ayant comme objectif
de tester I'efficacité d’une substance active &t lromoustiquaire en elle-méme. En effet, les
études se basent généralement sur la collect€utieoidesvia un piége dont le tulle en
moustiquaire est trempé a la main dans la substacibee ciblée. Ainsi, en comparant le
nombre d’individus collectés avec un piege aveitille traité a celui d’'un piége témoin sans
traitement, I'efficacité répulsive du produit pa&ite évaluée. Nous basant sur l'efficacité des
moustiquaires imprégnées confte. gambiagvecteur de la malaria) dtix. quinquefasciatus
(vecteur du virus du Nil occidental) en Afrique (Miessanet al, 2007), nous avons voulu
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tester ces moustiquaires contre @dicoides Pour ce faire, nous avons modifié la procédure
de référence du LIN-IRD, le test en tunnel, afinpbeivoir la réaliser avec d€2ulicoides
Dailleurs, elle peut étre utilisée avec des patitectes tels que les ravageurs des cultures.
Nous avons donc testé en vain les moustiquairesnavaialisées contre les moustiques, dont
leur taille de maille se sont avérées trop largassant passer la totalité d€silicoides
exposes, et malgré leur forte toxicité, elles naveoaient pas. En collaboration avec le
fabricant, d’autres tailles ont été évaluées etsraons établi une taille optimale limitant le
passage desCulicoides tout en laissant brasser lair, indispensable emditimns
opérationnelles. Elles seront imprégnées en inguatec différentes substances actives. Les
moustiquaires imprégnées congues specifiquement f@suCulicoides seront testées au
Sénégal pour évaluer leur efficacité en laboratoime utilisant le test que nous avons
développé dans ce travail de thése, puis en conditiéelles avec des animaux dans des
batiments.

Les supports plus solides, traités avec des piodhsecticides contre |&ulicoides
restent jusqu’a présent tres peu étudiés, seulsjupsgetravaux ont été menés pour évaluer
I'efficacité d’'un pyréthrinoide sur des plagues kais (Schmahlet al, 2008), d'un
champignon sur des cages en plastique (Amstani, 2011), et des organophosphorés sur des
vétements (Hill et Roberts, 1947) et sur des mquatres en aluminium (Jamnback, 1961 ;
Jamnbackand Watthews, 1963). Ces études ont révélé destasitles actives trés
performantes une fois appliquées sur ces substratsme la lambda-cyperméthrine, dont
I'éfficacité perdure jusqu’a 9 semaines apreseanaént sur les plagues en bois. Au contraire,
le champignonMetarhizium anisopliaesur un support plastigue n’'a présenté qu’'une
persistance de 3 jours. En regardant les résufsdsprometteurs des peintures insecticides
contre les moustiques, avec des persistances plfant'a 1 an apres traitement (Mosqueita
al., 2010a, 2010b), nous avons voulu tester ce typpro@uit. En suivant la procédure de
référence de 'OMS pour tester I'efficacité des Htdis solides traités avec des insecticides,
basée sur le test en cbne, nous avons évalué umgrpespécialement congue pour son
utilisation dans un contexte vétérinaire. L’effet ld peinture Inesfly IGR VET PYR : alpha-
cyperméthrine (0,7 %), tetraméthrine (0,3 %) elubénzuron (0,015 %), sur des plaques de
ciment, s’est avérée tres faible et variable co@treaubeculosusNous ne pouvons attribuer
cette faible efficacité contre l&Sulicoidesqu’a des problemes méthodologiques du test en
cbne pour le€ulicoidesnecessitant d’étre amélioré dans des études coraptaires.

Comme nous venons de le voir, les différentes augh de lutte, individuellement
parlant, ne permettent pas de réduire la totakgQllicoidesni d'éviter completement le
contact entre le€ulicoideset leur hote. Ainsi, I'application combinée de bemble de
mesures présentées pourraitpermettre de maineenaritact entr€ulicoideset leur héteen-
dessous des seuils nécessaires a la transmissden antréler les maladies transmises par
eux.
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Conclusions générales et perspectives

Ce travail de thése portant sur I'évaluation dehmees de lutte contre I€ulicoides
européens vecteurs de maladies, a nécessité ldnapie procédures expérimentales de
référence utilisées sur d’autres modeles biologigaeplus particulierement celles employées
chez les moustiquegn effet, limités par I'absence de données de eéfdE, nous avons
consacré beaucoup de temps a la mise au pointsdproeédures pour finalement proposer
guelques-unes qui nous ont permis d’obtenir des@em descriptives de base essentielles
pour la LAV que nous ne possédions pas cheZildisoides

A présent, grace a ce travail de thése, nous disgose méthodes d'évaluation
spécifiques pour le€ulicoides orientées en fonction du produit a tester (sulostaactive,
formulation) et de l'objectif scientifique (sendité# aux insecticides, efficacité Iétale ou
répulsive) (voir Tableau récapitulatif), qui peutvétre aussi employées pour d’autres insectes
hématophages d’intérét médical ou vétérinaire detepeaille comme les phlébotomes
(vecteurs d’arbovirus mais aussi de protozoairggamrsables de la Leishmaniose).

Le modeéleCulicoidesest particulierement complexe et intéressant digtwcar les
connaissances sur leur biologie et leur écologie fiefaut et, en méme temps, ils sont
responsables de pertes économiques importantasdiée maladies qu’ils transmettent. Par
ailleurs, nous avons été confrontés aux contraiteéebniques de ce modele liées aux
difficultés de capture a proximité du laboratonle, manipulation a cause de leur petite taille,
de leur saisonnalité trés variable et dépendante clenditions météorologiques et
environnementales locales. Néanmoins, nous avonkaeantage de mettre en place un
élevage deC. nubeculosusu Cirad a Montpelliergqui nous a fourni des individus en trés
grande guantités, nous permettant ainsi de mettpoimt les différentes procédures et obtenir
des valeurs de références avec une souche sej@iides exposée aux insecticides dont la
résistance est tres peu probable.

