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new technology to protect cabbage crops. Journal of Economonic Entomology 106(4):1699-706.
(IF=2.38)

35. F Baldacchino, C Tramut, A Salem, E Liénard, E Deletre, M Franc, T Martin, G Duvallet, P Jay-
Robert. 2013. The repellency of lemongrass oil against stable flies, tested using video tracking.
Parasite, 20:21. (IF=3.01)

Articles en préparation ou soumis:

e Chailleux A, Ndjiliw , Diakhaté M, Akodjetin GF, Correa P, Deletre E, Brévault T (soumis) First
steps toward conservation biological control programs using Nesidiocoris tenuis in Senegal.
Biological control.

o Deletre E, Wangari M, Musila R, Rhino B (soumis) Use of natural enemies attractant to attract
and retain parasitoids to control whitefly, Trialeurodes vaporariorum in openfield and nethouse.

e Mujukaa E, Parrot L, Baird W, Deletre E, Simone J, Mburuf J, Martin T (soumis) A Cost: Benefit
analysis of netting technology in real farming conditions among smallholder farmers in Kenya,
Agronomy for Sustainable Development

o Deletre E, Aika C, Mohamed S (In prep) Effects of African weaver ant semiochemicals from
Dufour and poison gland on fruit fly parasitoids.

e Deletre E, Guthiri J, Mohamed S (In prep) Role of herbivore induced plant volatiles in tomato
defense against the invasive pest Tuta absoluta

e Deletre E, Mekonnen B, Aika C, Yusuf A, Pirk C, Ekesi S (In prep) Effect of synthetic compounds

from the Dufour’s gland of the African weaver ant, Oecophylla longinoda (Hymenoptera:
Formicidae) as oviposition deterrent for Bactrocera dorsalis and Ceratitis cosyra
o Deletre E, Aika C, Shemweno S, Brévault T (In prep) Impact of rearing, sterility and

entomovectoring of male fruit flies on mating success compared to wild male fruit flies
o Deletre E, Mohamed S, Kimani J, Kambo C, Martin T (In prep) Netting technology: an alternative
to chemical spray for protecting tomato crop in Africa.

1.3.2 Ouvrages

36. Atta-Krah K., Chotte J. L., Gascuel, C., Gitz, V., Hainzelin, E., Hubert, B., ..., Deletre E., ... & Sinclair,
F. (2021). Agroecological transformation for sustainable food systems: insight on France-CGIAR
research.

37. M Kungu, S Subramanian, D Salifu, K Fiaboe, G Azandéme-Hounmalon, Gitonga L, GIOnyambu, E
Deletre, Martin T. (2020). Influence of Predatory Mites, Phytoseiulus longipes Evans. on the
Within-Plant Diurnal Migration and Distribution of the Red Spider Mite, Tetranychus evansi, Baker
and Pritchard on African Nightshade, Solanum scabrum. In Sustainable Management of Invasive
Pests in Africa (pp. 267-282). Springer, Cham.

38. Martin T., Parrot L., Belmin R., Nordey T., Basset-Mens C., Biard Y., Deletre E., Simon S., Le Bellec
F.. 2019. Anti-insect nets to facilitate the agroecological transition in Africa. In : The agroecological
transition of agricultural systems in the Global South. Cote Frangois-Xavier (ed.), Poirier-Magona
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https://www.researchgate.net/researcher/44643453_Gerard_Duvallet
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https://www.researchgate.net/researcher/2030146034_S_Simon
https://www.researchgate.net/researcher/14383938_M_Ngouajio
https://www.researchgate.net/researcher/50537841_Thibaud_Martin
https://www.researchgate.net/researcher/50537841_T_Martin
https://www.researchgate.net/researcher/2030141262_R_Palix
https://www.researchgate.net/researcher/2041038797_Romain_Bonafos
https://www.researchgate.net/researcher/2041032529_Pascal_Campagne
https://www.researchgate.net/researcher/2041038532_Denis_Bourguet
https://www.researchgate.net/researcher/47476006_Michel_Franc
https://www.researchgate.net/researcher/76401231_Frederic_Baldacchino
https://www.researchgate.net/researcher/2030149493_A_Kamal
https://www.researchgate.net/researcher/2009558835_Coline_Tramut
https://www.researchgate.net/publication/256488349_H_repellent_net_as_a_new_technology_to_protect_cabbage_crops?ev=prf_pub
https://www.researchgate.net/publication/260913451_Evaluation_of_acaricide-treated_string_curtains_for_control_of_two-spotted_spider_mite_Tetranychus_urticae_Koch_%28Acari_Tetranychidae%29_on_greenhouse_roses_and_impact_of_the_string_curtain_on_the_predatory_mite_Phytoseiulus_persimilis_Athias-Henriot_%28Acari_Phytoseiidae%29?ev=prf_pub
https://www.researchgate.net/publication/237814607_The_repellency_of_lemongrass_oil_against_stable_flies_tested_using_video_tracking?ev=prf_pub
https://www.researchgate.net/researcher/50537841_Thibaud_Martin
https://www.researchgate.net/researcher/76401337_Pierre_Jay-Robert
https://www.researchgate.net/researcher/2041031964_Andy_Cadin
https://www.researchgate.net/researcher/2009535514_Ali_Salem
https://www.researchgate.net/researcher/76401337_Pierre_Jay-Robert
https://www.researchgate.net/researcher/44069636_Emmanuel_Lienard
https://www.researchgate.net/researcher/2037993770_Chantal_Menut
https://www.researchgate.net/researcher/26358328_Fabrice_Chandre
https://www.researchgate.net/publication/256488349_H_repellent_net_as_a_new_technology_to_protect_cabbage_crops?ev=prf_pub

39.

Emmanuelle (ed.), Perret Sylvain (ed.), Roudier Philippe (ed.), Bruno Rapidel (ed.), Thirion Marie-
Cécile (ed.). Versailles : Ed Quae, pp. 75-87. (Agricultures et défis du monde) ISBN 978-2-7592-
3056-3

Silvie P., Vayssieres J-F, Babin R., Bagny-Beilhe L., Brévault T., Chailleux A., Delatte H., Deletre
E., Dufour B., Martin T., Michel B., Pages C., Pinard F., Ratnadass A.. 2018. Directives pour la
gestion d'arthropodes ravageurs transfrontieres des plantes autres que les acridiens. Volume |I.
Montpellier : FAO-CIRAD, 70 p.

1.3.3 Communications dans des congreés

Communications orales:

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

E Deletre & G. Desurmond, Identification of olive tree kairomones attractant to Bactrocera
oleae for mass trapping, TEAM, 2020, La Grande Motte, France

E Deletre, B Mekonnen, X Cheseto, C Pirk, A Yusuf, S Ekesi, B Torto, Trait-mediated avoidance
behavior of fruit flies to semiochemicals of Oecophylla longinoda, ISCE meeting, 2019, Atlanta,
USA

E Deletre, B Mekonnen, X Cheseto, C Pirk, A Yusuf, S Ekesi, B Torto .Trait-mediated avoidance
behavior of fruit flies to semiochemicals of Oecophylla longinoda L. (Hymenoptera: Formicidae)
AAIS meeting, 2017, Wad Medani, Sudan

Martin T., Parrot L., Belmin R., Nordey T., Basset-Mens C., Biard Y., Deletre E., Simon S., Le Bellec
F.. 2019. Anti-insect nets to facilitate the agroecological transition in Africa. Il All Africa
Horticultural Congress, 2016, Ibadan, Nigeria

E. Deletre & A. Chailleux, Improving biocontrol and adoption by farmers of an aggressive
generalist predator, Oecophylla longinoda , XXV International Congress of Entomology, 2016,
Orlando, USA

E. Deletre, Naturally occuring bioactive compounds against Bemisia tabaci, Il International
whitefly symposium, 2016, Arusha, Tanzania

E. Deletre, F. Chandre, T. Martin Mise au point d’'une méthode de lutte contre les insectes vecteurs
d’agents pathogénes : combinaison entre une barriere physique et olfactive, Mediatec conference
(french researchers group in chemical ecology), 2014, Paris, France

E. Deletre, F. Chandre, T. Martin, Naturally occuring bioactive compounds against Bemisia tabaci,
CIRA 2014 international congress on pests in agriculture, 2014, Montpellier, France

E. Deletre, F. Chandre, T. Martin, Naturally occuring bioactive compounds against Bemisia tabaci,
Congress on natural products and biocontrol, 2014, Perpignan, France

E. Deletre, F. Chandre, T. Martin, Naturally occuring bioactive compounds against Bemisia tabaci,
ISCE meeting, 2014, Urbana-Champaign, USA

E. Deletre, T. Martin, F. Chandre, Natural products as alternative to pyrethroids for malaria
control, ISCE meeting, 2013, Melbourne, Australia (Student travel award)

Session poster:

51.

52.
53.
54.

African Indigenous Vegetables: From Income Generation to Health and Nutrition, 2019, Nairobi,
Kenya

ISCE workshop, 2019, Nairobi, Kenya

Workshop of Horticultural Association of Kenya, 2018, Taita, Kenya (best poster award)

ISCE workshop, 2018, Alnarp, Sweden
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55. First international conference on pesticidal plants, 2013, Nairobi, Kenya
56. Congress on natural products and biocontrol, 2102, Perpignan, France
57. Congress of the European society of vector ecology, 2012, Montpellier, France (best poster award)

58. International symposium on essential oils, 2012, Lisbon, Portugal

1.4 Liste des encadrements

1.4.1 Encadrement de doctorants

En tant qu’encadrant principal:

1) Seydou Diabaté: Combination of ‘push-pull’ strategy and netting technology for cowpea
management (Jomo Kenyatta University of Agriculture and Technology, 2015-2019). Seydou est
ajourd’hui en post doc sous ma direction a Abidjan depuis le 1 février 2022. Il a entre temps travaillé
au Centre National de Recherche Agronomique de Cote d’ivoire a Bouaké comme enseignant et
ingénieur de recherche.

2) Bethelihem Mekonnen: Improving biological control of fruit flies using Oecophylla longinoda
(University of Pretoria, South Africa, 2016-2021). Betty est actuellement en post doc a I'université de
Pretoria.

3) Pascal Ayelo: Recruitment of natural enemies through semiochemicals for tomato crop protection
(University of Pretoria, South Africa, 2017-2021). Pascal est a la recherche d’un post dogc, il attend une
réponse de 'université de Birminghmam.

= Exploiting semiochemicals to develop crop protection innovations against fruit flies on
cucurbitaceae (University of Montpellier, ED Gaia, 2022-2025). Cette thése débutera en octobre 2022.

En tant que co-encadrant :

4) Lionel Attoumou: Utilisation de Trichoderma comme biofertilisant et biostimulant pour la culture
de la tomate (Solanum lycopersicum L.) en Cote d’lvoire (University Nangui Abrogoua, 2022-2025)

5) Elodie Yeo: Mise au point de solutions innovantes a base de crotalaire (Crotalaria retusa) pour la
gestion du flétrissement bactérien (Ralstonia solanacearum) et élucidation du mécanisme d’action
(University Felix Houphouet Boigny, 2022-2025)

1.4.2 Encadrement de stagiaires
J’ai encadré 20 étudiants (1-21), co-encadré 15 étudiants (21-36) et dirigé 3 techniciens (*) :

1. Maelle Mallent (2013): Repellent effect of essential oils for the management of B. tabaci (Faculté
des sciences Montpellier, France)

2. Andy Cadin (2013): Repellent effect of essential oils for the management of A. gambiae (Faculté
des sciences Montpellier, France)

3. Barbara Barkman (2014): repellent effect of natural compounds for the management of B. tabaci
(Amsterdam University, Netherland)

4. Claire Duménil (2014): repellent effect of natural compounds for the management of A. gambiae
(Faculty of sciences: Amsterdam, Netherland)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Aurélien Puisieux (2014): Study of coloured netting for the management of Bemisia tabaci (Ecole
National Suprérieur de Paris, France)

Beth Kerwitha (2017): Effect of tomato trichomes on the oviposition of Tuta absoluta (Meru
University of Science and Technology, Kenya)

Judy Guthiri (2017): Effect of tomato volatiles on attractiveness/repellence of Tuta absoluta (Jomo
Kenyatta University of Agriculture and Technology, Kenya)

Junitor Chepkemoi (2017): Survey of local natural enemies of Bemisia tabaci and Tuta absoluta in
Kenya (Jomo Kenyatta University of Agriculture and Technology, Kenya)

Frank Matu (2018): Study of trap crop plants for the management of Trialeurodes vaporariorum
(Jomo Kenyatta University of Agriculture and Technology, Kenya)

Marion Canale (2019): Study of olive tree volatiles on attractiveness/repellence of Bactrocera
oleae (Sup’Biotech, France)

Sharon Chemweno (2019): Study of lekking and mating behaviour of Bactrocera dorsalis (Jomo
Kenyatta University of Agriculture and Technology, Kenya)

Maureen Kimani* (2019): Lethal effect of different strains of Metharizium anisopliae on
Bactrocera dorsalis

Cornelius Aika (2020): Study of methyl eugenol on lekking and mating behaviour of Bactrocera
dorsalis (University of Nairobi, Kenya)

Thomas Bourge (2020): Identification of kairomone from olive tree to attract Bactrocera oleae
(IRBI, université de Tours, France)

Maureen Wangari (2020): Study of attractant semiochemical to enhance biological control of
whiteflies (Kenya Methodist University, Kenya)

Isaac Mbeche* (2020): Survey of impact assessment of netting technology in Kenya following the
IMPRESS methodology

Ephantus Kimani* (2021): Study of spatial repartition of Coffee Leaf Rust and Coffee Berry Borer
and associated parasitoids

Emma Giordanengo (2021): Identification of visual stimuli to attract Bactrocera oleae (Aix
Marseille Université, France)

Béatrice Fedit (2021): Field trial of attractant semiochemical to enhance Bactrocera oleae trapping
(Agrocampus Ouest, France)

Chloé Mouillac (2021): Field trial of attractant visual stimuli to enhance Bactrocera oleae trapping
((Agrocampus Ouest, France)

Aurélien Stirnemann (2015): Study of attractant plant for the management of Oecophylla
longinoda (Université de Rennesl, France)

Jimmy Leyes (2015): Study of repellent natural compounds for the management of Oecophylla
longinoda (Université de Rennesl, France)

Reagan Okoth (2018): Socio-technical analysis of the tomato value chain in Kenya (Kenyatta
University, Kenya)

Cyrane Pouet (2019): Study of repellent effect of different gros thym chemotype on Bemisia tabaci
(Institut Polytechnique Lasalle, France)

Aude Sany (2019): Study of political/economic aspects of the tomato value chain in Kenya
(SciencesPo, France)

Virgile Verdi (2019): Study of constraints in tomato value chain for netting technology transfer in
Kenya (ISTOM, France)
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Samba Sanogo (2021) : Etude des ravageurs et ennemis naturels de 10 spéculations dans la région
d’Abidjan (Université Felix Houphouet Boigny, Cote d’ivoire)

Lionel Attoumou (2021): Etude des maladies de 10 spéculations dans la région d’Abidjan
(Université de Nagui Abrogoua, Céte d’ivoire)

Samuel Skreudado (2021) : Etude des ravageurs et ennemis naturels de 10 spéculations dans la
région de Yamoussoukro (Ecole Supérieure d’Agronomie, Cote d’Ivoire)

Esdras Akaffou (2021) : Etude des maladies de 10 spéculations dans la région de Yamoussoukro
(ISARA Lyon, France)

Fokin Soro (2021) : Etude des ravageurs et ennemis naturels de 10 spéculations dans la région de
Korhogo (Université Gon Koulibaly, Céte d’lvoire)

Vanessa Yao (2021) : Etude des maladies de 10 spéculations dans la région de Korogho (Université
Gon Koulibaly, Cote d’lvoire)

Glwadys Akissi (2022) : Etude des ravageurs et ennemis naturels de 10 spéculations dans la région
d’Abidjan (Université de Nagui Abrogoua, Cote d’ivoire)

Alidou Soumahoro (2022) : Etude des maladies de 10 spéculations dans la région d’Abidjan
(Université Felix Houphouet Boigny, Cote d’ivoire)

Appia Kouame (2022) : Etude des ravageurs et ennemis naturels de 10 spéculations dans la région
de Bouake (Université Felix Houphouet Boigny, Coéte d’ivoire)

Chloé Latapie (2022) : Cartographie et abondance des acariens et de leurs ennemis naturels en
Cote d’lvoire (ISTOM, France)
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2. Bilan des activités de Recherche

2.1 Contexte

En 2050 avec une population plus riche et plus urbaine de 9,1 milliards, la production agricole
devra augmenter de 70 pourcent, ce qui causera de sérieux problemes de sécurité alimentaire (FAO
2009a). D’apres la FAO, I'agriculture africaine a le plus grand potentiel de croissance (FAO 2009b). La
production de légumes y est en pleine croissance pour nourrir les populations urbaines grandissantes
des régions sub-sahariennes. C'est aussi un moteur prometteur de croissance économique et une
importante source de revenus pour les petits exploitants et d'emplois dans les zones rurales et

périurbaines. Le maraichage contribue également a la sécurité alimentaire et a I'équilibre nutritionnel
des populations les plus vulnérables. Les fruits et légumes sont des éléments importants pour une
alimentation saine et la FAO et 'OMS en recommandent une consommation d'au moins 500 g/jour.
L'augmentation de la production agricole viendra de I'augmentation des rendements et de I'expansion
des terres agricoles. Nous devons donc produire plus mais également produire mieux. Aujourd’hui
pour protéger leurs cultures, les producteurs utilisent surtout les insecticides de synthése (De Bon et
al. 2014). Cependant, cette protection des cultures basée sur les insecticides de synthése et cette
dépendance excessive aux intrants chimiques n'est pas durable compte tenu de la résistance des
ravageurs, de leur impact négatif sur les pollinisateurs et les ennemis naturels, de la pollution de
I'environnement et de la menace pour la santé publique. Le contexte mondial actuel - ressources
naturelles et biodiversité réduites, changement climatique, mobilité humaine et commerce
transfrontalier - aggrave également les problémes de sécurité alimentaire et augmente le risque
d'invasion de ravageurs. Les innovations reposant sur un contréle écologique sont cruciales pour
répondre efficacement au besoin d'une production horticole durable, ainsi qu'a I'appel sociétal pour
des régimes alimentaires plus s(rs et équilibrés sur le plan nutritionnel, une meilleure santé et une
meilleure protection de I'environnement. Ainsi, mes projets de recherche visent a concevoir des
systémes de productions agroécologiques et intensifs, qui permettront de produire plus, tout en
respectant I’environnement.