Les études que nous avons menées nous ont peenmeetire en évidence, via les
outils développés explicitement dans ce travathése que :

i) les Culicoidessont sensibles aux substances actives présentesgdaitgues produits
insecticides disponibles sur le marché européenisNiisposons maintenant de 36 jeux
de données différents sur la sensibilité aux insdets de différentes populations en
Europe et Afrique, qui ont été valorisés dandMasuscrits #2, 3, 4, Bt6 (Chapitre 2),

il) certaines substances actives sont plus toxiques djaatres (I'effet létal des
pyréthrinoides est plus important que celui desmmoghosphoreés),

iii) l'absence de résistance aux insecticides est sappchez les différentes populations de
Culicoidesétudiées,

iv) la faible efficacité et la courte persistance de®dpits a application cutanée
commercialisés en Europe et recommandés par lesitéatsanitaires a été constatée
(Manuscrits #2t7, Chapitre 3),
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V) quelques huiles essentielles comme la citronnélle géranium ont un effet répulsif
similaire a celui du DEET et un effet Iétal simikia celui de la deltaméthrine contre
C. nubeculosu@Manuscrit #8 Chapitre 3),

vi) le grand potentiel des moustiquaires imprégnéesiiie 4) dans le contexte d’espéces
de CulicoidesendophilegManuscrit #9.

Les substances actives utilisées dans les diteserfiormulations insecticides
commercialisées sont donc efficaces contreClelicoides en revanche, la pesistance de ces
formulations recommandées par les autorités segstaist tres limitée sur les parties glabres.
Pour avoir une protection optimale, I'idéal sexst traiter les animaux toutes les semaines,
mais cela est impossible car les recommandatiomdisiation ne le permettent pas en plus
des couts éleves et que cela reste difficilemasalide en contexte d’élevage. Ces traitements
hebdomadaires pourraient étre limités aux périatdegrande activité vectorielle et de crise
sanitaire pour la protection d’animaux de valeumoee les taureaux et béliers. Néanmoins,
I'amélioration de la persistance de ces produitdgsafabricants est indispendable.

Par rapport aux moustiquaires imprégneées, il egtoitant de souligner qu’elles
laissent passer leSulicoidesmais les tuent aprés contact. Pour protéger lemaax des
piqlres de<Culicoides l'idéal serait de réduire la taille de la maitieur réduire le taux de
passage tout en permettant la circulation de k&ins les batiments. Ces moustiquaires
pourraient étre utilisées pour combler les ouvedyfenétres et trous) des batiments ou les
animaux sont mis en stabulation pour réduire lesgges desCulicoides et reduire la
transmission.

Concernant les huiles essentielles, celles de génaat de citronnelle ont un effet
répulsif équivalent a celui du DEET et un effetléquivalent a celui de la deltaméthrine.
Elles pourraient étre une alternative aux inseatdigj pour réduire la pression et ainsi
diminuer le risque d’apparition de la résistance msecticides, mais leurs persistances sont
tres courtes et leur utilisation sur des animawyussju’a present non autorisee.

A propos des peintures, il faut revoir tout le disiif d’évaluation pour obtenir des
résultats interprétables.

En tenant compte les améliorations que nous aappsrtées aux connaissances de
I'étude des méthodes de lutte contreQesicoides plusieurs perspectives de travaux peuvent
étre envisagées. En effet, avec les restrictioasdissantes a l'utilisation d’insecticides en
Europe, la liste de substances actives autoris@es lgé contexte vétérinaire est courte et le
sera de plus en plus dans les années a venir. Oesgudire qu'a moyen et long terme,
I'utilisation répétée d’'une ou deux substancesvastientrainera inévitablement I'apparition
d'une résistance a ces insecticides, et il ne nestacun autre moyen de lutte chimique
efficace contre les vecteurs (et pas seulementedesCulicoide3. Cela a déja été observé
chez des mouches des corndadmatobia irritany aux Etats-Unis (Szalanskt al, 1991 ;
Oyarzunet al, 2008, 2011) et chez des moustiquéedes aegyptidans les Caraibes
(Dusfouret al, 2011 ; Marcombet al, 2012), en Amérique centrale (Bissétal, 2013) et
en Ameérique du Sud (Limet al, 2011 ; Maciel-de-Freitast al, 2014). Dans ce contexte, il
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est essentiel de continuer le criblage des substamctives, d’élargir les tests de sensibilité a
d’autres populations dans les zones a forte agt&onomique et de poursuivre le suivi de
leur sensibilité afin de détecter I'apparition de resistance aux insecticides. Il est aussi
essentiel de finaliser les protocoles du test diilon du repas de sucre en I'optimisant avec
C. nubeculosugour le tester sur les especes d'intérét vétéanaris aussi celui du test en
cbne en 'optimisant aveC. nubeculosupour évaluer l'efficacité d’autres peintures.

Il serait intéressant d’évaluer quelques méthoddsisantes, utilisées chez les autres
vecteurs, comme les bactéries endo-symbionteslauecapacité a modifier les traits de vie
chez certains insectes (longévité et reproductiein)d’auto-dissémination de larvicides
notamment avec le pyriproxyféne, tres efficace gewontréle dAedes albopictugvecteur
de la dengue et du chikungunya) (Oldtaal, 2013). Mais sans combler les lacunes sur
I'écologie et la biologie de€ulicoides ces stratégies ne resteront qu’au stade de proet e
développement de vraies stratégies alternativesnaexticides ne verront jamais le jour.

Ce travail de these a donné quelques outils d’@ualu et des valeurs de références
sur la LAV contre le€ulicoides mais il reste beaucoup a découvrir...
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Tableau récapitulatif Méthodes recommandées pour I'évaluation de l'effiéades formulations insecticides ou répulsivestren les
Culicoides.

Formulation insecticide ou répulsive ciblée

Substance Application

Active cutanée Répulsif Matériaux imprégnés ou traités
Exemples Deltaméthrine, Pour-on Huile essentielle, Moustiquaire Support solide,

perméthrine pulvérisation répulsif synthétique mur, bois, bache
Méthode Test en tube OMS* Test en cage* Membrane traitée* Test en tunnel* Test en cOne

Papier filtre traité*

Information  Sensibilité aux Efficacité létale et Inhibition du repas de  Efficacité létale et Efficacité létale et
obtenue substances actives, persistance sang et de sucre, persistance, taux de persistance
LCsq, LCqo, CD, efficacité létale et passage
répulsive

* test spécialement adapté dans ce travail de thése étre utilisé avec leSulicoides LCsp: concentration létale d’'une substance active
entrainant la mort de 50% des individus exposésp:Gtoncentration Iétale d’'une substance active Brard la mort de 90% des individus
exposeés, CD : concentration diagnostique (2 3CL
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Host-Seeking Activity of Bluetongue Virus Vectors: Endo/
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Abstract

Feeding success of free-living hematophagous insects depends on their ability to be active when hosts are available and to
reach places where hosts are accessible. When the hematophagous insect is a vector of pathogens, determining the
components of host-seeking behavior is of primary interest for the assessment of transmission risk. Our aim was to describe
endo/exophagy and circadian host-seeking activity of Palaearctic Culicoides species, which are major biting pests and
arbovirus vectors, using drop traps and suction traps baited with four sheep, as bluetongue virus hosts, Collections were
carried out in the field, a largely-open stable and an enclosed stable during six collection periods of 24 hours in April/May, in
late June and in September/October 2010 in western France. A total of 986 Culicoides belenging to 13 species, mainly C.
brunmicans and C. obsoletus, was collected on animal baits. Culicoides brunnicans was clearly exophagic, whereas C. obsoletus
was able to enter stables. Culicoides brunnicans exhibited a bimodal pattern of host-seeking activity with peaks just after
sunrise and sunset. Culicoides obsoletus was active before sunset in spring and autumn and after sunset in summer, thus
illustrating influence of other parameters than light, especially temperature, Description of host-seeking behaviors allowed
us to discuss control strategies for transmission of Culicoides-borne pathogens, such as bluetongue virus, However, practical
vector-contrel recommendations are difficult to provide because of the variation in the degree of endophagy and time of
host-seeking activity.
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Introduction oheaining a blood meal within a man-made struciure [3]. can be
i . . ) regarded as an adapration of hematophagons msect to reach their
Host-parasive svatems are subject s opposing selective process- Ficvitst
cir on the one hand, parasite Gmess B8 increased by oa higher

? X The description of circadian activity and endo/exophagy of
frequency of encounters with hosts and on the other hand, host

hematophagous insects could have practical implications for the
contral of diseases indoeed by transmitted  pathopens. A well-

ftness 14 ereased by avoiding these contacts [1]. Feeding success
of free-lving hematophagoss inseces, which can be considered
parasites. of vertebrates with penoedic and brief contacts, depends
on their ability to be active when hosts are av

known example s stabling horses ot night i South Africa

; where Chlicaides fovcala Kicfler s known to be nocturnal and
lable and to reach

mainly exophagic [5.6]. This vector-contral strategy hay proven
to be an environmentalby-fricndly and inexpensive method
prevent Alrican horse sickness (AHS) by reducing bites of the
mamn vector, From 2006 10 2000, Europe faced a huge epizoatic
ol bluetongue viris serotype § (WIVE) transmission, leading to
disastrons sanitary consequences in domestic ruminant populba-
tons and  to important  disruptions: nooammal  tade  [7].
European regulations recommend the stabbong of animals dunng

places where hosts are accessible [2]. Circadian and seasonal
actwities of msect are regulsted by endogenovs oscillators which
are inidated by nataral diel alternation of light and darkness [ 5]
These hiolagical elocks enable organisms w anticipate variations of
biotie and - abiotic factors associated  with seasonal or chiel
progression. mather than folow them [54]. Diel timing of host-
seeking activity shoeuld be selected to emsure temporal encounter of
the insect and host and to minimize the sk of dying during host-

secking activities, Similarly, endophagy, defined as the trend of Cultoides activity to reduce BTV mansmission (EU7 Goungil

PLOS OME | www.plosane.org 1 October 2012 | Yolume 7 | lssue 10 | 48120
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Figure 1. Climatic conditions in the study site. A. Ombrothermic diagram for comparison betweesn 2010 and the 1971-2000 peried (data from
Météo-France station of Parcay-Meslay); B, Boxplats of temperature {'C) and relative humidity (%] recorded by data loggers at each lacation during
the 15 collection sessions; C. Boxplots of mean and maximum wind speed (km/h) recorded by the local weather station during each of the & summer

collections.
doi:t0.137 1 journalpone. G0481 20.9001

Directve 20000 7T3/ECL The direct costs due o indoor housing
of animali in The Metherbands in 2006, which was compulsory

in restriction zones, were estimated to 18 milion Eures, Le, 35%
of ol economic mmpact [B]. However, endodexophagy of
Palaearctic  Coficaides was not precisely deseribed  and  then
benefits of this housing strategy were oneertain,. The recent
emergence of a-novel Orthobunvavirus, named Schmallenberg
virus [%]. in Buropean muminant populatons highlighied  the
crucial need of addeess this ssue.

Endophagous  behavior of Palacactic species was  reponted
first by Owergmard Niclsen and Chrstensen [10] in Denmark.
In late 2006, comparing UV-light erap collections imsude . and
Meiswinkel o ol [L1]
collected  threelold more Cuficwider outside than nside, where

ousicle  sheds in The Netherlands,
cattle were kept [or the night. The species collected  mainky
mtehe, e Cwlicmder ofsofeter Meigen/ Cultcordes seottenr Downies
amd Kettle, Cuftrandes deaendfi Goetghehuer and Cwlteorares clnngiermer
Meigen), were suspected o be imolved in BTV mransmission
[11]. Using the same method in Franee at the same period,
Baldet et el [12] collected mainly the same specics  mside
stables, but in greater oumber inside than ootade. Aothors
comeeded that the resulis were difficult o compare and interpren
becanse of the variation in building openings and in catde
14},

With a standardized approach, Baylis et al, [13] highlighted that

abundance close w the wap in the different collection sites

the presence of animals and the opeming of stable mereased the
UV-light  mrap.
Moreover, authors showed  that the decrease of  Culicoides

indoor  number  of  Cilimdes collected by

numbier between outdide and inside traps 15 greater in summer

PLOS OME | www.plosone.ong

(6.5 fald) than in autamn (3 old) [13]. Unfortunately, all these
studies vsed U'V-hght traps to assess Culiemies abundance, which
do oot assess correctly the bng rate on animals (14 16].
Indeed, ligrht attraction might lead w an everestimation of the
Culicoides endophagy, due to an higher tapping efficiency when
light traps are set inside stables, rather than outside [17].
Simialarly, circadian cycles of Palacarctic species are poorly
described, It 3 widely assumed  that
crepuscular and may continue (o be active throughou the night.