2.1.1 L’agroécologie

La FAO définit I'agroécologie comme « une approche holistique et intégrée qui applique
simultanément des concepts et des principes écologiques et sociaux a la conception et a la gestion de
systemes agricoles et alimentaires durables. Elle cherche a optimiser les interactions entre les plantes,
les animaux, les hommes et l'environnement tout en répondant a la nécessité de systémes
alimentaires socialement équitables au sein desquels les gens peuvent choisir ce qu'ils mangent et
comment et ol il est produit ». Le ministére de I'agriculture frangais, quant a lui, définit I’agroécologie
comme « une facon de concevoir des systémes de production qui s’appuient sur les fonctionnalités
offertes par les écosystémes. Elle les amplifie tout en visant a diminuer les pressions sur
I’environnement (...) et a préserver les ressources naturelles. Il s’agit d’utiliser au maximum la nature
comme facteur de production en maintenant ses capacités de renouvellement ». Le cirad s’intéresse
particulierement aux problématiques de transition agroécologique comme alternative économique et
sociale, viable et durable, par rapport aux modeles conventionnels d’intensification. Avec
I'identification des leviers a ces transitions agroécologiques, son objectif est de proposer une méthode
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globale adaptée aux différents types d’agriculture. L’agroécologie est une approche multidisciplinaire
qui s’applique a des échelles multiples (Wezel et al. 2020). La transition agroécologique commence
souvent a I'échelle de la parcelle avec la réduction des intrants nocifs pour I'environnement (niveau
1) puis avec leurs remplacements par des innovations agroécologiques (niveau 2) (figure 2). Suite a
I'introduction d’innovations agroécologiques (diversification végétale, fertilisation organique,
rotation, agroforesterie...), le systtme de production doit alors étre recongu a I'échelle de
I’exploitation et du territoire (niveau 3). Enfin, des liens directs entre producteurs et consommateurs
doivent étre établis a I'échelle locale et nationale pour créer de nouvelles chaines de valeurs et des
nouveaux marchés (niveau 4) mais un nouveau systeme alimentaire mondiale doit également étre
reconstruit, qui soit équitable et durable (niveau 5). Parmi ces différents niveaux de transition, je
m’intéresse principalement au niveau 1 et 2. Mes questions de recherches s’articulent autour de la
réduction des pesticides et de la conception d’innovations agroécologiques, afin de tester et
d’implémenter de nouvelles fagons de produire. Ces innovations s’appuient sur les processus de
régulations naturelles et de diversification végétale et font appels a différentes disciplines comme
I’agronomie, I’écologie fonctionnelle ou encore I'écologie chimique.

p Participation s ‘
Level 5 Build a new global food
system based on participation, Fairness Land and natural
resource

localness, fairness and justice
governance

Level 4 Reconnect consumers and
producers through the development
of alternative food networks

Social values
and diets
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Figure 2. Les 5 différents niveaux de transition agroécologique vers des systéemes alimentaires
durables associés aux principes agroécologiques (ovales). Les parties oranges sont celles qui
concernent mes questions de recherche. Adapté de Wezel et al. 2020.

2.1.2 L’écologie fonctionnelle

L’écologie fonctionnelle analyse la dynamique de la biodiversité et ses conséquences sur le
fonctionnement des écosystémes. Elle s’intéresse aux traits fonctionnels des espéces, i.e.les
caractéristiques physiologiques, morphologiques, reproductives ou comportementales des espéces,

et aux interactions trophiques entre les espéces (Figure 3). Ainsi, un de mes objectifs de recherche
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est de comprendre la structure et le fonctionnement de I'agroécosysteme afin, par exemple,
d’optimiser les services écosystémiques. En effet, l'intensification agroécologique a pour objectifs
d'augmenter la productivité et de remplacer |'utilisation d'intrants chimiques par I'optimisation des
services écosystémiques. Parmi les services écosystémiques, deux services régulateurs : la
pollinisation et la suppression des ravageurs par les ennemis naturels peuvent particulierement limiter
la production, méme lorsque tous les autres services sont optimisés (Bommarco et al. 2013). La
contribution de la biodiversité a la pollinisation et a la lutte contre les ravageurs a été au centre des
préoccupations de la communauté scientifique au cours des dernieres décennies (Duru et al. 2015).
Cependant, parmi les manques importants de connaissances, il y a la quantification des liens entre les
services écosystémiques et la composition de la communauté (i.e. biodiversité). Or ces connaissances
sont nécessaires pour une intensification écologique réussie, il faut « la bonne biodiversité ». En effet,
I"augmentation de la biodiversité n’est pas toujours bénéfique, elle peut avoir un effet négatif en
raison de I'augmentation des interactions intraguildes d’ennemis naturels (e.g. compétition) a mesure
gue de nouvelles espéces sont ajoutées au réseau trophique (Wilby & Thomas 2002, Finke & Snyder
2010, Chailleux et al. 2014, Dainese et al. 2017). Cependant, lorsque des espéces d’ennemis naturels
se divisent les ressources en attaquant différents sous-ensembles de la population de ravageurs (i.e.
complémentarité de niche), la biodiversité peut étre considérée comme un facteur positif améliorant
I'efficacité de la suppression des ravageurs (Straub & Snnyder 2008). En résumé, la compétition et le
mutualisme sont des interactions indirectes bidirectionnelles symétriques négatives et positives
respectivement qui peuvent se produire par exemple entre des proies/hdtes partageant un ennemi
naturel commun ou des ennemis naturels partageant la méme proie/hote; a I'inverse, I'amensalisme
et le commensalisme sont des interactions indirectes négatifves et positives respectivement a sens
unique asymétrique qui se produisent par exemple lorsqu'une seule proie affecte indirectement
I'autre ou qu’un seul ennemi naturel affecte I'autre. La plupart des études examinent la présence
et/ou l'abondance des ennemis naturels (composition de la communauté), certaines examinent
également l'impact direct (effet de la consommation ou du parasitisme) des ennemis naturels, voire
la combinaison d’ennemis naturels (effet indirect) en termes de réduction des ravageurs (services
écosystémiques) mais trés peu y associent les sighaux chimiques qui régissent ces interactions.

Competition (-,-)

P1 o amensalisme(0,-) P3 P4 P5 P6 P7
Prédation/
arasitisme
p- P h nvmoh ] '[ adult egg I larva }—»{ pupa }—’I adult
g9 |—+{ nymph,, |—+] nymph, Commensalisme .
Herbivore 1 (+,0) Herbivore 2

mutualisme(+,+)
Plant 1 Plant 2

Figure 3. Schéma simplifier des interactions directes et indirectes d’un réseau trophique (P=
prédateur/parasitoide)

2.1.3 L’écologie chimique
L’écologie chimique s’intéresse aux interactions entre les organismes et leur environnement

par I'intermédiaire de molécules. Ces molécules sont appelées les sémiochimiques (Figure 4). Il y a les
phéromones qui sont intraspécifiques et les kairomones, allomones, synomones qui sont
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interspécifiques. Une kairomone affecte positivement le comportement du récepteur du signal
chimique mais pas du producteur alors qu’une allomone affecte positivement le comportement du
producteur mais pas du récepteur. Une synomone affecte positivement le producteur et le récepteur.
Ces molécules chimiques sont impliquées dans divers comportements, comme par exemple (i) le
comportement de marquage (territorial, oviposition, ...), (ii) la recherche d'un partenaire sexuel, (iii)
la reconnaissance intra-espéce pour les insectes sociaux, (iv) la détection d'un hote par un parasitoide,
(v) le choix d'une source de nourriture... (Mbaluto et al. 2020). Ainsi I'écologie chimique est un
domaine de recherches pluridisciplinaires qui implique : des chimistes qui identifient et synthétisent
les sémiochimiques, des physiologistes qui étudient la biosynthése ou la perception de ces molécules
chimiques chez les plantes et les insectes, et des écologistes qui examinent les effets des interactions
chimique au niveau des individus et des écosystemes.

Kairomone (-,+)

Pheromone

1
v

Herbivore 1 femelle

Herbivore 1 male

Allomone (+,-) Kairomone (-,+)

Plante attaquée Plante saine

Synomone (+,+)

Figure 4. Schéma simplifié des différents types de sémiochimiques impliqués dans les interactions
chimiques d’un réseau trophique (P= prédateur/parasitoide).

Parmi les grands domaines de recherches de I'écologie chimique, je m’intéresse : au niveau
des interactions chimiques plantes-insectes, a (i) la compréhension de la sélection de la plante hote
par un ravageur, que ce soit une source de nourriture ou un site d’oviposition (kairomone) ; (ii) la
réponse défensive de la plante face aux herbivores (allomone); (iii) I'attraction des ennemis
naturels par la plante attaquée (synomone) ; au niveau des interactions chimiques insectes-insectes,
a (i) 'identification des phéromones sexuelles qui régit le choix du partenaire sexuel (phéromones) ;
(ii) les stratégies de détection d’un héte/proie par un parasitoide/ prédateur et
inversement (kairomones) ; (iii) la communication entre les insectes sociaux (phéromones).

La compréhension de ces interactions chimiques au sein du réseau trophique de
I’agroécosystéme a permis (i) de développer des systémes push-pull (i.e. « stratégie de manipulation
comportementale des insectes ravageurs et de leurs ennemis naturels via l'intégration de stimuli
répulsifs (push) qui agissent pour rendre la ressource a protéger peu attrayante ou inadaptée aux
ravageurs tout en les attirant vers une source attractive (pull) d'ou les ravageurs sont ensuite
éliminés » Cook et al. 2007), (ii) d’améliorer les systémes de lutte biologique par conservation (i.e.
pratique de modification de I'environnement ou des pratiques existantes pour protéger et favoriser
les populations d'ennemis naturels afin de réduire I'impact des ravageurs sur les cultures (Shields et
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al. 2019)), (iii) de favoriser et d’augmenter les services écosystémiques mais également (iv) de
développer des piéges ou la lutte par la confusion sexuelle. L’écologie chimique est un formidable
outil qui me permet de concevoir et de développer des innovations pour la protection des cultures.

2.2 Volet 1 : Fonctionnement de I'agroécosystéme de la tomate au Kenya

2.2.1 Niveau 1 de la transition agroécologique : diminution de I'utilisation des pesticides

Articles associés a ce volet :

» Mujukaa E, Parrot L, Baird W, Deletre E, Simone J, Mburuf J, Martin T (soumis) A Cost: Benefit analysis
of netting technology in real farming conditions among smallholder farmers in Kenya, Agronomy for
Sustainable Development

» T Nordey, C Basset-Mens; H De Bon; T Martin; E Deletre; S Simon; L Parrot; H Despretz; Y Biard; J Huat;
T Dubois; E Malezieux. 2017. Protected cultivation of vegetable crops in sub-Saharan Africa: limits and
prospects for smallholders. A review. Agronomy for Sustainable Development. 37(6):53.

» Martin T., M. Saidi, S. Niassy, S. Simon, F. Vidogbena, L. Parrot, S. Ekesi, E. Deletre, S. Subramanian, F.
Assogba-Komlan, V. Baird, K. Fiaboe, M. Ngouajio, J.E. Simon, A. Ratnadass. 2016. Insect net: A Novel
Technology to Promote Integrated Pest Management on Horticultural Crops in Africa. /Il All Africa
Horticultural Congress. 1225 :43-52.

» T Martin, A Kamal, E Gogo, M Saidi, E Deletre, R Bonafos, S Simon, M Ngouajio. 2014. Repellent effect
of alphacypermethrin-treated netting against Bemisia tabaci (Hemiptera: Aleyrodidae). J. Econ. Entom.
107(2):684-90.

Comment augmenter les rendements des cultures, sans dépendre des intrants chimiques, tout en
favorisant I'agroécologie ? En Afrique, le transfert et I'adoption de techniques low-tech abordables
pourraient relever ce défi. Pour réduire I'utilisation des pesticides et augmenter les rendements, mon
unité de recherche travaille depuis 15 ans sur I'utilisation et le développement des filets anti-insectes
pour la protection des cultures (Martin et al. 2006, Martin et al. 2014, Martin et al. 2016) Nos
recherches au Bénin, en Tanzanie et au Kenya ont montré que les filets sont faciles a utiliser et
augmentent le rendement de 30% en moyenne des plantes maraichéres telles que les tomates,
haricots, choux, poivrons, etc... En effet, la production de légumes sous ces filets permet de réduire
les attaques des ravageurs de grande taille, en particulier ceux responsables des dommages directs
causés aux fruits ou aux feuilles, comme les oiseaux, les escargots, les criquets, les chenilles et les
mouches. Mais ces filets ne protegent pas complétement les cultures contre les ravageurs de petite
taille, tels que les pucerons, les aleurodes, les thrips et les acariens, mais ils retardent leur infestation
(Deletre et al., in prep). Ces ravageurs se nourrissent principalement du phloéme ou du contenu
cellulaire de I'épiderme des feuilles et certains peuvent transmettre des virus. L'environnement
confiné sous filets facilite néanmoins la lutte biologique contre ces ravageurs. La pollinisation par les
abeilles peut également étre contrélée avec l'installation de ruches a deux ouvertures, qui leur
permettent d'accéder a l'intérieur et a l'extérieur du filet. Cette technologie permet ainsi aux
agriculteurs de réduire drastiquement ['utilisation des pesticides, tout en atténuant les effets des
conditions climatiques extrémes telles que le rayonnement solaire élevé, les fortes pluies et les vents
secs (Nordey et al. 2017). Les filets anti-insectes peuvent étre combinés avec des filets d'ombrage qui
diminuent le stress thermique pendant la saison séche et un toit en plastique qui peut réduire
davantage le risque de maladies fongiques pendant la saison des pluies. Ainsi, les filets anti insectes
permettent de prolonger la période de production, d'augmenter les rendements des cultures et
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d'améliorer la qualité en termes de caractéristiques organoleptiques et de réduction de résidus de
pesticides. Les techniques liées a la culture protégée sont souvent décriées a cause de |'utilisation du
plastique. Cependant, le filet peut étre recyclé et la réduction conséquente de |'utilisation des intrants
agricoles compenserait les impacts négatifs, comme le suggérent les analyses du cycle de vie. Mais la
faible capacité d'investissement des agriculteurs freine I'adoption de cette technologie. Pourtant les
filets permettent de limiter les variations de rendement des cultures et donc d’assurer un revenu plus
stable aux agriculteurs, en protégeant les cultures contre les intempéries et les attaques des
ravageurs. Des analyses co(t-bénéfices ont montré que 'utilisation de filets aide a stabiliser les flux
de trésorerie et a réduire la volatilité de la production et les variations de qualité (Mujukaa et al.
Soumis). Elle améliore ainsi la vision a long terme des agriculteurs en réduisant les risques et en leur

permettant de faire des investissements a moyen terme a moindre risque.

2.2.2 La biodiversité de I’'agroécosystéeme de la tomate au Kenya

Etudiant encadré associé a ce volet :
J. Chepkemoi (2017): Survey of local natural enemies of B. tabaci and T. absoluta in Kenya (JKUAT, Kenya)

Articles publiés associés a ce volet :

» A Chailleux, J Chepkemoi, J M Haran, L Benoit, R Copeland, E Deletre. 2022. Impact of net houses on
the natural regulation of the populations of Trialeurodes vaporariorum (Homoptera: Aleyrodidae) and

Tuta absoluta (Lepidoptera: Gelechiidae), two major tomato pests in Kenya. International Journal of

Tropical Insect Science, 1-10
> Deletre E, Mohamed S, Kimani J, Kambo C, Martin T (In prep) Netting technology: an alternative to

chemical spray for protecting tomato crop in Africa.