Cuticaides are  mosthy

However, many specics are also tronhlesome in the day displaving
two hiting peaks: one after sunrise and the other close o sunsel.
Hours of midee atacks can lengthen when low-light overcast
condigons prevail, leading w biting throughout the day in both
open (Celicoides wipurctet Goetghebuer) and [orested  environ-
ments (G, ofslens [17]. However, only a few studies have
described rigorously Celirowdes nvethemeral cyeles with consecotve
H b collectons: [18,19], and only ooe has anleed host-seekang
hehavior of European Culimides [20]. Using horse-haited collec-
tioms, the latter founed that the largest number of € sdialein was
collected ot sunset, far less ot sunrise and occasionally m the
aficrnoon and night.

The am of this study was o describe circadian hosg-seeking
activity and endodexophagous behavior of Palaearctic Caficsides
using host-baited trap collections. As insect behavior 15 directly
alfected by geophysical (sun and moon lght oveles) and climatic
(temperature, humidiey, wind) factors, we carmied out collections in
three different periods of the year.

October 2002 | Yolume 7 | Issue 10 | ed8120
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Climatic Data

Climate at the study site was oceanic, with o mean annual
temperatere of 147G thermal amplitode of 14970 and annual
rainfnll of 6094 mm Mewwo-France data, 197 1 20005, I 2010,
annual rainfall was lower than for the 19712000 period
1386 mm), with delicit in rainfall during the first part of the year
(179 mm between Janwory and May 2010 zersur 298 mm for the
reference pernd). Temperatures were generally close 1o normal
values in 2010, with colder values in Janvary and December and
warmer i June and July (Fig. TAL

Dhrimg collection sessions, lemperatures were higher in summer
than in antumn and spring, with smaller amplituce 0 automn,
whereas humidity was higher in avtomn than in summer and
spring (Fig. 1B, The tempermiore decreased  graduoally from
indoors to outdoors, while humidity showed the inverse tendency,
In antumn, however, the relative humidiy was the highest inthe
largely-open stable (Fig. 1B, Amplindes of temperature and
hunmmddivy were higher sutdoons than i ether locations, with outlier
observations, espreially in autumn, probably doe wo direct
exposure of recording devices 1o the sun. Wind speeds were
correlated between locations, with an expected wind gradient from
outdoors o ndoors, with an miermedinte siimation for the largeby-

open stable Fig, 100,

Diversity and Seasonality

During the 18 collection sessions, a total of 986 Cideoudey (944
females and 38 males) belonging to 13 species was collected n
host-haited traps (drop trap and section irap) and 559 Culecoddes
451 females and 88 males) belonging o 19 species in the UTV-
light/suction trap [Table 1. Molecular assays were performed on
407 Culficwder females morphologically identified as belonging w
the Ohsoletus Complex, The sample contained 349 £ obanlefus, 25
. sewticns, 6 €. depalfi and | € chiaplerns; 26 individuals wery not
ilentificd. Only 4% of Culimwider collected nhost-hatted traps were
males. - mainky the dominang species Culicsider Sy Edwards
collecied by the drop rap — whereas 2% of Cufooder were males
i UW-light/suction map. A wotal of 84 grvad [emales was
collected: all in the saction trap mainly n swmmer (7% ) and most
were (L obsalainy (76% ). Blood-fed females were collected by all
traps, hut maamly by the drop map (197 peeser 4 10 suction trap and
S in the UV-hight/suction trap), The majority of biood-fed females
(196/210) belonged 1o the dominant species € Seneeens and
€. obsafefus; the engorgement rate in the drop map was 28% for
(. founnicans and 65% for €0 obsalefus.

Diversity and abundance of species varied across seasons and
iraps. Duliceides bunndrans was present almost exclusively in spring
(Tahle 1), Culicwides afseleter was present during the three perinds,
mainly in summer (Table 1. The abundance of 0 wotiewy
decreased progressively from the first 1o the last collection pernod
Tahle 1. Culicoides bnmmicany was more abundant in hose-haited
traps than in the UV-HghtSsuction irap, whereas the opposite
sttuztion was observed Tor O sheeldus. Moreover, the UV -light trap
collected some species rarely or not collected in hosi-haited traps,
as Cilicaides punclots Latreille and Cwlirosdes fenvipenmis Keiffer, On
the contrary €. derondff and £ chiapteras were found in host-haited
traps but not in the UV-light/=suction wap (Table 1.

Endo/exophagy

The hest model predicting the observed abundance of Culicnides
overall (Pearson’s product-moment comrelation, @ =009 was the
compiewe: mode] including location, season, imteractions hetween
both and trap as fixed elfects and the session as a mndom effect,

PLOS OME | www.plosone.org
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even though season lacked a clear effect on abumdance [Table 20
Most Calirmider females were collected omdoors (mean predicied
number of Culcaider was 8.5 outdoors rersus between (.4 and 1.0
indoors) and more were collected by the drop trap (4.2 oo 2040,

The best model predicting £ bmmnicans abundance (r={0.9%) was
the complete model withoue the interaction weem (Table 2). This
species: was Tound almost exclusively during the st collection
period and outdpors (hetween 100 and 300 [old more abundant
outdoors than indoors) and mainly by the drop trap (1.9 e (L5
by the suction erap). Interactien between location and season
(p=0.001] was needed to obmin the best prediction of € efoletus
abundance  (r=0.91). Cubemider ohsletes was  collected  more
ahundantly outdoors (hetween 8 and 10 fold more abundant
outdoors than indoors) and by the suction trap (L6 e 0.9 by the
drop trap). For €0 seetious and O daenlft, only rap and Iocation as
fixed effecr were needed to ohtain parsimonious models with goodd
fit (r=098 and r=0.72. Both specics were collected more
abundantly by the suction wap (predicted abundance was 0.22 and
0.,26 vermes L0 and 004, and € sefiws was collected  more
abundantly oudoors (hetween 9 and 22 fold more abundant
outdoor than indoar),

Circadian Host-seeking Activity

During colleciions, the dme of sunrise ranged from Ghaf (GAMT
+1) the 26™ April to Hh6 the 8% Octaber, when the sunset ranged
from 21hi] o 19024 hetween the same dates.

In sprng, €. brmriean s exhibited two peaks of dicl activity. Host-
seeking activity increascd mapidly just alter sunrise, and then slowly
decreased during the nest & hours. Host-secking activity started
again 5 hours hefore the sunset; reaching a peak just after sunset
and then decreasing rapidly (Fig. 2).

Host-secking activity of £ shsdefny wis recorded mainly around
sunsct In spring and autumn, host-secking actwity started slowly 2
hionirs before sunset, peaked just before sunser and then decreased
rapiclly (Fig. 2. In summer, we observed a similar patiern of hose-
seeking activity excep that the peak occurred just after sunsel,
Minor host-secking activity was: recorded  around  sunrise, espe-
cially in autumn, Ouisicle these 2 periods, host-secking activity
ceascd, The surprisng peak observed i the maddle of the
alternacn (15h20) was the result of o single collection with the drop
trap,

The same pattem, ie hostsseeking activity mainly around sunset
and a small amount around sunrise, was observed for £ daoedfy,
€ chintersts and £ seofices, even i the low number of females
eollected dicd nor provide details of the dai]y host-secking activity
for these 3 species.

Admost all the colleetions were earried out without any rainfall,
Comparing Coleoeder abundance with dawm logeer records, we
noted  that  Celiesiges were collected  across a large range of
temperature (Fig. 3 single indwviduals were collected at temper-
atures a5 lowest as $.8°0C and the first substantial caiwch (60
Cufewider) with low remperatures was recorded o temperatures
hetween 8.4 and 1047°C. Low relatve humidiny did oot seem o
imhihit host-secking actrvity (Fig. 3] as 47 Crlieaider were collected
hetween 32 and 52% relative humidity. Moreover, we noted that
the Brst significant catch (16 Chfcardes) with strong wind - was
recarded with a wind speed of 5 m/ds, bat only 245 of collection
sessions could be analyeed. Indeed, due to technieal problems,
local metearological parameters were missing for some collection
sessinns,

Coulicaider hrmrecans hiting rates in spring assessed by drop rap or
suction trap were lincarly and positively  correlated with the
abundance in the UV-light/suction trap (R = 0.55, pe<0.001), but
some collections were postive m host-baited traps but oo i U=
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W light/suction trap, or I{J‘nm'rrxrly (Fig, 4). Correlation was much
g lowwer for €, afsdetes (R™ = 10013, p =0.052), although it seemed thar
3 i . U'V-light/suction trap tended (o over-estimate biting rates.
2 L F

N Discussion
E s We  descnbwed  endofexophagy and  cireadian host-seeking
E u 3 activity of Palacarctio Clicordes species using drop trap and suction
w Zz -

trap collections, The mean number of Cufiesides per collection was
v o rather low. 1t illustrated the highly variable Ceficoades abundance in
space and time. Indeed, ap to 3,000 Celiesides were colleceed at this
site by simgle U'W-light tap  nighe-collecions,  carried o
midependentdy of these collections, The trap, as a fxed cffect,
was necessary o mode] abundances of all Culicmider species. The
drop trap collected more €, dwwecany than the saction trap

Viennet of al [I6] showed that drop trap collected more O

UV-lightfsuction trap
pring
174

Total
451 BB

£ frnrecans than other host-baited wap methods - bue abundances

§ assessed by hoth methods were highly correlated  [Pearson’s

< - NN r=099). The suction trap collected more ndividoals of other

_ . e species than the drop trap, and presence of gravid females

5 sugrested that this. oap may bave collected non host-seeking

E females. Moreover, differences between traps may reflect spatial

E i variaticns of Cilicoides populatnons, However, satsfaciony concor-

- dance of abundance [r=067) for (L phsoldur in both  traps

& m suggested that the suction trap could be vsed as an elficient and
Ela pasy alternative (o drop trap for this species.

g' i ! E '1'_-.1 e, im-'nsli.g.'t.tic'rru: tl'uf_f.'.l.rf.fmjrﬁ:r_ ::m!nfe:xr:pt_mg} I'Imd ftczhrn

rarried out always with U'V-lighe /suetion traps [3.6.11 13.21,22],

@ with the exception of one study [23] on eenithophilic Celeasides

£ speetes. But UV-light//suctnon trap collections were greatly

3 dependent on local conditions, such as presence and pumber of

= — w A mnimals in the vicinity of trap [24]. leading o complicated

mrerpretations. For instance, € ddsale was collected in grewer

3 - ™ mumbers by indoor amimabkhbaited light raps: than by owtdoor

E unbaited hight traps in Spain [21]. in apparent contradiction with

& 2 c - south-Alncan deseriptions, where ths species exhibited exophage

z = hehavior [3.6]. In our study, host-haited collections in outdoor and

£ '.E,. g . indoor (with mwo Iv.‘l;rgn‘.r:: of opening [or the host-baited suction

3 7 i _ e g trap) conditions highlighted that Palacarcos Cufienides are primary

g = exophagous msects, Some species are stricty exophagous, such as

ol I n - Ll €. hrunmirans, some others show some degree of endophagy, such as

E E B E € ofafetes or € seoticus. Baylis of al | 15] showed that differences

hetween outdoor and mdoeor catches decreased from summer 1o
autumn, To explam these differences; authors suggested  factors
diflicult to untangle. Colder wemperatures and stronger wind in
autummn could suppress outdoor Cwliceides host-secking activity

pvercast ronditions have been shown o decrease outdoosr UV-
light/zsuction collections [G,11]. On the other hand, amumnal
conditions could alse wmterfere in hght trap etficiency  wind could
madily the trap suction efficiency — or host-secking activity could
perur mainly before sunset late i the year, decreasing part of the
Caliceider which atherwise would be collected [25,26]. Even though
meraction between season and location was necessary o model

Obsoles Complex

Species

. spadiclis
. pericidtin
L. chioptanus

a'
3
a
4

€ whsodetus abundance, our daa did not allow (o clearly confirm
this phservanon. Fually, most of Cufmides females collected
incloors i host-baited traps may have been host-seeking females.
However, the low number of gravid 0 sbsolay indoors sugeest
than some females may enter into sheds o oviposi, as illustraed
by the possibility to find Cefiesider larvae indeors [27 28],

It is widely assumed that Cilicoides are mostly crepuscular [249).