Des recherches en station (Deletre et al. In prep) et chez des producteurs (Chailleux et al.
2022) nous ont permis d’établir en partie la biodiversité de I'agroécosystéme de la tomate au Kenya

(Figure 5).
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Figure 5. Biodiversité de I'agroécosystéme de la tomate au Kenya. (Orange = ravageurs, vert = ennemis

naturels)
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Parmi les especes identifiées, Tuta absoluta (Meyrick) (Lepidoptera : Gelechiidae) est une
espece invasive venant d’Amérique du sud. Elle a été détectée pour la premiere fois en Espagne en
2006 (Urbaneja et al. 2007). Peu de temps apres, le ravageur s'est propagé et s'est établi dans plusieurs
pays d'Europe, d'Asie, d'Haiti et de presque tout le continent africain avec un impact dévastateur sur
la production de tomates (Desneux et al. 2010 ; Mansour et al. 2018 ; Verheggen & Fontus 2019 ; Han
et al. 2019). Les dégats causés aux cultures par T. absoluta sont principalement causés par les larves
qui se nourrissent des feuilles, des tiges et des fruits des plants de tomates, causant entre 80 et 100
% de pertes de rendement lorsqu'aucune mesure de controle n'est utilisée (Desneux et al. 2010 ;
Mansour et al. 2018). T. absoluta est un spécialiste, il préfere la tomate comme plante hote, mais il
est également connu pour attaquer d'autres cultures de solanacées comme la pomme de terre,
I'aubergine ou la morelle. Actuellement, I'utilisation des insecticides chimiques synthétiques a large
spectre reste la principale stratégie de lutte dans le monde entier (Desneux et al. 2010 ; Biondi et al.
2018). Les applications aveugles et fréquentes de ces pesticides associées a la nature multivoltine de
T. absoluta ont conduit au développement de résistances a différentes classes d'insecticides
chimiques synthétiques, rendant leur utilisation obsoléete (Guedes et al. 2019). Il existe une demande
croissante pour l'utilisation de stratégies de contrdle alternatives présentant des avantages
écologiques et environnementaux : comme par exemple |'utilisation de phéromones sexuelles pour le
piégeage de masse et la confusion sexuelle, I'utilisation des organismes entomopathogenes comme
Bacillus thuringiensis et |'utilisation d'ennemis naturels comme le prédateur généraliste, Macrolophus
pygmaeus ou le parasitoide, Trichogramma achaeae (Chailleux et al. 2013). Mais, mise a part la
phéromone, ces solutions n’existent pas localement.

Contrairement a notre hypothese de départ, nous n’avons pas trouvé de Bemisia tabaci sur
les plants de tomate mais du Trialeurodes vaporariorum (Westwood) (Hemiptera : Aleyrodidae). Cet
aleurode, trés polyphage, est une espéece invasive en Europe et en Afrique subsaharienne ou il menace
la production de tomates (Hanssen et Lapidot 2012 ; Gamarra et al. 2016). Ce ravageur cause des
pertes de rendement par des dégats directs en prélevant de la seve du phloeme ainsi qu’indirectement
en excrétant du miellat sur le feuillage, entrainant le développement de fumagines qui réduisent la
photosynthese des feuilles, et par la transmission de virus, comme le tomato chlorosis crinivirus ou le
tomato curly stunt begomovirus (Moodley et al. 2019). Les dommages causés a la production de
tomates par cet aleurode provoqueraient des pertes de 5 a 30 % dans la région subsaharienne
(Johnson et al. 1992). Les insecticides synthétiques a large spectre sont principalement utilisés pour
lutter contre T. vaporariorum mais avec de nombreux problemes de résistance (Lapidot et al. 2014).

Ces deux ravageurs sont les especes pour lesquels les producteurs kenyans utilisaient le plus
d’insecticides. Nous avons donc focalisé nos recherches sur ces 2 ravageurs afin de trouver des
alternatives a I'utilisation des insecticides. Une des alternatives était de favoriser la lutte biologique
par conservation. Dans un premier temps, nous avons donc cherché a identifier les ennemis naturels
présents localement. Nous avons identifié un prédateur généraliste zoophytophage : Nesidiocoris
tenuis (Hemiptera : miridae), de Tuta absoluta et de Trialeurodes vaporariorum. |l représente plus de
96% des prédateurs que nous avons trouvé. Ce prédateur se nourrit des ceufs et des larves de premier
stade de T. absoluta, et des nymphes de troisieme et quatrieme stades de l'aleurode (Perez-Hedo et
al. 2020). En absence de proies, ce prédateur peut se nourrir de la seve de tomate lui permettant ainsi
de survivre (Perez-Hedo & Urbaneja 2016). C’'est pourquoi l'utilisation de prédateurs hémipteres
zoophytophages pour la lutte contre les ravageurs a fait I'objet d'une attention considérable ces
derniéres années (Dumont et al. 2018). Nous avons également identifié des parasitoides de T.
vaporariorum : Encarsia formosa Gahan (Hymenoptera : Aphelinidae), Encarsia sophia, Encarsia
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eremicus. Le plus abondant était Encarsia formosa, nous avons émis I’"hypothése que ce parasitoide
était plus résistant aux insecticides que les deux autres car E. sophia et E. eremicus n’ont été identifié
gu’en station expérimentale ou nous utilisions trés peu d’insecticides. E. formosa est |'un des
parasitoides les plus efficaces pour lutter contre les aleurodes (Liu et al. 2015). Ce parasitoide parasite
de préférence les nymphes de troisieme et quatrieme stades de T. vaporariorum. Nous avons
également identifié un parasitoide de T. absoluta : Copidosoma sp. (Hymenoptera : Encyrtidae) mais
en tres faible quantité. Cela peut s’expliquer par le fait qu’étant un ravageur invasif, T. absoluta n’a
pas de parasitoide spécialiste présent localement. Au moment de ces recherches, l'icipe avait un
projet sur I'introduction d’un parasitoide venant du Pérou (zone d’origine du ravageur) pour lutter
contre T. absoluta : Dolichogenidea gelechiidivoris March (Hymenoptera : Braconidae). Il parasite
préférentiellement les larves de premier et deuxieme stades de T. absoluta (Aigbedion-Atalor et al.
2020), et il est connu pour étre efficace contre T. absoluta (Salas et al. 2019). Au pérou, il est le
parasitoides le plus répandu de T. absoluta, atteignant environ 26 a 41 % et 57 % de parasitisme avec
et sans 'utilisation de pesticides chimiques, respectivement (Palacios et Cisneros, 1995).

Suite a ces travaux, nous avons donc sélectionnés les modeéles biologiques sur lesquels nous
voulions travailler : T. absoluta, T. vaporariorum, N. tenuis, E. formosa et D. gelechiidivoris.

2.2.3  Manipulation du comportement des ravageurs de la tomate

Etudiants encadrés associés a ce volet :

M. Mallent (2013): Repellent effect of essential oils for the B. tabaci control (Fac sciences Montpellier, France)

B. Barkman (2014): Repellent effect of compounds for the control of B. tabaci (Amsterdam Univ, Netherland)

J. Guthiri (2017): Effect of tomato volatiles on attractiveness/repellence of Tuta absoluta (JKUAT, Kenya)

F. Matu (2018): Study of trap crop plants for the management of T. vaporariorum (JKUAT, Kenya)

C. Pouet (2019): Study of gros thym repellent effect on B. tabaci (Institut Polytechnique Lasalle, France)

S. Diabaté: Combination of netting and ‘push-pull’ strategy for cowpea management (JKUAT, 2015-19)

Articles publiés associés a ce volet :

> Deletre E, Guthiri J, Mohamed S (In prep) Role of herbivore induced plant volatiles in tomato defense
against the invasive pest Tuta absoluta

> E Deletre, F Matu, L Kananu, S Mohamed. 2022. Repellency potential of tomato herbivore induced
volatiles against the greenhouse whitefly (Trialeurodes vaporariorum) (Homoptera: Aleyrodidae).
Journal of Economonic Entomology, 15(2), 565-572

> F Matu, L Murungi, S Mohamed, E Deletre. 2021. Behavioral response of the greenhouse whitefly
(Trialeurodes vaporariorum) to plant volatiles of Ocimum basilicum and Tagetes
minuta. Chemoecology, 31(1), 47-62.

» S Diabate, T Martin, L Murungi, K Fiaboe, J] Wesonga, J Kimani, E Deletre. 2021. Push-pull strategy
combined with net houses for controlling cowpea insect pests and enhancing crop vyields. Crop
Protection, 141, 105480.

» CPouét, E Deletre, B Rhino. 2022. Repellency of wild oregano plant volatiles, Plectranthus amboinicus,

and their essential oils to the silverleaf whitefly, Bemisia tabaci, on tomato. Neotropical Entomology,
51(1), 133-142

» S. Diabate, T Martin, LK Murungi, KK Fiaboe, S Subramanian, ] Wesonga, E Deletre. 2019. Repellent
activity of Cymbopogon citratus and Tagetes minuta and their specific volatiles against Megalurothrips
sjostedti. Journal of Applied Entomology, 143(8), 855-866.

> EDeletre, F Chandre, B Barkman, C Menut, T Martin. 2016b. Naturally occurring bioactive compounds
from four repellent essential oils against the whitefly Bemisia tabaci. Pest Manag Sci. 72(1), 179-189.
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> E Deletre, M Mallent, F Chandre, C Menut, T Martin. 2015. Behavioral response of Bemisia tabaci to
20 plant extracts, J. Econ. Entom. Tov118

E Deletre, B Schatz, L Williams, D Bourguet, A Ratnadass, F Chandre, T Martin. 2016a. Prospects for
repellency in pest control — current developments and future challenges. Chemoecology. 26(4):127-
142

>

Le comportement d’un ravageur peut étre manipulé de deux maniéres : soit on |'attire avec un
stimulus attractif, soit on le repousse avec un stimulus répulsif. Dans les stratégies push pull, qui
utilisent les deux types de stimuli en méme temps, le principe est de repousser le ravageur de la
ressource a protéger, tout en I'attirant vers une ressource attractive d'ou le ravageur est éliminé (Cook
et al. 2007). Avant de concevoir des systemes push-pull pour la protection des plantes maraicheres,
j’ai commencé ma carriére en étudiant les comportements de répulsion pendant ma thése. Au sens
large, un comportement de répulsion est un comportement d’éloignement par rapport a la source
d'odeur ou I'incapacité a trouver une source d’odeur (Deletre et al. 2016a). |l existe plusieurs types de
répulsifs associés a plusieurs types de mécanismes d’action (Figure 6). Trois types de répulsifs nous
intéressent particulierement en protection des cultures: (1) le répulsif spatial qui provoque un
mouvement de fuite de I'insecte par rapport a la source d'odeur sans contact direct, (2) le répulsif
masquant qui correspond a une réduction de I'attractivité d’une source d’odeur ou a une perturbation
de la localisation de la source d’odeur, et (3) I'anti-appétant qui correspond a une perturbation de
I'activité alimentaire par contact ou ingestion du répulsif.
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Figure 6 : Définitions des différents types de répulsifs associés a leurs mécanismes d’action

Pendant ma thése, j’ai ainsi montré que les huiles essentielles de lemongrass (Cymbopogon citratus),
de cannelle (Cinnamomum zeylanicum), de cumin (Cuminum cyminum) et de citronelle (Cymbopogon
winternarius) étaient des répulsifs spatiaux de Bemisia tabaci (Deletre et al. 2015). Parmi les composés
de ces huiles essentielles, le cinnamaldéhyde, le cuminaldéhyde, le geraniol, le citronellol et I'acétate
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de géranyl étaient les composés bioactifs des répulsifs spatiaux de B. tabaci (Deletre et al. 2016b).
Mais le plus important, c’est que nous avons noté que le phénomeéne de répulsion pouvait étre dii a
un ou plusieurs composés, qu’il s’agissait aussi bien du composé majoritaire que d’'un composé
minoritaire et que I'effet dépendait également de la concentration. Plus récemment, nous avons
montré que I'huile essentielle de gros thym, Plectranthus amboinicus (Lour.) Spreng, avait un effet
répulsif spatial et masquant contre Bemisia tabaci (Pouet et al. 2022). Cette plante est donc
prometteuse pour étre utilisée comme plante compagne afin de retarder I'infestation des plants de
tomate par B. tabaci.

Apres mes travaux de thése sur la compréhension des comportements de répulsion, j'ai été
recrutée par 'unité HortSys afin de mettre au point une stratégie push-pull contre les principaux
ravageurs de la tomate, identifiés suite a nos travaux comme T. absoluta et T. vaporariorum. Pour ce
qui est des stimuli répulsifs (push), je me suis intéressée aux composés induits par I'herbivorie. En
effet, les plantes émettent des composés organiques volatils mais elles libérent des mélanges de
composés organiques volatils différents lorsqu'elles sont attaquées par des insectes herbivores,
appelés composés organiques volatils induites par I'herbivorie (HIPVs) (Turlings et Erb, 2018). Ces
composés peuvent étre différenciés quantitativement et qualitativement des composés organiques
volatils émis par les plantes saines. Pour la lutte contre les ravageurs, ces composés offrent deux
mécanismes directs de défense. Ils agissent comme moyen de dissuasion pour la ponte et
I'alimentation des ravageurs. Par exemple, les plantes de tabac infestées par Heliothis virescens
émettent des HIPVs qui sont répulsifs pour les femelles, diminuant ainsi son activité d’oviposition (De
Morales et al. 2001). Mais ces composés sont également impliqués dans la communication de plante
a plante (Turlings et Erb, 2018). Par exemple, le (Z)-3-hexénol émis par des plants de tomates infestés
de Spodoptera litura a été absorbé et transformé en (Z)-3-hexényl-vicianoside par des plants de
tomates voisins, ce qui réduit I'endurance et le développement des nouvelles chenilles (Sugimoto et
al. 2014).

Dans le cas de T. absoluta, nous avons montré que méme si cet insecte était un spécialiste de la
tomate, les males et les femelles accouplées étaient plus attirés par les plants de tomates sains
gu’infestés de certaines variétés (Deletre et al. In prep). Parmi les composés volatils induit par T.
absoluta, nous avons identifié I’a-pinene, le trans-isolimonene, le sabinene, le B-myrcene, le 2-carene,
I'a-phellandrene, le 3-carene, 'a-terpinene, le B-phellandrene, le (Z)-B-ocimene, I'(E)-B-ociméne,
I'allo-ocimene, le §-élemene, le terpinolene, I'(E)-B-caryophyllene et le salicylate de méthyle. Parmi
ces composés, I'a-phellandrene, le y-terpinéne, le terpinoléne et I'ociméne ont diminué I'attractivité
de la tomate (répulsif masquant) pour T. absoluta. Ces composés pourraient étre utilisés comme des
répulsifs masquants (simuli push) en combinaison avec I'utilisation de la phéromone sexuelle (stimuli
pull) de T. absoluta dans une stratégie push pull. Cette phéromone est déja utilisée pour de la
surveillance, du piégeage de masse ou de la confusion sexuelle mais |'efficacité est encore faible
surtout en plein champs (Caparros Megido et al. 2013). La combinaison des deux techniques pourrait
avoir un effet synergique.

Dans le cas de T. vaporariorum, nous avons montré que cet insecte était plus attiré par les plants
de tomates sains qu’infestés de certaines variétés (Deletre et al. 2022). Parmi les composés induits
par I’herbivorie de T. vaporariorum, nous avons identifié I'o-xyléne, le sabinene, le B-pinéne, le B-
ociméne, le B-myrcéne, I'a-phellandréne, le 3-caréne, le p-cymene, le B-phellandréne, I’'a-humuléne,
le y-terpinéne, le (E)-B-caryophyllene, 'allo-ociméne, le B-eleméne et le terpinoléne. Parmi les
composés émis par la tomate, le limonene, le p-cyméne et le 1,8 cinéole ont diminué I'attractivité de
la tomate (répulsif masquant) et seul le p-cymene s’est avéré étre un HIPV. Mais parmi les HIPVs, le
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(E)-B-ocimene, le p-cymene et I'a-pinéne ont été identifiés comme des répulsifs spatiaux pour T.
vaporariorum ainsi que le limonéne, tandis que le 1,8-cinéole s’est avéré attractif lorsqu'il était testé
contre l'air pur. Les résultats sur la répulsion des HIPVs vis-a-vis des ravageurs ont ainsi été moins
probants pour T. vaporariorum que pour T. absoluta. Cela pourrait s’expliquer par le fait que T.
vaporariorum est un insecte polyphage alors que T. absoluta est un insecte spécialiste de la tomate,
méme s’il peut s’attaquer a d’autres solanaceae. T. absoluta et T. vaporariorum ont également
différents modes d'alimentation (broyage/extraction de feuilles versus succion de séve de phloéme),
ainsi la variation de composés organiques volatils induits par ces herbivores est par conséquent
attribuée a I'activation des différentes voies de défense (Silva et al. 2017, Danner et al. 2018). Les
larves de T. absoluta activent la voie de biosynthése de I'acide jasmonique et déclenchent I'émission
de grandes quantités de composés organiques volatils par rapport aux aleurodes qui sont connus pour
activer la voie de I'acide salicylique (Danner et al. 2018, Yang et al. 2021).

Avec l'identification de composés répulsifs contre T. vaporariorum, nous avions identifié les
stimuli push de notre stratégie push-pull. Pour cette stratégie, les stimuli pull sont souvent des
attractifs visuels, des composés volatils de plantes hotes, des phéromones d’agrégation ou sexuelles,
des attractifs d’oviposition ou des attractifs gustatifs (Cook et al. 2007). Contrairement a T. absoluta,
aucune phéromone d’agrégation ou sexuelle n’a été identifié pour T. vaporariorum. Nous aurions pu
utiliser des attractifs visuels puisqu’aujourd’hui les piéges englués jaunes sont utilisés pour la
surveillance de T. vaporariorum mais |'efficacité nous semblait trop faible. Contrairement a T.
absoluta, T. vaporariorum est un ravageur polyphage, l'identification d’'une plante piége, i.e. une
plante plus attractive que la tomate, nous semblait étre une bonne piste de recherche. En 2014, nous
avions observé sur le terrain des T. vaporariorum sur I'ceillet d’inde géant ou tagete des décombres
(Tagetes minuta) et le basilic (Ocimum basilicum). Lors de deux expériences en station expérimentale
au Kenya, nous avons observé que I'ceillet d’inde géant réduisait significativement la population
d'aleurodes des serres dans les cultures de niébé, tandis que la culture intercalaire de basilic et de
tomates avait entrainé une réduction de 68,7 % dans la population d'aleurodes (Diabate et al. 2019 ;
Mutisya et al. 2016 ; Diabate et al. 2021). Au brésil, il avait également été montré que la tomate
cultivée en intercalaire avec le basilic avait de meilleur rendement (Carvalho et al. 2009). De plus,
I'utilisation d'huile essentielle de basilic avec des pieéges jaunes englués augmente I'attractivité et donc
le piégeage de T. vaporariorum de 4,8 fois (Gérski 2004). Par la suite au laboratoire, nous avons montré
que le basilic en fleurs et I'ceillet d’'inde au stage végétatif ou en floraison ont été plus attractif que la
tomate pour T. vaporariorum (Matu et al. 2021). Les composés majeurs de |'ceillet d’inde étaient le
limoneéne, la dihydrotagétone, le (Z)-B-ociméne, I'a-pinéne, et |'acétate de (Z)-3-hexényle, et ceux du
basilic étaient le linalool, le 1,8-cinéole, I'eugénol et le B-élémene. Parmi ces composés, le 1,8-cinéole
et I'acétate de (Z)-3-hexényle ont provoqué une forte attraction chez I'aleurode des serres, tandis que
le (Z)-B-ocimene et le linalool ont provoqué une forte répulsion. Le 1,8 cinéole en fonction de sa
concentration et des odeurs en arriere plant peut avoir des effets tres différents sur le comportement
de T. vaporariorum. L'ceillet d’'inde géant, le basilic ou I'acétate de (Z)-3-hexényle pourraient donc étre
utilisés comme des stimuli pull dans notre stratégie push pull.

2.2.4  Manipulation du comportement des ennemis naturels

Etudiants associés a ce volet :
P. Ayelo: Recruitment of natural enemies through kairomones for crop protection (Univ Pretoria, 2017-21)

M. Wangari (2020): Study of kairomones to enhance biological control of whiteflies (Methodist Univ, Kenya)
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Articles associés a ce volet :

» Chailleux A, Ndjiliw , Diakhaté M, Akodjetin GF, Correa P, Deletre E, Brévault T (soumis) First steps
toward conservation biological control programs using Nesidiocoris tenuis in Senegal. Biological
control.

> Deletre E, Wangari M, Musila R, Rhino B (soumis) Use of natural enemies attractant to attract and
retain parasitoids to control whitefly, Trialeurodes vaporariorum in openfield and nethouse.

> P Ayelo, S Mohamed, A Chailleux, A Yusuf, C Pirk, E Deletre. 2022b. The parasitoid Dolichogenidea
gelechiidivoris (Hymenoptera: Braconidae) eavesdrops on semiochemicals from its host Tuta absoluta
and tomato plants. Journal of Pest Science. 95, 633—652

» P.Ayelo, A. Yusuf, A. Chailleux, S. Mohamed, C. Pirk, E. Deletre. 2022a. Chemical cues from honeydew
and cuticular extracts of Trialeurodes vaporariorum serve as kairomones for the parasitoid Encarsia
Formosa. Journal of Chemical Ecology, 1-14

> P Ayelo, A Yusuf, C Pirk, A Chailleux, S Mohamed, E Deletre. 2021c. Terpenes from herbivore-induced
tomato plant volatiles attract Nesidiocoris tenuis (Hemiptera: Miridae), a predator of major tomato
pests. Pest Management Science. 77 (11), 5255-5267

> P_Ayelo, A Yusuf, C Pirk, S Mohamed, A Chailleux, E Deletre. 2021b. The role of trialeurodes
vaporariorum-infested tomato plant volatiles in the attraction of Encarsia formosa (Hymenoptera:
Aphelinidae). Journal of Chemical Ecology, 47(2), 192-203.

> P Avyelo, C Pirk, A Yusuf, A Chailleux, S Mohamed, E Deletre. 2021a. Exploring the kairomone-based
foraging behaviour of natural enemies to enhance biological control: A Review. Frontiers in Ecology and
Evolution, 9, 143.

La lutte biologique classique et l'industrie associée a cette stratégie de lutte sont peu
développées en Afrique pour le moment, méme si le kenya fait exception a la régle a cause de
I'importance de son industrie de production de fleurs coupées. Cependant, les petits producteurs
n’ont pas recours a la lutte biologique classique, de par leur manque de connaissances et de par le
mangque d’accessiblité aux produits : ennemis naturels, entomopathogenes, ... La lutte biologique par
conservation semble donc étre la plus indiquée pour les petits producteurs. L'idée est de manipuler
I'habitat des ennemis naturels afin d'améliorer leur survie, leurs performances comportementales
et/ou physiologique ce qui se traduit par une efficacité accrue de la gestion des ravageurs (Rusch et
al. 2017). Ce type de biocontréle est une alternative prometteuse a |'utilisation des pesticides et une
composante importante de I'agroécologie. La manipulation de I’habitat consiste principalement a
réduire les perturbations de l'agroécosystéme, tout en augmentant la biodiversité végétale. La
biodiversité végétale peut conduire a I'augmentation de la biodiversité des ennemis naturels et de
leur abondance mais c’est rarement suffisant pour atteindre un niveau de gestion des ravageurs
satisfaisant. Par conséquent, le principal défi de cette stratégie de lutte est de savoir comment attirer
et concentrer suffisamment d’ennemis naturels au sein de la culture pour atteindre un niveau
satisfaisant de gestion des ravageurs. Ce défi se retrouve également en lutte biologique classique. En
effet, lorsque les ennemis naturels sont relachés, ils sont susceptibles d'émigrer ou de se disperser en
dehors de la culture a protéger, réduisant ainsi leur efficacité dans la lutte contre les insectes
ravageurs de la culture cible (Heimpel et Asplen 2011). Or I'écologie chimique s’intéresse aux
interactions plantes-ennemis naturels, ravageurs-ennemis naturels et entre ennemis naturels, nous
permettant ainsi d’identifier des sémiochimiques attractifs d’ennemis naturels. Les applications de
leurres a base de sémiochimiques se sont avérés étre une solution judicieuse pour recruter les
ennemis naturels, les retenir a proximité des cultures cibles et limiter leur dispersion, améliorant ainsi
les stratégies de lutte biologique (Ayelo et al. 2021a). Par exemple, Kelly et al. (2014) ont montré que
I'utilisation de salicylate de méthyle (HIPV) ou de phéromone d'agrégation de Podisus maculiventris
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avait permis de retenir les punaises prédatrices relachés sur la parcelle mais également d’attirer des
punaises sauvages. Dans les parcelles avec les leurres, la consommation des chenilles de Manduca
sexta, sa proie, avait augmenté. Nous avons ainsi émis I’hypothese que |'utilisation de composés
sémiochimiques et de plantes compagnes pouvaient augmenter I'efficacité de la lutte biologique ou
des services écosystémiques de suppression des ravageurs.

Parmi les composés sémiochimiques impliqués dans la localisation et la reconnaissance des
proies ou hoétes par les prédateurs ou parasitoides, il y a (i) les composés organiques volatiles induits

par I'herbivorie ou l'oviposition, (ii) les phéromones des ravageurs et (iii) des signaux chimiques
associés aux ravageurs provenant de leur feces, du miellat, de leur cuticule, ... (Figure 7) (Ayelo et al.
2021). Ces composés sont impliqués dans les différentes séquences comportementales de recherche
de I’hétes/proies. Les composés organiques volatiles induits par I’herbivorie ou |'oviposition
interviendraient lors de la localisation de I’habitat, les phéromones lors de la localisation du ravageur,
et les signaux chimiques associés aux ravageurs lors de sa sélection (Figure 8). Nous pourrions utiliser

les composés organiques volatiles pour attirer plus d’ennemis naturels sur les parcelles et utiliser les
phéromones pour limiter I'émigration des ennemis naturels vers d’autres parcelles.
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Figure 7. Les interactions chimiques au sein d’un systéme tritrophique. (HIPVs, composés organiques

volatils induits par I'herbivorie ; OIPVs, composés organiques volatils induits par I'oviposition; ZIPV,
composés organiques volatils induits par les zoophytophages ; COV, composés organiques volatils ;
pPhr, phéromone de proie ; hPhr, phéromone d’héte ; pdPhr, phéromone de prédateur ; prPhr,

phéromone de parasitoide ; pcues, signaux chimiques associés aux proies ; hcues, signaux chimiques
associés a I'note) (Ayelo et al. 2021).
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Matural enemy discriminating host/prey-induced VOCs
from consitutive and non-host/prey-induced VOCs
to locate target plants within the plant community
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Figure 8. Utilisation des kairomones par les parasitoides/prédateurs lors des différentes séquences
comportementales impliquées dans la recherche d'hotes/proies (Communauté végétale composée de
(A) plante non hote infestée, (B) plante hote infestée, (C) plante non héte non infestée, et (D) plante
hote non infestée. VOC: composé organique volatil, tHIPV: composé organique volatil de plante hote
induite par I'herbivorie, ntHIPV: composé organique volatil de plante non hote induite par I'herbivorie,

OIPV: composé organique volatil de plante hote induit par I'oviposition) (Ayelo et al. 2021).

Dans le cas d’Encarsia formosa, parasitoide de Trialeurodes vaporariorum, nous avions émis
I’'hypothése qu’il serait attiré par (i) les HIPVs de plants de tomate infestés par des aleurodes, (ii) le
miellat des aleurodes et/ou (iii) les composés de la cuticule des nymphes. Nous avons montré qu’E.
formosa était plus attiré par des plants de tomate infestés que par des plants sain (Ayelo et al. 2021b).
Ce parasitoide a donc été attiré par les HIPVs de plants de tomates infestés par T. vaporariorum, mais
sa réponse comportementale a varié en fonction de la densité d'infestation. En effet, la plante n’émet
pas la méme quantité ou les mémes composés organiques volatils en fonction de la densité
d’infestation (Shiojiri et al. 2010). Le parasitoide E. formosa a été attiré par les composés organiques
volatils émis par des plants de tomates infestés de 100 T. vaporariorum adultes mais pas par des plants
de tomates infestés de 50 ou 200 adultes. De méme, Lou et al. (2005) ont montré que le parasitoide
Anagrus nilaparvatae a été attiré par les composés organiques volatils de riz infestés de 10 ou 20
cicadelles adultes de Nilaparvata lugens, mais qu’il n’était pas attiré par des plants de riz avec un
niveau d’infestation inférieure (1 ou 5) ou supérieure (40 ou 80). Lorsque nous analysons les composés
organiques volatiles émis par les plants de tomate faiblement (50) et fortement (200) infestés, nous
observons que les HIPVs sont émis en faible quantité. Il faudrait donc un niveau d’infestation minimum
pour activer les défenses de la plante. Par conséquent, les parasitoides ne sont attirés par des plantes
infestées qu’a partir d’un seuil minimal d’infestation (Lou et al. 2005). De plus, les herbivores se
nourrissant de phloeme tels que les aleurodes qui sont des inducteurs de la voie de I'acide salicylique
peuvent activer mais aussi supprimer les mécanismes de défense de la plante, et donc I'émission de
HIPVs (Walling 2018). Par conséquent, au-dela d’un certain seuil d’infestation, ici 200 adultes, les
défenses de la plante sont inhibées par I’herbivore et le parasitoide n’est plus attiré. A une infestation
de 100 T. vaporariorum adultes, la qualité et la quantité des composés organiques volatils émis par
les plants de tomates ont varié par rapport aux plants sains, mettant ainsi en évidence une activation
des défenses de la plante. Parmi les HIPVs de plants de tomate infestés par 100 T. vaporariorum
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adultes, nous avons identifié le 3-carene, |'allo-ocimene, le B-elemene, le p-cymene, I'a-phellandrene,
le B-phellandrene, I'(E)-B-ocimene, I'a-pinene, le B-myrcene, le terpinolene et le 6-elemene. Nous
avons aussi noté que l|'émission d’a-phellandréne, de p-cymene, d’(E)-B-caryophyllene et d'a-
humuléne avait diminué pour les plants de tomates infestés par 200 adultes par rapport aux plants
infestés par 100 adultes. Parmi les HIPVs, nous avons trouvé que le 3-carene, le B-myrcene, le B-
ocimene et l'a-phellandréne attiraient E. formosa. Le mélange de ces quatre composés était
également tres attractif pour E. formosa. Ces quatre composés ont été rapportés comme des
composés attractifs chez d'autres especes de parasitoides. Par exemple, I'a-phellandrene et I'(E)-B-
ocimene induits par une infestation de pucerons Acyrthosiphon pisum étaient attractifs pour le
parasitoide Aphidius ervi (Takemoto & Takabayashi 2015). Le mélange de ces quatres composés a
ensuite été testé sur le terrain afin de tester notre hypothese sur 'augmentation de |'efficacité des
services écosystémiques (i.e. suppression des ravageurs) grace a l'utilisation des composés
sémiochimiques (Deletre et al. In prep). Ces composés ont été testé avec ou sans |'utilisation de filet
anti-insectes. Pour cet essai, le nombre d’aleurodes sur les piéges jaunes englués, qui ont contribué
au suivi des populations d’adultes, était plus important en plein champ que sous les filets (Figure 9a).
Mais les aleurodes, qui ont émergé des feuilles échantillonnées, étaient plus nombreux sous les filets
gu’en plein champs (Figure 9b). En effet, les plants de tomates en plein champs ont des feuilles qui
sechent plus rapidement que sous les filets, ce qui empéchent le bon développement des nymphes.
Nordey et al. (2017) ont montré que les besoins en rayonnement de la tomate sont inférieurs au
rayonnement du Kenya ce qui provoque une senescence précoce des feuilles. Contrairement au plein
champ, I'environnement climatique sous les filets était propice a la croissance de la tomate et au
développement des nymphes d'aleurodes. En effet, les plants de tomates cultivés sous filet ont une
conductance stomatique plus élevée et des feuilles riches en chlorophylle (Saidi et al., 2013). En peu
de temps, ils produisent plus de feuilles que les plants de tomates de plein champs. Kaur et al. (2010)
ont également rapporté que la température et I'humidité élevées sous les filets fournissent un
environnement optimal pour une multiplication rapide des ravageurs comme les aleurodes. Le
mélange des quatres kairomones attractives d’Encarsia formosa ont attiré plus de parasitoides (Figure
9c). En effet, plus de parasitoides ont émergé des feuilles collectées dans les parcelles avec attractifs
gue sans attractifs. Le taux de parasitisme était de 11,60% et 42,08% avec attractifs en plein champ et
sous filet respectivement, contre 7,8% et 20,33% sans attractif. Le taux plus important de nymphes
sous filet a pu également joué un réle dans I'attraction des parasitoides et I'environnement climatique
sous les filets était également plus propice au développement des parasitoides. Mais I'attractif n'a pas
eu d’impact proprement dit sur la population d'aleurodes. L'arrivée des parasitoides pourrait étre trop
tardive pour controler efficacement la population d'aleurodes. Méme si les HIPVs ont montré des
résultats prometteurs, nous nous sommes également intéressés au potentiel attractif du miellat et
des composés de la cuticule de nymphes (Ayelo et al. 2022a). Nous avons montré que le parasitoide
E. formosa passait plus de temps sur les zones traitées avec des extraits de miellat et de nymphes que
sur des zones non traitées. Par contre, I'odeur du miellat de T. vaporariorum attirait E. formosa mais
pas I'odeur émise par les nymphes. Ceci suggere que le miellat sert a la localisation de I’'h6te et la
cuticule a la sélection de I’hote. Les volatils du miellat étaient des composés tels que le 3-carene, I'a-
phellandrene, le salicylate de méthyle, le B-ociméne, le B-myrcene et le (E)-B-caryophylléne qui sont
connus pour étre attractifs pour E. formosa. Les extraits cuticulaires des nymphes contenaient
principalement des alcanes, des alcénes et des esters. Parmi ces composés, le parasitoide a passé plus
de temps sur les zones traitées avec du nonacosane que sur les zones non traitées suggérant que le
nonacosane était impliqué dans la sélection des nymphes de T. vaporariorum par E. formosa.