Total Closed stable

TOTAL

However, only few shdies have descnbed agoroosly Celieades
circadizn cycles with consecutive 24 h collections |18, 19,540], and
puly ooe has considered  host-seeking behavior of European
Clufiveider using horse-baited collectons [20]. Two patierns of hosi-

F: females P): parity rate as Mo parous/No. females (given in percentage if F =5): M- males. For the sate of clarity, 0 were not quoted
Wi not done, Tha drop trap was not usad in the largely open stable, and only ona {JY-light/suction trap was used sudoors:

'R specks rank calcutated with the 1013l number of individuals whatever the trap and the season
doi 10,1371 fournalpane 0045 120.0001

Table 1. Cont.

Location
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Table 2. Mean No. observed (max} and predicted Culicoides for all species and the most abundant species depending on the trap,
the location and the season.

Effect Value All species €. brunnicans . pbsole s C. scoticus L dewolfi
Observed Pred®  Observed Pred  Observed Pred Observed  Pred Chserved  Pred
Trap Drop ap 16.4{240] 498 1340237 184" 20119 091" 0204 oo™ oo 0.04"
Sucrion trap fblas) 237 2.1[63] 045 2708 1.62 0.6[25) 022 0.3{3} 0.26
Location Cutdoos 25.04245) 846" 1641237 3.55 54028 3.0 128 03477 DdE) 041
Los? 1.218) [ R B 11 1] 0.03 0.7 ‘039 022 .04 01} 0.03
Indons 0.E16) E a.141) E a.505) E 09113 E 0.0 E
Seaion Spring TA245) 562 19.6(237) i 1.3014) 0.88 1.3025) - D3 -
Summes 50134} 2,03 243) 004 3628) 1.53° 0,212} - 0,500} -
Autumn 2618 237 a0 p.00  20014) 1.38 0.2(1) 0.2(2) -
Seavloc’ - p-.;n.n'm - pe= 0001 - -

"Interactinn betwean season and location.
TL05: largely epen stable; Pred: predicted values; NS: not significant.

‘=005 p=OU1, ne indication p0.1)

seeking activity were ohserverd during cur 24 consecateve hours of
collection. Clietdes Sramtoas showed a bimodal patiern of hosi-
secking acirvity with peaks at dawn and dusk. as foond Ty
Blackwell e of. [31] for fight activiey of O mpmnctates. Cther
species, O oboafetng, O seotions, . deeadfi and O chigpiens, showed a
main activity peak around sunset, even if some indinaduals coald
e collected around sunrise. We cannet exelude that in context of
higher Cufiaides abundance, these species present a second, bt
lower peak of host-seeking activity around sunrise, as highlighted
by Wan der Rijt of al. [20] for €, obsedeins (B individoals collected ar
sumsel permr 1 at sunrise). Indeed, Sanders o ol [32] observed two

praks of fight acteary for € ehselste, G, seefione, ) deonffi and
€2 chnplrrny around both sunnse and sumsec. Meteorologieal
conditions are known w impact adult midee acoviey [29,55]. Tn
seems clear that windy conditions suppress the Qight activity of
Culicaider [6.31,353]. Flight activity is described experimentally as
exceptional at temperatures  below
temperatures above o 2000 for Culireides avystoma Kaeffer and

tr WFC and optimal at

"predicted values [Prad) are in bold and underlined If analyze of varance bevween madel with snd without that effect showed ugnificant differences with for o= 005
P-values were given for effect modalities compared 1o a referance value, Le. “suction trap” fer trap, “indoor” for location and “autemn” for season (™ p<0.001; "p=001;

Culienitter pictifeurs (Saeger) [34]0 Finally, Blackwell of ol [31]
fonmd a positive correlation beoween flight acthaty of ) myfumedetir
females and relamve humidiey and ramtall. Dunng our obscrva-
tioms, relative. humidity was not [ound w influence host-seeking
activity and minimal temperature required seemed i coherence
with that described by Tsatsm of ol [34]. We [ound that the
highest hose-secking activite oceurred in low sunlight, correspond-
g o twilight periods. Changes o light miensiy during the day
could explain “abnermal” hostseeking aciavity. For mstance, 15
.. obsaletus were collected in the middle of the afternoon (az 150208
one day of June (Fiz. 2. During this afiernoon, sunlight decreased
from 120 (L4600 to 77 (15h00} and 1o 20 J/em® (LGROO)
compared 10 means of 226 (14hF, 224 (15h00] and 225 | 16h00)
the other collection davs of June: The firs consequence 15 the
possible lengthening of Cuficeides antack bours when Iow-light
mvercast conditions prevail leading to biting throughout the day, as

14 known in open pastures for O funcboie. or O whiolefis and in
forested environments for €2 shseieer [17.35]. The other conse-

Figure 2. Circadian host-seeking activity of & brunnicans and C. obsofetus total number of females collected outdoor by host-baited
traps at each session and day time. Small symbols are single collection and lines with large symbols the means by period. Vertical lines symbalize

the time of sunrise and sunset.
doi:1 01371 journal pone. 00461 20.g002
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A Manthly mean ranfal {mm)

Host-Seeking Activity of Culicoides

-

Mardhly kernperatures (°C)
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Figure 3. Number of Culicoides collected outdoor in host-baited traps compared te temperature and relative humidity recorded by
data loggers. Lines are the distribution histogram of metecrological parameters recorded during the collections.

doi:10.137 1 journalpone 004581 20.g003

nuence 15 the possible noctumal host-seeking actvity of Cwliearde
due o moon  dllummation, as observed  Tor North-Amencan
Culiconder _'JTJI“CIH‘E by Barnard and Jones [18] or Lilbe o ol [19].
Therelore, it would be interesting o study influence of moon light
and moon phases on circadian host-seeking activity of Palacarctic
Culiemider, Sunset and sunnse tmes depend on locality and season,
leading 1o a change in host-secking activity times throughoot the
vear, Maoreover, . absaletur wag active helore sunset during spring
and autumn, and after sunset during summer, illustrating the
influence of other pammeters than sunlight, This could be an
adaptation o temperatones as suggested by Lillie of ol [19) whoe
found the same patiern change throughowt the vear.