30



(a)

2,000

Crtmgiaia)

1,000

o }
X b ol
ikl Ll <40 s

0 LT
1 2 3 4 5 6 7 8 9 10 11 12
(b) Sl
150

100

50

a
b :-J--u b

TP

1 2 3 4 5 6 7

(c)

12

]

—_— T

1 ]
l"'L"-

i an I [
o i o A G ld SR

1 2 3 4 5 6 7 8 9 10 11 12

B Open field & Open fiel + Attractant Nethouse ' Nethouse + Attractant

Figure 9. Population moyenne (+ES) par semaine de T. vaporariorum (a) sur les piéges jaunes englués,
(b) émergeant des feuilles échantillonnées et de parasitoides (c) émergeant des feuilles
échantillonnées. (Analyse statistique par GLMMs suivis d'une Anova de la déviance puis des
comparaisons de moyennes. Selon les données, les lois de poisson, négative binomiale ou des modeéles
avec inflation de zéros ont été utilisées.)
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Dans le cas du parasitoide larvaire D. gelechiidivoris, nous avons émis I'hypothése qu’il utilisait
(i) les HIPVs de plants de tomate infestés par T. absoluta, (ii) la phéromone sexuelle de T. absoluta,
(iii) les féces de T. absoluta et/ou (iv) les composés de la cuticule des larves de T. absoluta pour
détecter son hote. Nous avons montré que les HIPVs d’un plant de tomate infesté par T. absoluta était
attractif pour le parasitoide D. gelechiidivoris. De plus, il était plus attiré par les odeurs de plants de
tomates infestés que de plants sains, distinguant ainsi les différences quantitatives et qualitatives de
la composition des composés organiques volatils émis par les plants de tomates infestés par rapport
aux plants sains. De méme, Suckling et al. (2012) ont également rapporté que le parasitoide,
Dolichogenidea tasmanica était plus attiré par les odeurs émises par les plantules de pommier (Malus
domestica) infestées par la teigne brune de la pomme, Epiphyas postvittana que les odeurs émises
par les plantules saines. Contrairement a E. formosa, plus le niveau d’infestation de la tomate par T.
absoluta était élevé, plus le parasitoide D. gelechiidivoris était attiré, c'est-a-dire que les plants infestés
de 20 T. absoluta était plus attractif que ceux infestés par 5 ou 10 hétes. De telles réponses
comportementales dépendantes de la densité d’hotes ont également été observées dans autres
interactions tritrophiques plante-hote-parasitoide, en particulier pour les parasitoides dont I’hote est
un herbivore de type broyeur (Shiojiri et al. 2010). Par exemple, le parasitoide Cotesia vestalis est
attiré par les odeurs de choux infestés avec une forte densité (15—30 larves) de son hote, Plutella
xylostella par rapport a ceux avec une faible (5) densité d'infestation. En effet, les larves mineuses de
feuilles sont connues pour activer les voies de biosynthése de I'acide jasmonique (JA) et de I'acide
salicylique qui peuvent agir en synergie pour induire I'émission de volatiles spécifiques (Turlings et al.
2004, Chen et al. 2006, Degenhardt et al. 2010, McCormick et al. 2012). L'activation de la voie JA induit
la production des métabolites secondaires et des composés volatils induits par les herbivores qui
augmentent avec la densité d'infestation et la durée d'alimentation. Dans notre étude, I'augmentation
du niveau d'infestation par T. absoluta était positivement corrélée avec I'augmentation de I'émission
d’a-pinéne, de B-myrcéne, d’a-phellandrene, d’a-terpinéne, d’(E)-B-ociméne et d’(E)-B-
caryophylléene. A forte densité d’infestation, les plants de tomate ont également émis de nouveaux
composés par rapport aux plants de tomates sains : le (Z)-3-hexénol, I'ester (Z)-3-hexényl butanoate,
le salicylate de méthyle, I'ester benzénoide, le sabinene, le linalol, I'allo-ociméne et le B-élémeéne.
Parmi ces composés, le parasitoide D. gelechiidivoris a été attiré par I'a-pinéne, le B-myrcene, I'a-
phellandrene, I'a-terpinéne, le B-ocimene, I'(E)-B-caryophylléne et le salicylate de méthyle. Ces
attractifs sont également connus comme des kairomones pour d'autres especes d’ennemis naturels.
Le mélange de ces 7 attractifs s’est révélé étre aussi attractif que les composés organiques volatils de
tomates infestées par 20 larves de T. absoluta. Sur le terrain, ce mélange pourrait servir a attirer plus
de parasitoides et/ou limiter leur émigration. Dans notre étude, nous avons également montré que le
parasitoide D. gelechiidivoris était attiré par I'odeur des féces de larves de T. absoluta. A I'exception
de I'oxyde de caryophylléne, qui auraient pu résulter d’un processus d'oxydation, tous les composés
volatils émis par ces féces de T. absoluta, que nous avons identifiés, sont aussi des composés émis par
les plants de tomates dont le B-myrcéne, I'a-terpineéne, I'(E)-B-caryophylléne et le salicylate de
méthyle, qui sont des attractifs du parasitoide. Nous avons également montré que le parasitoide D.
gelechiidivoris était attiré par la phéromone sexuelle de T. absoluta. Cette phéromone qui est
aujourd’hui utilisée pour le piégeage de masse et la confusion sexuelle pourrait donc avoir un effet
bénéfique sur la lutte biologique en attirant plus de parasitoides mais aussi un effet néfaste avec le
risque potentiel de les piéger. La détection de ce type d’odeur (fécés, phéromone) aide le parasitoide
a localiser précisément son hote dans la parcelle de tomate. En effet, il a déja été montré que les
parasitoides localisent leurs hotes en utilisant les kairomones émanant d'eux, comme les fécés ou les
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phéromones. Par exemple, le parasitoide Telenomus euproctidis est attiré par la phéromone sexuelle
de son hote, Orgyia postica (Arakaki et al. 2011) ou le parasitoide Dibrachys cavus est attiré par I'odeur
des féces des larves de son hote, Lobesia botrana (Chuche et al. 2006). Par contre, lors de nos essais,
I’odeur des larves de T. absoluta n’a pas attiré le parasitoide, D. gelechiidivoris.

Dans le cas du prédateur généraliste Nesidiocoris tenuis, nous avons émis I’hypothése qu’il
utilisait: (i) les HIPVs de plants de tomate infestés par T. absoluta ou par T. vaporariorum, (ii) la
phéromone sexuelle de T. absoluta, (iv) les fécés de T. absoluta, (v) le miellat de T. vaporariorum et/ou
(vi) les composés de la cuticule des larves de T. absoluta ou des nymphes T. vaporariorum pour
détecter ses proies. Nos résultats ont révélé que les kairomones associées aux proies jouent un réle
mineur dans |'attraction du prédateur généraliste N. tenuis. Méme si I'odeur des féces de T. absoluta
a attiré le prédateur ; le miellat de T. vaporariorum, la phéromone sexuelle de T. absoluta, et I'odeur
des larves de T. absoluta ou des nymphes T. vaporariorum n’ont pas attiré le prédateur. Comme
indiqué précédemment, les composés volatils émis par les fécés de T. absoluta, que nous avons
identifié, sont aussi des composés émis par les plants de tomates (e.g. I'a-pinéne, le 3-caréne, I'a-
phellandrene, le B-phellandréne et le B-ociméne) ce qui pourrait expliquer I'attraction de N. tenuis par
les féces. L'absence d’attraction de N. tenuis aux odeurs de miellat peut s'expliquer par le fait qu'il
s'agit d'un prédateur zoophytophage généraliste qui préféreraient se nourrir des plantes plutot que
de miellat, contrairement au parasitoide E. formosa qui s’en nourrit. De plus, N. tenuis est un
prédateur généraliste et qui n’a pas co-évolué avec T. absoluta, il n’a donc pas développé d’attraction
spécifique pour la phéromone sexuelle de T. absoluta. L’ utilisation de cette phéromone pour la gestion
de ce ravageur n’a donc pas d’influence sur ce prédateur. Par contre, nous avons montré que N. tenuis
était attiré par les HIPVs de plants de tomate infestés par T. absoluta ou par T. vaporariorum mais qu’il
était plus attiré par les plants infestés de T. absoluta que de T. vaporariorum. Comme indiqué
précédemment les HIPVs de ces 2 ravageurs ne sont pas les mémes car ils n’activent pas les mémes
voies de biosynthese. Ce prédateur arrive donc a discriminer la présence des ravageurs et le type de
ravageurs. De plus, N. tenuis se nourrit davantage de T. absoluta que d'aleurodes (Calvo et al. 2012),
il est donc possible que le prédateur ait une préférence innée pour les odeurs de plantes induite par
son espéce de proie préférée. Nos résultats ont montré que parmi les HIPVs, I'a-pinéne, le 3-carene,
I'a-phellandrene, le B-phellandréne, I'(E)-B-caryophylléne et le B-ocimeéne étaient les composés
attractifs de N. tenuis. Ces composés étaient d’ailleurs plus fortement émis par les plants infestés par
T. absoluta que par T. vaporariorum. Nous pouvons de nouveau noter I'importance de la quantité des
composés organiques volatils dans la réponse comportementale des insectes. Le mélange de ces
guatre attractifs I'a-pinene, le 3-carene, I'a-phellandréne, et le B-ociméne s’est montré extrémement
attractif. Lors de notre essai terrain sur |'utilisation des attractifs d’E. formosa, nous avons utilisé un
mélange de quatre composées dont trois sont aussi des attractifs de N. tenuis : le 3-caréne, le B-
ociméne et I'a-phellandréne. Nous avons également mesuré I'impact de ce mélange sur la population
de N. tenuis. Le mélange de ces attractifs ne semblent pas avoir eu d’effet sur la population de
prédateur et comme attendu, trés peu de prédateurs ont été observé sous les filets (Figure 10). Afin
d’introduire des prédateurs sous les filets sans avoir a passer par des entreprises de biocontrole, nous
avons eu l'idée de rechercher des plantes insectarium afin d’attirer des prédateurs et pouvoir les
relacher par la suite (Chailleux et al. Soumis). Parmi les plantes compagnes, les plantes insectarium
sont des éléments clés de la lutte biologique par conservation. Elles sont définies comme une plante
qui attire et entretient une population d'ennemis naturels, généralement grace aux nectars ou aux
pollen et qui contribuent a la lutte biologique contre les ravageurs des cultures (Parolin et al. 2012).
Nous avons identifié une plante insectarium prometteuse, Sesamum radiatum (faux sésame ou
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sésame noir) qui pourrait également servir de [égume feuilles et de plantes médicinales. Cette plante
permet le bon développement de N. tenuis méme sans source de nourriture alternative. Si cette plante
est utilisée en interculture pour de la lutte biologique par conservation, nous avons montré que N.
tenuis était plus attiré par les plants de tomate que de sésame, il n'y a donc pas de risque gu’il quitte
la culture de tomate. Cette plante pourrait également étre utilisée entre 2 saisons de culture de
tomates afin de maintenir une population constante de N. tenuis. Elle peut aussi étre utilisée comme
plante piége pour relacher des N. tenuis sous les filets.
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Figure 10. Population moyenne (+ES) par semaine de N. tenuis par plant de tomate. (Analyse
statistique par GLMMs suivis d'une Anova de la déviance puis des comparaisons de moyennes. Selon
les données, les lois de poisson, négative binomiale ou des modeles avec inflation de zéros ont été
utilisées.)

2.2.5 Conclusion

L’étude de la biodiversité et des différentes interactions trophiques nous a permis d’identifier
les ravageurs et les ennemis naturels qui jouent un réle majeur dans la production de tomates et son
rendement. Ainsi nous avons pu montrer par exemple qu’il n’y avait pas de parasitoides locales
abondants contre T. absoluta d’ou I'introduction d’un parasitoide exotique D. gelechiidivoris. Nous
avons pu également montré que I'aleurode local est T. vaporariorum et non B. tabaci, qui est la cause
d’un nombre important de traitements chimiques par les producteurs, et qui est pourtant un ravageur
moins problématique que B. tabaci.

Grace a l'identification de composés sémiochimiques, qui sont impliqués dans les différentes
interactions du réseau trophiques de la tomate (figure 11), nous avons pu développer différentes
innovations, comme par exemple:

- un attractif pour chacun des ennemis naturels sélectionnés a base d’HIPVs,

- une stratégie push-pull pour lutter contre Tuta absoluta a base de phéromone sexuelle et d’HIPVs,
- une stratégie push-pull pour lutter contre Trialeurodes vaporariorum a base de plantes pieges et
d’HIPVs.
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Nous pouvons remarquer qu’une méme molécule peut jouer plusieurs roles dans le réseau trophique.
Par exemple, une phéromone sexuelle peut aussi bien attirer un congénére qu’un ennemi naturel et
un HIPV peut avoir un effet répulsif sur un ravageur ou un effet attractif sur un ennemi naturel.

En conclusion, l'utilisation des filets anti-insectes nous permet de diminuer l'usage des
pesticides et les innovations concues grace a I'écologie chimique nous permettent, entre autres,
d’augmenter les services écosystémiques de suppression des ravageurs. Cette combinaison de
technique nous permet d’avoir un systeme de production plus agroécologique et plus durable.

Punaise prédatrice

Nesidiocoris tenuis
Guépe parasitoide HIPVS: Guépes parasitoides
Dolichogenidea gelechiidivoris a-pinéne Encarsia formosa
3-caréne,
Feceés a-phellandréne Miellat
B-phellandrene,
Phéromone (E)-B-caryophylléne
HIPVS: B-ociméne Cuticule:
a-pinéne nonacosa
B-myrcene =
a-phellandréne Mineuse de |a tomate .Aleurodes des serres
a-terpinéne Tuta absoluta Trialeurodes vaporariorum —
B-ociméne B-myr;:éne
(E)-B-caryophyliéne HIPVs: B-ociméne
salicylate de méthyle a-phellandréne HIPVs: w-peiamiiene
y-terpinéne B-ociméne
terpinoléne p-cymeéne
-ociméne VOCs a-pinéne
Infestée (T. absoluta) ‘ Saine ‘ Infestée (T. vaporariorum) + Attraction
Tomate = Répulsion
Solanum lycopersicum

Figure 11. Schéma récapitulatif des interactions chimique de notre agroécosysteme de la tomate

2.3 Volet 2 : Fonctionnement de I'agroécosystéme de la mangue mouche des fruits

2.3.1 La biodiversité de I'agroécosysteme de la mangue

Etudiants encadrés associés a ce volet :

B. Mekonnen: Improving biological control of fruit flies using O. longinoda (Univ Pretoria, 2016-21)

A Stirnemann (2015): Study of attractant plant for the management of O. longinoda (Univ Rennes, France)

J Leyes (2015): Study of repellent natural compounds for the control of O. longinoda (Univ Rennes, France)

Articles associés a ce volet :

» B Mekonnen, J Haran, R Copeland, C Pirk, A Yusuf, E Deletre, 2020. First report of a gall midge as a
parasitoid of weaver ants, Entomologia Generalis 40(4): 437-441

» A Chailleux, A Stirnemann, J Leyes, E Deletre. 2019. Manipulating natural enemy behavior to improve
biological control: attract and repulse. Entomologia Generalis 38(3):191-210

En afrique, les ravageurs de la mangue sont les cochenilles farineuses (Rastrococcus sp.), les
cochenilles (Coccus spp.), les aleurodes, etc mais principalement les mouches des fruits. Les espéces
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de Ceratitis sp. qui affectent la production de mangues sont Ceratitis quinaria, C. fasciventris, C. rosa,
C. anonae, C. capitata, et C. cosyra, cette derniere est celle qui cause le plus de dégats (Figure 12)
(Ekesi et al. 2006). L’autre ravageur qui cause le plus de dégats a la mangue en Afrique est également
une mouche des fruits : Bactrocera dorsalis qui est aussi une espéce invasive. Dans les zones propices
a B. dorsalis, C. cosyra serait quasiment remplacée par B. dorsalis qui est plus agressive (Ekesi et al.
2009). Ces 2 especes sont polyphages et attaquent un large éventail de cultures fruitiéres en plus de
la mangue comme la goyave, les agrumes et I'avocat. Les mouches des fruits pondent leurs ceufs dans
les fruits ou se développent ensuite les larves causant ainsi de 20 a 80% de perte selon I'espece et les
pays. En plus des pertes directes, une perte indirecte importante se produit également lorsque les
opportunités d'acces au marché sont perdues en raison des restrictions européennes de quarantaine
de B. dorsalis.

Parmi les mesures mise place pour lutter contre ces ravageurs, il y a 'utilisation d’une large
gamme d’insecticides mais aussi des biopesticides comme I'utilisation du spinosad. La technique de
piégeage de masse est largement utilisée pour les mouches des fruits. Le methyle eugenol est une
kairomone efficace pour piéger les males de Bactrocera dorsalis et I'acétate de terpinyle est utilisé
pour piéger Ceratitis cosyra. Le piégeage peut étre combiné avec un agent biocide comme le
champignon entomopathogéne Metharizium anisopliea, qui est aussi utilisé en pulvérisation au
niveau du sol pour tuer les pupes. Le piégeage alimentaire est également utilisé avec des attractifs a
base de levures ou dérivés et un biocide. Cette technique a I'avantage de piéger les males et les
femelles mais le désavantage d’étre tres peu sélectif. L’assainissement des vergers avec I'utilisation
d’un augmentorium, qui favorise également I'accroissement des populations de parasitoides, fait
partie des techniques simples a mettre en place mais avec un fort impact sur les populations de
mouches des fruits. Les producteurs récoltent également leur mangue plus tét dans la saison avant
gue les mouches des fruits piquent les mangues. Enfin la lutte biologique est également utilisée pour
réduire la population de mouches des fruits et ses dégats.

Au Kenya, trois agents de lutte biologique sont présents abondamment, deux parasitoides : Fopius
arisanus (Sonan) et Diachasmimorpha longicaudata (Ashmead), qui ont été introduits par l'icipe en
2006 en provenance d’Hawai pour lutter principalement contre B. dorsalis, et un prédateur natif :
Oecophylla longinoda (Latreille). Fopius arisanus parasite les ceufs des mouches des fruits et I'adulte
émerge au stage nymphal. Diachasmimorpha longicaudata parasite les larves des mouches des fruits
et I'adulte émerge également au stage nymphal. Oecophylla longinoda est une fourmi prédatrice
généraliste, elle se nourrit principalement des larves et des pupes de mouches des fruits. Malgré son
efficacité comme agent de lutte, les nids de fourmis d’O. longinoda sont parfois détruits dans les
vergers car elles sont tres agressives et deviennent génante au moment de la récolte. Nous avons
cherché a pouvoir manipuler leur comportement pour faciliter la récolte. Notre objectif était de
trouver un répulsif afin de protéger les producteurs tout en proposant des moyens d'augmenter les
populations de fourmis oecophylles, en trouvant des sources de glucides a partir de plantes cultivées
locales (attractif). La diversification végétale est, en effet, un outil souvent utilisé en lutte biologique
par conservation pour augmenter les populations d’ennemis naturels et ainsi les services
écosystémiques qu’ils apportent. Nous avons identifié des répulsifs huileux (huile de paraffine ou huile
de coco) ou poudreux (cendres, farine, talc) qui pourraient aider les producteurs a se protéger des
morsures. De plus, le niébé en interculture avec les manguiers pourrait servir de sources de glucides
grace a la production de nectar extra-florale, ce qui favoriserait la croissance de la population de
fourmis. En effet, nous avons clairement observé un comportement de recrutement vers le nectar
extra-floral avec des comportements de frottements de I'abdomen pour libérer les phéromones de
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marquage, de mouvements antennaires et d’ouverture de la bouche comme précédemment décrits
par Holldobler & Wilson (1978).