Finally, this work allowed the comparson of biting midge
abundance in sheep-baited traps and in UV-light/suction traps,

Number of Culicoides females

operated as a standardized method. Due w0 experimental design,
these methods could not be rgorously compared. A positive and
high correlation could be established for £ damnicans, showing tha
UN-light collections may be used withour correction o follow
changes m hiting rates, Correlation was worse for £ obsleier, bui
the tendency of biting rate over-cstimation by the UV-light/
suction trap was abready recorded by Carpenter s of. [14] and
Viennet of all [16].

Ta conclude, in farms with grazing animals, keeping valuable
animals n closed stables would Lmit their rsk (o be hien by
Culicwiides and then to be infected by Cliomides-home pathogens, as
hiting midges secm 1o he primarily exophagic inseets. However,
practical recmmendations are dilficult o provide because of the
variation in the degree of endophagy and dme of host-seeking

) =

i i €. brunnicans L& : | €. obsoletus ;;,
I I 1|+~ Spring '
! ! | 1 -®- Summer ; :
: o el 1 =0 Autumn = : = l o
| H i )
i i E :
i . i [
1 ] E
i ] .
. 1
| 2 I
| :
! i of
i ]
1 i
1 1
i 1]
u -
r
(1]

Time in hours

Figure 4. Correlation between the numbers of C brunnicans and C obsoletus collected outdoor in host-baited traps and in UV-light/

suction trap.
doi:t 31371 journal pone (0481 20.g004
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Figure 5. Sketch map of the study site at Nouzilly (western France) with the location of the sheep-baited traps (drop trap and
suction trap) in the three sites (field, large-open-stable, closed stable} and of the UV-light/suction trap.

doi:10.1371/journalpone. 00481 20.g005

activity. The activity parameters depend on Coefieosdes species, liost

abundance, season, stabling  conditions and  weather. This
illustrates the consequence of evoluttonary processes selechng the
ahility of hematophagous insects o ensure host encoonter in time

and space.

Materials and Methods

Study Site and Culicoides Collections
Indoor and outdoor collections were carricd out during six
rollection periods of 24 hours in April/May, in late June and in

C. brunnicans
Spring 4
i‘m 1 = summer g gﬁi;l:z‘ap
£ 100 - Autumn a
€ —— Linear regression ___,-"
s | 77 95% confidence interval i
% ) E
i
=2
o 10 4
=
3 s-
k5]
X iz
E L
L 1
e
L] ¥ 1 1 T ¥ L] 1 L
[ 12 5 w 50 100 180

Number of Culicoides females in UV-light trap

Septemberd October 20010 on an experimeniz]  farm (Instaoot
Mational de la Recherche Agronomigue, INEA, UEI277 FFIE)
sheep  and  located i Noweily (4773301 N;
00°47'52"'E), western France, Three areas were investigated: a

breeding

fiedd (61 =105 m), a closed stable (17245 m) and a lorgelv-open
stahle (M= 10 m) (Fig, 5. The closed stable had closed windows
(=04 my S windows west side and 12 east side) and two lamge
doors (5.1 33,4 m)| half open, thos about 3% of the walls were apen
surface. The largely open smble was constituted by 5 walls, 1 roof
and | open side: and openmgs constituted abont 38% of the wall
surface. During collections, meteorological conditions (ar temper-

C. obsoletus
250 Spring
O Drop trap
150 4 = Summer i
- P 0 Suction trap
—— Linear regression
s = 5% confidence interval

o= LT a L]
) T T T T T T T 1
o 1 2 5 10 20 &0 100 150

Number of Culicoides females in UV-light trap

Figure 6. Inside and outside schemes and pictures of the suction trap.

doi:10.1 37 1/journalpone, 00481 20,5006
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ature, relative bumidity, wind speed and direction, solar radiation,
rainfall and ammosphenc pressure) were recorded  every five
minutes using a weather sution Vantage Pro 2 [Dovis Instruments
France|. Temperature and refative humidity were also recorded by
o Tiny Tag TGP-45(K) data logger at cach trap Iocation. Monthby
meteorobogical data recorded by the mational weather station
(Méteo-France) at Parcay-Mesloy  ($7°26°36"'N; 0074536 E;
13 km from the sty site) in 20010 were wsed 1o illusstrate
metearnlogical conditions during the vear of collections,

We collected Cidiorider using one drop trap and one suction trap
in the licld and in the closed stable, and one suction wap in the
largely-ppen-stable (Fig. 5). All waps: were separuted by a
minimum of M m o minmiee inetderence and w assess the
level of endophagy of Culicordes. The drop trap s a host-baited rap
ond comststed of a rectangular cage (2.5 m wide ®3 m long and
2 m high) and made of white cotton neting (<2025 mm® mesh
sz, Its structure and use was described in detail by Viennet et al.
[16]. The suciion rap allws Caficoiders collections without human
intervention and consisted of a wooded box (44 cm wide <58 cm
long and 73 em high) equipped with a engine cooling fan at the
top and an inner collection botle rotator (model 1512, John W,
Hock Company, Gainesville, FL) (Fig. 6). Chfioides were collected
m (L5 liter plastic collection bottles, which were Alled 173 ull with
water and two drops of soap, and then were tansferred e 70%
rthannl.