Lors de nos différents travaux de recherche, nous avons également eu la surprise de découvrir un
parasitoide d’O. longinoda qui s’est avéré étre une nouvelle espéce : une cécidomyie (Diptera:
Cecidomyiidae) (Figure 13). Malheureusement nous n’avons jamais pu observer le stade adulte, seul
le stade larvaire a pu étre observé. Nous avons émis les hypothéses que (i) lorsque les fourmis
parasitées sont tenues a l'écart de la colonie, leur fitness diminue a cause du manque de
comportements sociaux et les larves de parasitoides quittent alors leur hote en raison de sa mauvaise
qualité avant d’avoir complété leur cycle; ou (ii) lorsqu'elles sont gardées dans la colonie, les larves de
parasitoides sont consommeées par les fourmis en quittant I'n6te. Quoiqu’il en soit, la séquence
(MN603974) a été enregistrée dans les bases de données (GenBank), d’autres chercheurs pourraient
trouver la forme adulte de cet insecte et nous pourrions ainsi décrire cette espéce.

Nous nous sommes également intéressés aux pollinisateurs du manguier au Kenya. Deux
pollinisateurs ont été identifié : Hypotrigona gribodoi (Magretti), une espéce de Meliponini et un
Apidae. Nous les avons aussi bien observés dans les vergers avec que sans des fourmis oecophylles,
suggérant que les fourmis oecophylles n’avaient pas d’'impact néfastes sur la pollinisation.

Ainsi, nos recherches au laboratoire, en station et chez des producteurs nous ont permis
d’établir en partie la biodiversité de I'agroécosysteme de la mangue au Kenya (Figure 12).

Cécidomyie parasitoide

Cecidomyiidae
Guépe parasitoide Fourmi prédatrice Guépe parasitoide
Fopius arisanus Oecophylla longinoda Diachasmimorpha longicaudata
Mouches des fruits Mouche des fruits
(Cératite) (Bactrocera)
C. cosyra Bactrocera dosalis
C. Quinaria
C. fasciventris
C. Rosa
C. anonae
C. capitata
\ Pollinisateurs
—|  Hypotrigona gribodoi
Mangue | _— Apidae
Mangifera indica

Figure 12. Biodiversité de I'agroécosystéme de la mangue au Kenya. (orange = ravageurs, vert =
ennemis naturels, violet = pollinsateurs, bleu = hyperparasitoide)
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Figure 13. Fourmi ouvriére Oecophylla longinoda parasitée avec la sortie de la larve de cécidomyie
(Photo Dr S. Sevgan) et larve de la cécidomyie (Photo Dr R.S. Copeland).

2.3.2 Compréhension des interactions chimiques des fourmis oecophylles au sein de
I'agroecosystéme

Etudiants encadrés associés a ce volet :

B. Mekonnen: Improving biological control of fruit flies using O. longinoda (Univ Pretoria, 2016-21)

C. Aika (2020): Study of methyl eugenol on lekking and mating behaviour of B. dorsalis (Univ Nairobi, Kenya)

Articles associés a ce volet :

> E. Deletre, C. Aika, S. Mohamed (In prep) Effects of African weaver ant semiochemicals from Dufour
and poison gland on fruit fly parasitoids.

> Deletre E, Mekonnen B, Aika C, Yusuf A, Pirk C, Ekesi S (In prep) Effect of synthetic compounds from
the Dufour’s gland of the African weaver ant, Oecophylla longinoda (Hymenoptera: Formicidae) as
oviposition deterrent for Bactrocera dorsalis and Ceratitis cosyra

» B Mekonnen, A Yusuf, C Pirk, S Ekesi, E Deletre. 2021b. Oviposition responses of Bactrocera dorsalis
and Ceratitis cosyra to Dufour’s and poison gland extracts of Oecophylla longinoda (Hymenoptera:
Formicidae). International Journal of Tropical Insect Science, 1-9.

» B Mekonnen, X Cheseto, C Pirk, A Yusuf, S Ekesi, E Deletre, B Torto. 2021a. Re-Analysis of Abdominal
Gland Volatilome Secretions of the African Weaver Ant, Oecophylla longinoda (Hymenoptera:
Formicidae). Molecules, 26(4), 871.

Des études récentes menées par des collegues de I'unité HortSys et leurs partenaires ont
montré que le controle biologique des mouches des fruits par O. longinoda est di a leur activité de
prédation mais aussi a I'effet répulsif de composés chimiques déposés par ces fourmis. Van Mele et
al. (2007) ont montré que le pourcentage de mangues infestées par B. dorsalis et Ceratitis spp. diminue
avec I'abondance de nids de fourmis dans |'arbre, passant de 24 % de mangues infestées dans un arbre
sans fourmis a 1 % de mangues infestées dans des arbres ayant plus de 8 nids par arbre. Au laboratoire,
Adandonon et al. (2009) ont montré grace a des bioessais avec choix et sans choix que B. dorsalis et
C. capitata pondaient moins d'ceufs dans des mangues collectées a 1 et 3 m de distance aux nids de
fourmis que dans des mangues provenant d'arbres exempts de fourmis. Le taux de ponte des mouches
était corrélé a la distance au nid, donc probablement plus ou moins affecté selon la densité de
composés déposés par les fourmis. Van Mele et al. (2009) ont également montré que les deux espéces
de mouches des fruits atterrissaient moins et pondaient moins d’ceufs sur des fruits préalablement

38



exposés aux fourmis que sur des fruits non exposés (i.e. exempt de composés de fourmis). Le nombre
de pupes collectées sur les mangues non exposées était environ huit fois plus élevé que sur celles
exposées aux fourmis. Les mouches des fruits adultes seraient donc plus affectées, en particulier le
comportement d’oviposition, par les sighaux chimiques déposés par les fourmis que par la prédation
directe.

La sélection du site de ponte est, en effet, cruciale pour le succes reproducteur des insectes
herbivores. Ce comportement inné implique des signaux olfactifs et visuels (Renwick et Chew, 1994).
Les composés organiques volatils de la plante héte jouent un role majeur dans la recherche du site
d’oviposition par les femelles gravides. Apres la localisation de la plante hote, la combinaison de
signaux visuels, physiques et chimiques conduit a la sélection ou le rejet du site de ponte. Nous
pouvons nous attendre a ce que la sélection du site de ponte soit soumise a une forte pression
évolutive, car la fitness des descendants dépendra de la bonne sélection du site. Ceci est d’autant plus
important que les larves sont souvent limitées dans leurs capacités de dispersion. L’hypothéese de
préférence-performance est que la mere sélectionne le meilleur site de ponte en termes de quantité
et de qualité de nourriture pour une meilleure fitness des larves (Thompson & Pellmyr, 1991). En effet,
de nombreuses études illustrent le fait que la sélection du site de ponte est influencée par la qualité
et la quantité de la plante hote, qui sont positivement corrélées aux performances des descendants.
Cependant, cette hypothése n'est pas toujours correcte et plusieurs exemples peuvent étre trouvés
ou le comportement de ponte de la mere améliore ses propres performances. En effet, lorsque la
nourriture des larves est différente de celle des adultes, le choix d'une durée de vie plus longue pour
les adultes suffit a compenser le colt d'une diminution du taux de survie des larves. Certains insectes
ont également un stock d'ceufs important ou un temps de reproduction limité et pondent donc leurs
ceufs sur une grande variété de plantes (Moreau et al. 2017). Outre ces hypotheéses, la sélection du
site de ponte peut également étre influencée par les niveaux trophiques supérieurs. En effet, une
pression évolutive critique est I'impact des ennemis naturels, qui conduit a la sélection d'un site de
ponte sans ennemi pour optimiser la survie de la progéniture. Mais I'effet de la présence d’ennemis
naturels sur la sélection des sites de ponte n'est pas bien documenté et les mécanismes impliqués mal
compris. Et plus largement, contrairement a I'effet de prédation, les réponses comportementales au
risque de prédation ont été peu étudiées a ce jour. En effet, la perception du risque de prédation par
les proies a le potentiel de modifier le choix de la plante héte, la survie, la reproduction et la croissance
de la population, ainsi que des effets indirects sur les membres et la dynamique de la communauté
(Hermann & Thaler, 2014). Mais l'identité chimique des kairomones libérées par le prédateur et
reconnu par la proie est souvent inconnue ; or ces composés pourraient étre utilisés en protection des
plantes comme bio-répulsifs.

Dans le cas de notre fourmi prédatrice Oecophylla longinoda, Offenberg et al. (2004) ont
suggéré les marques anales déposées par les fourmis étaient les signaux des prédateurs reconnus par
les mouches des fruits, alors que Van Mele et al. (2009) ont suggéré qu’il s’agissait de la phéromone
de marquage du territoire. O. longinoda a plusieurs glandes exocrines, qui produisent différents types
de phéromones, telles que les glandes mandibulaires situées dans la région céphalique, et les glandes
de poison, de Dufour, rectal et sternal situées dans I'abdomen (Figure 14). N’ayant pas une idée
précise de I'origine et de I'identité chimique de la kairomone impliquée dans la détection de la fourmi
par les mouches des fruits, nous avons commencé par refaire le test avec des mangues exposés et non
exposés au fourmi (Mekonnen et al. 2021a). Nous avons montré le nombre d’ceufs pondu par B.
dorsalis et C. cosyra était respectivement 2 fois et 4 fois plus élevé sur les mangues non-exposées que
sur les mangues exposées aux fourmis oecophylles, montrant de nouveau que les fourmis déposent
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bien un composé chimique qui affecte I'oviposition des mouches des fruits. Nous avons ensuite
préparé et testé des extraits de fourmis : du corps entier puis de téte/thorax/abdomen séparés et
enfin des différentes glandes abdominales (Dufour/poison/sternal/rectal) dans différents solvants
(hexane, methanol, acétate d’éthyle et eau) comme nous ne connaissions pas la famille chimique de
la kairomone impliquée. Les extraits de corps entier ont affecté le comportement d’oviposition (i.e.
diminution du nombre d’ceufs pondus) de C. cosyra quelque soit le solvant et les extraits de I'abdomen
dans I’'hexane ont affecté le comportement d’oviposition de C. cosyra et de B. dorsalis. Les extraits de
glandes de Dufour et de Poison dans I’hexane ont également affecté le comportement d’oviposition
de C. cosyra et de B. dorsalis. Ces résultats suggerent que la kairomone impliquée dans la détection
de la fourmi oecophylle par les mouches des fruits est synthétisé dans ces deux glandes. Nous avons
observé que le comportement d’oviposition des femelles de C. cosyra était plus affecté que celui des
femelles de B. dorsalis. Cette différence peut probablement s'expliquer par le fait que I'espece
indigene de mouches des fruits, C. cosyra, aurait peut-étre appris a éviter O. longinoda au cours de
I’évolution, contrairement a B. dorsalis, qui est une espéce invasive. Mais une espéce proche d’O.
longinoda, O. smaragdina existe en asie, région d’origine de B. dorsalis, ce qui explique que nous ayons
guand méme observé une réponse comportementale.

thorax head

( [ /‘\

“poison
Deletre E. -

Figure 14. Photo et schéma des glandes exocrines de la fourmi oecophylle, Oecophylla longinoda
((p) poison, (D) Dufour, (s) sternale, (r) rectale et (h) intestin postérieur)

Nous avons ensuite analysé la composition chimique des glandes de Dufour et de poison
(Mekonnen et al. 2021b). L'undécane, I'hénéicosane et le tricosane ont constitué 70% de la
composition de la glande de Dufour, qui agissent comme des phéromones d'alarme pour la fourmi.
Bradshaw et al. (1979) avait identifié ces mémes composés. Plus surprenant, nous avons identifié sept
classes de produits chimiques (hydrocarbures, acides carboxyliques, terpénes, aldéhydes, alcools,
cétones et benzénoide), alors que ces auteurs ont identifié seulement deux classes de produits
chimiques (hydrocarbures et ester). Le composé le plus abondant de la glande de poison était I'acide
formique suivi de I'undécane, I'hénéicosane et le tricosane. Une fois ces composés identifiés, nous les
avons testés sur le comportement d’oviposition des mouches des fruits (Deletre et al. In prep). Nous
avons commencé par tester les cing alcanes majoritaires : I'undécane, I'hénéicosane, le tricosane, le
tridecane et le pentadecane. Mais aucun d’eux n’a affecté le comportement d’oviposition des
mouches des fruits sauf 'undécane a une dose équivalente a 1 glande qui a affecté C. cosyra (Figure
15). Le mélange des cing alcanes n’a pas affecté le comportement d’oviposition des mouches des
fruits. Nous avons ensuite testé les acides carboxyliques dont I'acide formique. L'acide acétique a une
dose équivalente a 1 glande a affecté le comportement d’oviposition de C. cosyra et I'acide
octadecanoique a une dose équivalente a 100 glandes a affecté le comportement d’oviposition de B.
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dorsalis. Nous avons également testé deux alcenes (le nom des alcénes n’est pas communiqué car un
potentiel brevet pourrait étre déposé). L'alcéne 2 a une dose équivalente a 1 glande a affecté le
comportement d’oviposition de C. cosyra. L’alcéne 1 a une dose équivalente a 10 et 100 glandes a
affecté le comportement d’oviposition de B. dorsalis et de C. cosyra. Méme si nous avons identifié
certains composés affectant le comportement des mouches des fruits, nous n’obtenons pas un effet
aussi important qu’avec les extraits des glandes de Dufour et de poison. Une étude réalisée (pas
encore publiée) par I'équipe de Kempraj de I'université de Macquarie, Sydney, Australie a montré que
le 1-octanol, un composé volatil émis par O. smaragdina, diminuait fortement le nombre d’oeufs
pondu par Bactrocera tryoni. Nous n’avons pas identifié ce composé chez O. longinoda, d’autres
alcools ont été identifiés pour lesquels des tests au labo seront effectués. Un test sur le terrain est
tout de méme en cours de réalisation pour tester I'effet de 'undécane et tridecane et de I'alcéne 1
sur le comportement d’oviposition des mouches des fruits. Nous espérons pouvoir développer un
biorépulsif qui pourrait diminuer le niveau d’infestation des mouches des fruits.

Bactrocera dorsalis Cosyra cosyra
raitement dose Moyenne (tES)Moyenne (tES)P value? Moyenne (tES)Moyenne (i-ES)P value

nb d’oeuf sur C* |nb d’oeuf sur T? nb d’oeuf sur C |nb d’oeufsur T
Undecane 1 9.9 +1.7 7.8 +1.9 0.293 48.8 +5.0 36.0 +5.1 0.045
Undecane 10 [29.0 +3.1 30.2 +3.7 0.810 [(13.8 3.0 16.6 +3.0 0.430
Undecane 100 9.9 +1.3 8.9 2.0 0.648 [51.0 5.2 43.3 t4.6 0.232
Ac. acetique 1 28.9 +3.7 30.9 +3.6 0.584 [10.3 +2.0 5.6 *+1.6 0.025
Ac. acetique 10 (24.3 +38 28.5 +4.0 0.330 [18.1 3.0 16.1 *3.1 0.492
Ac. acetique 100 1.3 2.9 19.5 +3.2 0.683 [27.4 3.6 19.7 2.7 0.137

Ac. octadecanoique |1 11.4 +1.9 11.0 +2.2 0.839 [16.3 3.0 18.8 *+3.9 0.574
Ac. octadecanoique (10 [9.3 +1.3 9.0 +1.9 0.900 [22.2 +3.8 23.4 3.6 0.812
Ac. octadecanoique (100 32.2 +*39 22.4 24 0.009 (124 24 8.1 +1.6 0.162

Alcenel 1 229 3.3 18.0 +25 0140 B9 =16 8.7 t13 0.926
Alcenel 10 13.6 +1.8 [10.8 1.8 0.026 [12.2 *2.4 9 +1.7 0.103
Alcenel 100 [20.2 +26 |16.8 2.2 0.264 25 t2.1 14.5 +2.1 0.003
Alcene2 1 @83 +13 6.4 1.2 0.242 [16.7 124 11.6 +1.9 |0.041
Alcene2 10 154 26 |145 +23 0783 (140 24 16.1 +2.6 0.488
Alcene2 100 [16.8 t2.2 13.1 25 0291 (113 +24 106 *2.1 0.818

Figure 15. Nombre moyen (xES) d’ceufs pondus par B. dorsalis et C. cosyra sur des mangues non
traitées (C) ou des mangues traitées (T) a des doses de 1, 10 et 100 glandes équivalents. (P-value,
venant d’un test de student apparié)

Comme indiqué précédemment, des interactions directes et indirectes peuvent se produire,
comme dans les écosystemes agricoles ol trois especes ou plus interagissent. Lors de la création de
programme de lutte biologique, toutes ces interactions doivent étre prise en compte. Dans les cas ou
un prédateur comme O. longinoda se nourrit d'une proie, comme B. dorsalis, qui est aussi I'n6te d'un
parasitoide, comme F. arisanus ou D. longicaudata, nous pouvons observer des interactions indirectes
comme de la compétition pour la méme ressource (Werner & Peacor 2003). Mais les prédateurs
impactent le comportement, la physiologie, le développement et les traits morphologiques des proies,
il pourrait également avoir un impact direct sur ses concurrents intraguildes, en particulier si le
prédateur est généraliste. Migani et al. (2017) ont montré que le succes reproducteur des parasitoides
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F. arisanus et D. longicaudata était affecté négativement par la présence de fourmis et que le
parasitisme était réduit d'environ 50 % (Migani et al., 2017). Mais ces effets négatifs ne semblaient
pas liés directement a des effets de prédation. En effet, Appiah et al. (2014) ont montré que le
comportement d’oviposition de F. arisanus était affecté méme lorsque les fruits étaient
préalablement exposés aux fourmis avec une diminution du temps de recherche du site d’oviposition
et du taux de parasitisme. Nous avons alors émis I’hypothese que le comportement d’oviposition des
parasitoides était affecté par des kairomones provenant des glandes de Dufour et de Poison comme
pour B. dorsalis et C. cosyra. Nous avons donc testé les extraits des glandes de Dufour et de Poison
dans de I’hexane et I'alcene 1 mais aucun des traitements n’a affecté le taux de parasitisme de F.
arisanus et de D. longicaudata. Contrairement aux mouches qui se base sur la phéromone d’alarme
venant des glandes de Dufour et de poison, ces parasitoides détecteraient plutét les marques anales
ou la phéromone de marquage provenant de la glande rectal ou sternal respectivement comme le
suggérait Offenberg et al. (2004) et Van Mele et al. (2009) dans le cas des mouches des fruits. Les
parasitoides pourraient également détecter les phéromones provenant des glandes mandibulaires des
fourmis oecophylles. Des essais sont actuellement en cours pour compléter cette étude. Quoiqu’il en
soit, si I'alcene 1 se révele efficace sur le terrain pour lutter contre les mouches des fruits, il n’aura pas
d’impact néfaste sur la lutte biologique par F. arisanus et de D. longicaudata.

2.3.3 Le comportement sexuel des mouches des fruits

Etudiants encadrés associés a ce volet:

S. Chemweno (2019): Study of lekking and mating behaviour of B. dorsalis (JKUAT, Kenya)

C. Aika (2020): Study of methyl eugenol on lekking and mating behaviour of B. dorsalis (Univ Nairobi, Kenya)
Articles associés a ce volet :

> Deletre E, Aika C, Shemweno S, Brévault T (In prep) Impact of rearing, sterility and entomovectoring of

male fruit flies on mating success compared to wild male fruit flies

Aujourd’hui, malgré la diversité des moyens de lutte contre Bactrocera dorsalis, |'utilisation
excessive d'insecticides a large spectre reste I'outil principal, avec une surveillance des populations
grace au piégeage. En effet, atteindre un niveau satisfaisant de contréle des populations en utilisant
des méthodes sans pesticide reste un défi majeur pour I'agriculture moderne. Les stratégies de lutte
biologique sont étudiées depuis des années mais les cas ou elles ont démontré une efficacité
satisfaisante sont rares, surtout dans le cas de la lutte biologique par conservation. Concernant les
mouches des fruits, d'autres méthodes sans pesticide sont aujourd'hui explorées comme |'utilisation
de la technique de l'insecte stérile (SIT). Cette technique consiste a élever en masse I'insecte cible, a
le stériliser par irradiation avant de le relacher. Les males stériles s’accouplent avec les femelles et
empéchent ainsi une reproduction efficace, par conséquent les populations d’insectes cibles
diminuent. Récemment, des collegues en entomologie médicale du cirad ont proposé « de considérer
le mdle stérile non seulement comme un compétiteur sexuel, mais surtout comme un transporteur
spécifique permettant de transmettre des biocides aux femelles, voire aux gites larvaires dans le cas
des moustiques » (Pleydell & Bouyer 2019). Ces chercheurs ont démontré par modélisation que cette
technique pourrait réduire de plus de 95 % le nombre total de moustiques males stériles nécessaires
pour contrdler les épidémies de dengue. Cette avancée engendrerait une réduction drastique du co(t
qui est une des limites de cette technique, en particulier dans le contexte africain.
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Nous avons émis I’"hypothese que cette technique pourrait également étre boostée dans le
cadre de la lutte contre B. dorsalis. L'entomopathogene, le plus approprié pour cette idée
d’entomovectoring, était le champignon Metharizium anisopliae, de par son efficacité et de la grande
banque de souches qu’avait I'icipe. La premiéere étape était d’identifier les facteurs pouvant influencer
le succes reproducteur des mouches males puis d’identifier la meilleure souche de biopesticide. La
plupart des Tephritidae ont des comportements de parade (lekking), c’est une agrégation d'au moins
trois males émettant des phéromones d’agrégations ou sexuelles sur une plante héte ou non héte. Au
sein de ces agrégations, les males se battent pour défendre un petit territoire puis initient un
comportement sexuel en libérant des phéromones a longue portée qui attirent les femelles (Benelli,
2014). Ce comportement est généralement caractérisé par (i) un mouvement des ailes (I'attaquant
fait face a I'adversaire et améne les deux ailes vers I'avant perpendiculairement a I'axe longitudinal de
son corps, tandis que la surface ventrale des ailes est tournée vers I'avant), (ii) suivie d'une poursuite
et des coups de téte (I'attaquant se précipite sur I'adversaire et lui donne un coup de téte) et/ou (iii)
des coups avec les pattes avant (I'attaquant léve une patte avant et frappe I'adversaire a la téte ou au
thorax), mais d'autres séquences agressives peuvent survenir. Suite a ces combats, le male vainqueur
s’est approprié un territoire. Parmi le regroupement de males, les femelles choisissent et copulent
ensuite avec les males qui ont exécuté la meilleure séquence de comportement de parade nuptiale.
Les vibrations des ailes combinées a des signaux olfactifs et tactiles jouent également un réle dans
leur choix. Pour Bactrocera dorsalis, des comportements agressifs entre males ont déja été observés
(Ekesi et al. 2009). Pendant la parade nuptiale, les males de B. dorsalis présentent également un
comportement d'éventail rigoureux, vraisemblablement pour augmenter la dispersion de la
phéromone sexuelle (Shelly, 2000). Chez les Tephritidae, les comportements sexuels, comprenant la
parade nuptiale et I'accouplement, impliquent donc un contact physique entre les males et entre
males-femelles. Nous avons donc émis I'hypotheése qu’un male stérile vecteur de champignons
entomopathogénes pourrait le transmettre aussi bien a un male qu’a une femelle. Cependant, les
effets du transport de biopesticides par un insecte n'ont pas encore été clairement étudiés sur le
comportement de parade et le succes reproducteur. D’un point de vu évolutif, il serait avantageux
gue les champignons entomopathogénes augmentent les rencontres conspécifiques afin de faciliter
la transmission des spores. Pour y parvenir, certains champignons modifieraient la communication
chimique et la signalisation du comportement sexuel des insectes, mais il existe tres peu d'exemples
documentés (Hansen & Henrik 2019). Nous avions émis I'hypothése que M. anisopliae ne diminuerait
pas le succés d'accouplement des males B. dorsalis jusqu'a la pénétration de I'appressorium dans le
corps de la mouche. Dans les facteurs qui influencent le comportement de parade et le succés
reproducteur, nous savons que I’élevage de masse des Tephritidae change leur comportement sexuel.
Par exemple, la production de phéromones joue un role limité dans les élevages et les males
s’accouplent tout au long de la journée. En milieu naturel, B. dorsalis s’accouple normalement au
crépucule. Le comportement de parade nuptiale n'est pas possible avec les conditions de
surpeuplement des élevages et le temps de parade est également réduit pour éviter l'interruption par
d'autres males. Le choix des femelles est limité en raison du méme age et de la méme taille que les
males et la copulation peut étre forcée et rapide. Par conséquent, les males d'élevage ont perdu
certains comportements naturels et leur compétitivité a I'accouplement pourrait étre réduite sur le
terrain. Notre deuxiéme hypothese était donc que les mouches des fruits males élevées en masse
auraient un plus faible succes d'accouplement. Pour contrer cet effet néfaste, nous avions émis
I'hypothese que les males nourris avec du méthyleugénol auraient un meilleur succes d'accouplement.
En effet, les males de B. dorsalis sont fortement attirés par le méthyleugénol et s'en nourrissent car il
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est un précurseur de leur phéromone sexuelle. Ce composé est transformé par la mouche en deux
composants: l'alcool E-coniférylique (ECF) et le 2-allyl-4,5-diméthoxyphénol (DMP) et stocké dans les
glandes rectales (Tan et al. 2011). Il a été démontré que ces deux composés agissent comme des
phéromones sexuelles attirant les males et les femelles de B. dorsalis (Nishida et al. 2000). Dans la
nature, les males recherchent et ingérent le méthyleugénol provenant des plantes. La consommation
de méthyleugénol améliore les performances d'accouplement et la compétitivité des males de B.
dorsalis (Shelly, 2001). Pereira et al. (2013) précisent également que le régime alimentaire (sucres et
protéines) avant les lachers affecte le succes d'accouplement des maéles par la suite. Enfin Rull et al.
(2005) ont montré sur Anastrepha lundes que la stérilité et la dose d'irradiation ont un effet négatif
négligeable sur le succes reproducteur comparé a d’autres facteurs (Rull et al. 2007). Ainsi, nous avions
émis I'hypothése que la stérilisation n'aurait aucun effet sur le succes reproducteur des males.

Nous avons montré que le succés reproducteur était d'environ 65% pour les males d'élevage
et était supérieur aux males sauvages, ce qui n’est pas surprenant car les tests ont été effectués au
laboratoire (Deletre et al In prep). L'ingestion de méthyleugénol a augmenté le succes reproducteur
des males aprés 3 et 6 jours et la stérilité n’a pas influencé le succes reproducteur des males,
confirmant nos hypothéses. Par contre, l'infestation par M. anisopliae a diminué le succes
reproducteur des males. Lorsque l'ingestion de méthyleugénol était combinée aux autres facteurs
(stérilité, infestation, ...), le succés reproducteur des males était également plus important, limitant
ainsi I'impact négatif de l'infestation par M. anisopliae sur le succés reproducteur et favorisant la
transmision de M. anisopliae des males aux femelles.

Au moment de la parade nuptiale, le nombre de contacts entres males infestés par M.
anisopliae, entre eux-mémes et avec les males non contaminés, a augmenté. La stérilité et I'ingestion
de méthyleugénol ont également augmenté le nombre de contacts entre males, favorisant ainsi la
transmission de M. anisopliae entre males. Mais seul les contacts entre males d’élevage et sauvages
ont augmenté, pas les contacts entre eux-mémes.

Nous avons également montré que les femelles B. dorsalis étaient attirées par I'odeur des
males 3 jours apres I'ingestion de méthyleugénol et les males ont été attirés par I'odeur des males 3
jours et 12 jours apres I'ingestion de méthyleugénol. Aprés I'analyse des glandes rectales des mouches
males, nous observons que la production de ECF et DMP augmente jusqu’a 6 jours apres ingestion
pour ensuite diminué, expliquant I'attraction des mouches 3 jours apreés I'ingestion.

Pour tester, l'efficacité de notre stratégie d’insecte stérile boosté avec lingestion de
méthyleugénol et le transport de M. anisopliae, nous avons fait des tests en mésocosme. Nous avons
observé qu’aprés 3 semaines d’essai, le taux de survie dans les témoins (20 femelles sauvages + 20
males sauvages) était de plus de 95%, le taux de survie pour la modalité de SIT classique (20 femelles
sauvages + 20 males sauvages + 20 males stériles) était de plus de 80% pour les populations sauvages
et de 25% pour les males steriles, et le taux de survie pour la modalité de SIT boostée (20 femelles
sauvages + 20 males sauvages + 20 males stériles, infestés par M. anisopliae et nourris avec du
méthyleugénol) était de moins de 50% pour les femelles sauvages, de moins de 40% pour les males
sauvages et de 0% pour les males stériles boostés apres seulement 9 jours pour ces derniers (figure
16). La mortalité observée dans cette derniére modalité était due a plus de 90% par I'infestation des
mouches par M. anisopliae. L'un des objectifs de la SIT boostée était de diminuer les populations
sauvages, cette objectif est donc atteint. Le deuxiéme objectif était de diminuer la taille des
prochaines générations de population sauvage, i.e. diminuer le nombre d’ceufs pondus, et donc des
dégats sur les mangues. Pour ce deuxieme objectif, les observations sur ce court pas de temps ont
permis de ne montrer que l'intérét de la technique SIT mais pas d’intérét supplémentaires de la
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technique de SIT boostée (figure 17). En effet, le nombres d’ceufs pondus par les femelles pour la SIT
et la SIT boostée était inférieur au témoin, mais le nombre pour la SIT boostée n’était pas inférieur a
la SIT classique, méme si le nombre de femelles avait diminué pour la SIT boostée. Des observations a
plus long terme auraient peut-étre permis d’observer I'impact sur le nombre d’ceufs pondus. Sur le
terrain, un essai de la SIT classique et de la SIT boostée est actuellement en cours au Sénégal.
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Figure 16. Taux de survie et taux sain (non infesté) de femelles Bactrocera dorsalis sauvages (DeadF,
InfestedF), de males sauvages (DeadC, InfestedC) et de males stériles ou stériles, infestés par M.
anisopliae et nourris avec du méthyleugénol (DeadT, Infested T).

()20 femelles + 20 males sauvages qui est le témoin, (b) 20 femelles + 20 males sauvages + 20 males
stériles ce qui correspond a la technique de I'insecte stérile classique, (c) 20 femelles + 20 males
sauvages + 20 males stériles, infestés par M. anisopliae et nourris avec du méthyleugénol ce qui
correspond a la technique de I'insecte stérile boostée
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Figure 17. Nombre d’ceufs moyen pondus par 20 femelles B. dorsalis sauvages avec 20 males sauvages
et aucun autre male (témoin en noir) ou 20 males stériles (SIT classique en vert) ou 20 males stériles,
infestés par M. anisopliae et nourris avec du méthyleugénol (SIT boostée en rouge).

2.3.4 Conclusion

L'étude de la biodiversité et des différentes interactions trophiques nous ont permis de
montrer que la présence du prédateur généraliste, O. longinoda, ne perturbait pas la biodiversité des
pollinisateurs et la pollinisation mais qu’il avait un impact sur le comportement des mouches des fruits
et leurs parasitoides.

Grace a I'écologie chimique (Figure 18), nous avons pu développer des innovations pour la
lutte contre les mouches des fruits :

- un bio-répulsif a base de phéromone de fourmis contre les mouches des fruits et qui n’a pas d’effet
néfastes sur les parasitoides des mouches des fruits.

- une stratégie SIT boosté avec un précurseur de phéromone sexuelle pour augmenter le succes
reproducteur des males stériles et avec le transport d’un champignon entomopathogéene pour
diminuer les populations de mouches des fruits sauvages.

Au cours des ces travaux, nous avons pu mettre en évidence que la détection du prédateur par une
proie n‘implique pas les mémes sémiochimiques selon I'espéce et que la compréhension du
comportement reproducteur est crucial pour optimiser des techniques comme celle de l'insecte
stérile.

La combinaison d’un bio-répulsif, de la lutte biologique et de la SIT boostée pourrait étre alors
un systeme de production de la mangue plus agroécologique et plus durable.
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Figure 18. Schéma récapitulatif des interactions chimique de notre agroécosystéme de la mangue



3 Projet de recherche

3.1 Introduction

Au cours de ces 10 dernieres années, je me suis intéressée aux 2 premiers niveaux de la transition
agroécologique : la réduction des intrants chimiques (niveau 1) et leurs remplacements par des
innovations agroécologique (niveau 2) (Figure 2). J’ai travaillé sur I'utilisation des filets anti insectes
afin de réduire 'usage des pesticides et j'ai développé des innovations agroécologiques, comme le
développement d’attractifs ou de répulsifs pour manipuler le comportement des ravageurs ou des
ennemis naturels afin de remplacer I'usage des pesticides. Mais j'ai effectué ce travail seulement a
I’échelle de la parcelle, or lorsque I'on veut faire adopter ces innovations par les producteurs, il faut
repenser le systeme de production a I'échelle de I'exploitation et du territoire (niveau 3 de la
transition). Dans mes futurs projets de recherche, je souhaite intégrer I’échelle de I'exploitation
voire du territoire pour aller plus loin que la simple conception d’innovations agroécologiques et
aller jusqu’a leur adoption. Je devrais donc faire appel a de nouvelles méthodologies de travail comme
la co-conception. La co-conception ou conception participative est une démarche consistant a
impliquer différents acteurs (producteurs, consommateurs, ...) dans le processus de développement
du nouveau systeme de production (Chieze et al. 2021). Elle repose sur le principe d’un travail partagé
et collectif lors d’ateliers, qui va de I'idée jusqu’a la création de prototypes réalistes. L'intérét de ce
travail est de combiner les savoirs empiriques des producteurs avec les connaissances scientifiques,
ainsi que les contraintes politiques, économiques et logistiques. L'un des avantages de cette méthode
est que le producteur est un acteur du changement. Il est alors plus enclin a initier les changements
nécessaires a la transition agroécologique. La conception d’un nouveau systéme de production peut
se faire pas a pas avec un processus progressif en boucles d'apprentissage ou de novo a partir d’'une
page blanche avec la mise en place d’un systeme complet puis son évaluation. Quoiqu’il en soit, ces
ateliers font appel a des outils d’animation et des supports de discussion bien spécifiques aux objectifs
prédéfinis, mais dont le déroulé et I'enchainement des étapes restent identiques (figure 19).