Traps were operated  during 24 consecutive hours (from
12 pm to 12 pm the nest day), giving 4 collections at 50 min
micrvals; G times at each of the three 2oweek penods. Each irap
was haited with four south-Frealpes sheep females of 3o 5-
wears. pld and 55 to 65 kg oweight enclosed in a pen (2.5 m
long =2 m widex 1.3 m highl. There were no horses or cattle
within 200 m from the sites during the collection sessions. The
predocal was examined internally in the Plafe Fame o fnfectivlome
Expérimeninle [UE1277 PFIE) by an ingeomal group in charge of
animal  welfare,  including  veterinary  surgeon and  animal
keepers,. The protocol procedure did oot cause any pam or
stress, e, no mjection, no biological sample, no surgery, Thus,
according 1o the Direetive 2000/63/EL on the protection of
animals used for scientific purposes in Europe, it was not
necessary o submit this protocal 1o an ethics committee and
vach step of the protocel was conducted with respect o the
standard ethical rules: sall were qualified for animal experi-
mentation and premises were licensed for experimentation.

In parallel, & UV-light/suction wap  (manofactured by the
Onderstepoort veterinary institute in South Africa) was operated
during each collection session (0 provide an overview ol Culieaiide
dwversity, It was mm with an 8 W UV hght tobe and ona 1220l
var hateery, was placed ar 1.5 m height from the ground on a tree
and was ool visthle from the ammal bats (Fig. 5. The msects
rollecied with the UV-hght/suction tap were stored i 70%
rthannl.
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Culicoides Identification

All Culinides were morphologically identfied under a steremmi-
crowcope [(Steme 26M O ZEISS) 1o species level based on an
identification key for the Palaearctic rogion [36] and soried by sex.
Females were classified as nulliparows; parows [37], freshly blood-
fed and gravid, When morphological identification with a
stercomicroseope was' not possible, individusls were dissected
and identified vsing microscapic slide preparations (ZEISS imager
Al umrescence microscope),

Indnnduals belonging o the Chhsoletns Complex (€. ofsolebs and
€ watews; were molecularly  idendfied  following  the assav
developed by Molan o ol [38]. DNA extraction was done high-
throughput using Chelex 100% resin (200 pL/ Cuficeids) before
pobvmerase chamn reaction  (PCR) [39]. Prmers and POR
amplifications conditions were as described by Nolan o all [58].

Statistical Analysis

Chntdoor activity of Cidisetdes was compared between pertods of
the vear to highlight influence of day length on circadian actnary
and was compared with climatic conditions (0 assess influence of
metearalogical parameters on host-seeking actmvity,

Abundance of Cwlicoider species. was modeled vsing a Poisson
mixed-cfect model fined with a method providing an adaptive
Gauss-Hermite approcdmation to the log-likehond, We used the
seasion (1w 18] as a random effect, and the location (feld, closed
stahle and largebv-open-stable). the tap (drop trap, suction rap)
and the season [spring, summer and antumn) as fixed effecs We
considered  also interactions between location and  season, as
endophagic behavior may change between the different seasons
|12, 13]. Selection ol elfects and/or inleractions in the abundance
migudel was based on a lkehood ratio test, and Pearson’s produce-
moment correlation was used as an overall rest for goocness of G,

Finally, we tested outdoor biting rates assessed by the hos-
haited traps with the abundance m UV-hght collections using
linear models.

All data anabvses were performed using the R staristical package

[40].
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Sensibilité aux insecticides et évaluation prélimare des méthodes de lutte
antivectorielle disponibles contre le€ulicoides (Diptera : Ceratopogonidae)
paléarctiques, vecteurs de virus émergents d’'intét&n santé animale

Les Culicoides sont des petits insectes hématophages vecteundodias
responsables d’'importantes pertes économiques agawi mondial dans [lindustrie
agroalimentaire incluant le virus de la fievre cdtale ovine et le virus de Schmallenberg.
Afin de réduire le contact entre |€sllicoideset leur héte, plusieurs moyens de lutte peuvent
étre utilisés comme la lutte écologique (modificatides habitats larvaires), la lutte
biologique (introduction d’'un ennemi naturel daesrl environnement), la lutte mécanique
(confinement des animaux dans des batiments)lettéachimique (utilisation d’insecticides).
Cette derniére, restant la plus utilisée en Eureperecommandée par les autorités sanitaires
pour réduire la transmission de la maladie, aing tp vaccination et la restriction de
mouvements des animaux pendant les périodes @#ida circulation du virus. L'utilisation
de produits insecticides reste le premier recoursaalessence de vaccin efficace contre les
nouveaux virus et les différentes souches circaamiéanmoins, leur efficacité est incertaine
et variable selon les études menées jusqu’a préseant leur évaluation. Ce travail de thése
tend aaméliorer les connaissances sur les méthodes detduaintivectorielle disponibles
contre lesCulicoides européens vecteurs de virus émergents d’intérét exanté animaleet
de proposer des procédures standardisées qui miupeomis d’obtenir des valeurs de
références, inexistantes jusqu’a présent, maisspedisables dans la lutte antivectorielle
contre leCulicoides.

Mots clés: Culicoides vecteurs, virus émergents, lutte antivectorielle

Insecticide susceptibility and preliminary evaluaton of vector control
methods available against Palearcti€ulicoides (Diptera: Ceratopogonidae)
vectors of emerging viruses with interest in animahealth

Culicoidesare small haematophagous insect, vectors of axs®s responsible for
significant economic losses worldwide in the foodustry including the Bluetongue virus
and Schmallenberg virus. In order to reduce contettveenCulicoides and their host,
several control methods can be used as the ecalamintrol (reduction / destruction of larval
habitats), biological control (introduction of a tm@l enemy in their environment),
mechanical control (confinement of animals in budg) and chemical control (use of
insecticides). The latter remains the most widedgduin Europe, is recommended by health
authorities to reduce transmission of the diseasewell the vaccination and restriction of
movement of animals during critical periods of giirculation. The use of insecticides is the
first resort in the absence of an effective vaccagainst the new virus and different
circulating strains. However, their efficacy hasbevaluated in previous studies and is still
uncertain and variable. This thesis aimsingrove the knowledge of vector control
methods available against EuropearCulicoides vectors of viruses emerging with animal
health interest and propose standardized procedures that allovgetb wobtain reference
values, scarce to date, but necessary for vectdarai@gainsCulicoides.

Keywords: Culicoides,vectors, emerging viruses, vector control