Aujourd’hui, les expériences professionnelles les plus proches de la co-conception que j’ai eu sont
(i) la mise en place d’un piege de masse pour la mouche de I'olive avec les oléiculteurs et (ii) le transfert
de la technologie des filets anti-insectes auprés d’agriculteurs kényans. Dans le cas des projets sur la
mouche de I'olive, j’avais été contacté par la coopérative d’oléiculteurs d’Occitanie, FranceOlive, pour
rechercher une solution innovante contre Bactrocera oleae. Nous avions organisé une réunion avec
les ingénieurs de FranceOlive et des oléiculteurs afin de comprendre les problématiques de la gestion
de la mouche de I'olive (interdiction par I'UE d’un grand nombre de pesticides, prix trés élevés des
traitements biologiques comme la kaolinite, lutte biologique non efficace, SIT impossible di aux
problémes d’élevage, ...). Suite aux discussions, la solution la plus prometteuse semblait le piégeage
de masse. Il existait un piege spécifique a base de phéromone mais efficace uniquement contre les
males et un piége alimentaire mais trés peu spécifique. Il a donc été convenu que je travaille a
I’élaboration d’un piege spécifique aux femelles a base de kairomones. Les oléiculteurs avaient noté
gue certaines variétés étaient plus attaquées que d’autres, nous sommes donc partis de I’hypothese
gue certaines variétés émettaient des composés organiques volatiles plus attractifs que d’autres. 4
ans apres ces discussions, nous allons tester en été 2022 chez des oléiculteurs, un prototype (piege +
diffuseur de kairomones) spécifique aux femelles B. oleae, fait par une entreprise privée. Pour ce qui
est du transfert de la technologie des filets anti-insectes, nous avions travaillé de concert avec 30
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producteurs kenyans, une entreprise locale de fabrication de filet anti-insectes et une entreprise
locale de structure de serres (Mujuka et al. soumis). L'objectif était d’évaluer le retour sur
investissement et I'adoption de cette technologie. Dans de précédents travaux, nous avions
hiérarchisé, par ordre de priorité, les technologies a transférer aux producteurs afin d’améliorer leur
production (figure 20), le filet anti-insectes étant la derniére technologie a transférer. Pour cette
étude, nous avions sélectionné des producteurs plus ou moins avancés en terme de technologie pour
avoir une idée de la potentielle adoption de cette technologie par tous types d’agriculteurs. Nous leur
avions fourni une serre en filet anti-insecte de 8*20*2m d’un co(t avoisinant les 1000S pour produire
de la tomate, du chou ou du haricot vert, des cultures a haute valeur ajoutée. Nous avons suivi ces
producteurs de maniére hebdomadaires et nous avons fait plusieurs ateliers de restitution. Avec ces
cultures, le retour sur investissement était de 15 mois en moyenne. Quant a I'adoption, tous les
producteurs ont vu l'intérét de cette technologie e.g. réduction de I'utilisation des pesticides,
augmentation du rendement de 30% en moyenne mais malgré une amélioration de la qualité des
produits, leur prix de vente est resté le méme et I'investissement initial reste un frein a I'adoption.

Objectifs / \\ Sorties attendues Outils
/ "\ Identifier I'objet de conception (le ou les Entretien(s)
systéme(s) de culture). préalable(s)

Etablirun diagnostic de la si éléphonique(s) ou
initiale. physique(s).

Définir l'objectif de conception, et le
cadre de contraintes pour définir la cible
de conception.

Grille de diagnostic
et d'évaluation.

Présenter la situation initiale aux i) Supports visuels
participants : objet de conception, | présentantlobjet
objectif de conception, et cadre de de conception et
Etape 1 contraintes plus ou moins défini. son contexte (plan
Partager et ajuster la Partager (et éventuellement ajuster) la parcellaire/de I'EA,
cible de conception cible de conception. environnement...).
Créer un climat créatif T Mr;sll TR ;Homp;m =) ‘?dll.%;url:s—v ey
r u' es |
et créer un climat de bienveillance et de l'atelier. |
d'écoute. Brise glace. |
Supports visuels
individuels (post-it)
Etape 2 ::ﬂ';\:: nusn. maximum d’idées par les at partagés (tablaal
Générer un maximum de Partager et retranscrireles propositions, ouA3encentrede
propositions de ‘Apporter différents types de table).
changement (quantité) connaissances sur la thématique Supports ressources
lorée (fiches leviers)
SpOe] et/ou interventions
d'expert.
Organiser et regrouper les propositions. Supports visuels
Etape3 Evaluer collectivement les propositions | partagés (tableau,
Evaluera priori la (faisabilité et atteinte de la cible de A3quiclasseles
pemnen'ce des ' conception). idées + plateau de
propositions (qualité) Cholsir et assembler et/ou faire évoluer | conception pour les
les propositions retenues compatibles |
danshmim-jymmc-pmotypc.; retenues).

Etaped

Synthétiser l'atelier et
formaliser le ou les
prototypes

Apres l'atelier

Etape 5 prototype en le retravaillant avec mme
Mettre en place Mﬂ:‘:‘n\lﬂlﬂmm_ i -
mmn-h-:?u.-nll le . Organiser des échanges entre les W“S:;ﬂﬂ.on
prototype et son suivi Md”mmmwmm.d. Communi

la mise en ceuvre du prototype. que.

Accompagner la mise en ceuvre du

Figure 19. Déroulé et enchainement des étapes d’un atelier de co-conception avec les objectifs et les

outils d’animation associés (Chieze et al. 2021)
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Figure 20. Priorisation des technologies (avantages/inconvénients) a transférer pour améliorer le
rendement et la qualité de la production (Nordey et al. 2017)

Mon nouveau projet de recherche, qui inclut une nouvelle méthodologie et de nouvelles échelles
d’étude, s’inscrit dans les missions de ma nouvelle affectation a Abidjan en Céte d’ivoire au Centre
Suisse de Recherche Scientifique (CSRS) depuis février 2022. Il s’appuie entre autres sur I'obtention
d’un financement de I'union européenne de 2M<€ pour 4 ans dont j'assure la co-coordination de la
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tache 4 « Santé des plantes ». Ce projet s’intitule Développement d’un maraichage péri-urbain
agroécologique encourageant le mutualisme entre les acteurs des territoires (projet MARIGO :
Maraichage Agroécologique Peri-urbain). L'objectif de ce projet est de contribuer a une
transformation durable et productive de I'agriculture et des systemes alimentaire de la Coéte d’lvoire.

3.1.1 Logique d’intervention

Le cceur du projet MARIGO est la création de 4 plateformes multi-acteurs dans les 4 grandes
zones péri-urbaine : Abidjan, Yamoussoukro, Bouaké et Korhogo, qui sont réparties sur un axe Sud-
Nord et bénéficient de conditions économiques, sociales et climatiques contrastées (Figure 21). Ces
plateformes seront constituées d’agriculteurs, de formateurs, de chercheurs, d’acteurs de la filiere
maraichere, de décideurs de politiques publiques sectorielles, dONGs et de membres de la société
civile. L'objectif de ces plateformes est d’élaborer ensemble des solutions durables aux enjeux de la
filiere maraichére ivoirienne : économie locale favorisant le recyclage, réduction des co(ts et des
risques de pertes, changement climatique... (WP1). Les solutions passeront (i) par I’élaboration et la
mise en ceuvre de politiques et de programmes de sécurité alimentaire et nutritionnelle, (ii) par la
transition agroécologique des systemes de productions et (iii) par le développement d’'une économie
circulaire. Nous pouvons noter que la mise en place des liens directs entre producteurs et
consommateurs a I'échelle locale et nationale, correspond au niveau 4 de la transition agroécologique
(figure 2).

WP 0 : Coordination et communication

WP 2:
Diagnostic et Evaluation

/ Diagnostic

WP5:
Conservation,
Transformation

v

< Démarche projet

WP3: Co-conception

Santé des sols

WP4:
Santé des Plantes

<
3
4
%3
3
Qualité 5 Innovation axée sur

s la demande
S
<))
-g Recherche

WP1 Q

;L Plateforme multi acteur Evaluation
WPN
Formation, diffusion et < Mise a léchelle

isséminatio
Figure 21. Organisation et démarche du projet Marigo

La premiere étape du projet sera de faire un diagnostic des pratiques agricoles utilisées dans
les 4 zones périurbaines, d’identifier les verrous sociotechniques qui freinent la transition

agroécologique et d’identifier des agriculteurs pilotes (WP2). Suite a cette premiére étape, des ateliers
de co-conception seront réalisés avec les plateformes multi-acteurs afin d’identifier des solutions
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possibles a ces verrous sociotechniques répartis dans 3 domaines : la santé des sols (WP3), la santé
des plantes (WP4) et le post-récolte (WP5). Pour les verrous sociotechniques sans solutions
agroécologiques, des recherches seront entreprises afin de développer des innovations
agroécologiques dans ces 3 domaines (WP3, WP4, WP5). Les solutions existantes et les innovations
agroécologiques seront transférées aux producteurs grace a plusieurs ateliers avec les plateformes
multi-acteurs et grace a des fiches techniques ou clips vidéos pédagogiques (WP6). Pour finir, les
impacts sociétaux, économiques et environnementaux des nouveaux systémes agroécologiques
seront évalués (WP2).

Pour ce projet, je commencerai par faire un diagnostic des maladies, des ravageurs, des
ennemis naturels et des pollinisateurs des 10 spéculations les plus cultivées en Cote d’lvoire : tomate,
aubergine africaine, piment, haricot vert, concombre/courgette, oignon, chou, salade, gombo et
amarante dans les 4 grandes zones péri-urbaines : Abidjan, Yamoussoukro, Bouake et Korhogo en
saison seche et en saison des pluies. Les 30 producteurs pilotes de chaque zone seront également
interviewés afin de relever leurs pratiques agricoles et les facteurs pouvant influer la biodiversité (e.g.
paysage). Ces études chez les producteurs seront complétées par des études en station
expérimentales dans les 4 zones, afin de disposer de parcelles non traitées pour suivre plus facilement
I’entomofaune (nuisible et utile) et les maladies ainsi que leur dynamique en saison séche et en saison
des pluies. Ce diagnostic sera suivi par des ateliers afin de restituer les résultats et d’identifier et
hiérarchiser les problemes de protection des cultures en terme de transition agroécologique. Des
ateliers de co-conception seront ensuite réalisés afin de trouver des solutions agro-écologiques pour
remplacer I'usage des pesticides. Pendant ces ateliers, des innovations agroécologiques permettant
d’améliorer la santé des plantes seront alors proposées aux producteurs et évaluées dans une
approche de concertation et d’adaptation. Il y aura 3 catégories d’innovations : soit I'innovation
existera déja au niveau local (e.g. filets anti insectes, plantes de service, mesures sanitaires, piégeage,
...) et des ateliers de formation seront organisés pour transférer la technologie, soit I'innovation sera
en cours de développement (e.g. lutte biologique par conservation pour favoriser des prédateurs et
parasitoides a fort potentiel de régulation des ravageurs, biocides a base d’extraits de plantes et
d’enthomopathogeénes, ...) et des essais en station seront réalisés pour confirmer son efficacité avant
de la transférer aux producteurs, soit I'innovation n’existera pas et des recherches seront lancées pour
trouver développer des innovations. L'apiculture sera également développée chez les producteurs les
plus avancés en terme de transition agroécologique. Ces connaissances permettront de produire in
fine un guide sur les cultures maraicheres en Cote d’lvoire permettant aux producteurs d’identifier les
maladies, les ravageurs, les ennemis naturels et les pollinisateurs et de mettre en place des
innovations agroécologiques pour lutter contre les bioagresseurs. Les systemes de cultures
agroécologiques, reposant avant tout sur la diversité des especes cultivées, leur association dans
I’espace et leur rotation, seront mis en démonstration dans une ferme pédagogique et pourra servir
lors des formations aux producteurs. En parallele, des travaux de caractérisation, mise en collection,
multiplication et diffusion de légumes indigenes non hybrides (aubergine africaine, gombo, amarante,
célosie, oseille de Guinées, corete potageére, morelle noire, ...) seront réalisés et une banque de
semences sera disponible a la fin du projet. L'objectif avec cette banque de semence de légumes
indigenes est de concevoir des systémes de cultures plus diversifiés et résilients dans les différentes
zones climatiques.

Lors de projets de recherche précédents en Cote d’lvoire (Hortinet-Cl, C2D,...), nous avons
identifié plusieurs verrous technologiques a la transition agroécologique (e.g. probléme de la mouche
des cucurbitaceae et probleme du flétrissement bactérient) et des innovations agroécologiques
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prometteuses (e.g. utilisation de Trichoderma spp. comme biostimulant). Ces 3 problématiques feront
I'objet de trois theses financées par le projet MARIGO, que je co-dirigirerai, et qui débuteront en 2022.

3.1.2 Résultats attendus

Parmi les résultats attendus du projet MARIGO, ceux qui touchent a la transition

agroécologique de la filiere maraichére en Cote d’lvoire, sont les suivants :

>
>
>

A\

Une contribution a I'organisation d’un dialogue politique autour de I’'agroécologie

Une pérennisation de plateformes multi-acteurs sur I'agriculture maraichere

La création d’un module de formation en agroécologie destiné aux agriculteurs leur permettant
d’accéder a différents niveaux de compétence et selon le niveau acquis de bénéficier du label de
production biologique ou de former d’autres agriculteurs.

La création d’'un module de formation en agroécologie pour les écoles et les universités.

La formation a I'agroécologie d’au moins 30 maraichers pilotes dans chacun des 4 sites d’étude,
capable de pratiquer une agriculture diversifiée, durable et résiliente face aux changements
climatiques et d’approvisionner les villes en produits frais ou transformés répondant en qualité et
guantité a la demande sociétale.

Une contribution a la conception d’un label de production biologique.

La création d’'un comité national représentatif des acteurs de la filiere maraichére pour la
définition, I'attribution et le respect d’un label biologique ivoirien.

La création d’un réseau d’agriculteurs labélisés qui s’engagent a respecter une charte locale de
bonnes pratiques agroécologiques voire biologiques.

La création de réseaux locaux d’acteurs autour de la production maraichéres pratiquant une
économie circulaire ou les services comme les produits et les sous-produits des uns sont utilisés
par d’autres.

Une disponibilité d’équipements pilotes de conservation des denrées.

La production de fiches techniques, de vidéos et d’outils numériques pour faciliter la diffusion et
la mise en pratique de systemes de cultures agroécologiques mais aussi pour faciliter I'accés aux
intrants biologiques, au matériel et aux services locaux.

La participation a la création de microentreprises répondant aux nouveaux métiers de
I'agroécologie: production d’intrants biologiques (biofertilisant, biopesticide), production de
plants et de semences (pépiniere, greffage, ...), transformateurs, transporteurs, coopératives.

La production d’un catalogue variétal des especes locales et exotiques produites et adaptées aux
conditions environnementales de la Cote d’lvoire.

La valorisation des savoirs locaux sur la production des légumes traditionnels et leur
transformation (recettes) et promouvoir leurs qualités sanitaires et nutritionnelles.

3.1.3 Stratégie de partenariat

Un tel projet nécessite le développement de collaborations étroites avec de nombreux

partenaires locaux venant de la recherche et du développement dont les compétences seront

complémentaires et les roles bien définis.

Co-Partenaires impliqués de la recherche :

Cirad : diagnostic, approche agrotechnique et socio-économique des systemes alimentaires, santé
des plantes, technologies post récolte, ACV
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e |RD : protection des sols et fertilisation biologique

e Centre Scientifique de la Recherche Suisse (CSRS) : Evaluation de la qualité nutritionnelle, sanitaire
et fonctionnelle

e Institut National Polytechnique FH Boigny - Ecole Nationale Supérieure d’Agriculture : formation
académique et technologies numériques et analyses socio-économiques

Partenaires associés de la recherche :

e Université Felix Houphouet Boigny, Centre d’excellence CCBAD/WASCAL: biocontrdle, biodiversité
et changement climatique

e Université Nangui Abrogoua : biofertilisant, conservation, transformation, évaluation de la
qualité, recyclage

e Université Gon Koulibaly : production de biocides a base d’extraits de plantes

e CNRA : Evaluation de I'efficacité des produits et techniques et analyse des sols

Partenaires associés du développement :

e ANADER : formation et réseaux de producteurs

e ONG IECD : transformation, commercialisation, micro-entreprenariat et systemes de culture
agroécologiques, Yamoussoukro

e ONG NITIDAE : analyse de la demande, communication et label qualité

e ONG FERT : systémes de culture agroécologiques, Agboville, Bouaké, Korhogo

3.2 Un projet en continuité : utilisation de composés sémio-chimiques pour lutter contre les
mouches des cucurbitaceae

3.2.1 Contexte

Les politiques de développement agricoles de la Céte d’Ivoire ont surtout mis |'accent sur les
cultures vivrieres de base comme le riz et le manioc ou les cultures d’exportations comme le café ou
le cacao. Or, la production maraichere diversifiée du pays est trés intéressante sur le plan nutritionnel.
Elle est la principale source de vitamines et d’oligoéléments pour les populations rurales les plus
vulnérables, soumises a des carences qui peuvent induire des problemes de santé infantile et aussi
pour la population en générale. Les cucurbitacées sont des productions prisées dans la cuisine locale.
Mais cette production maraichére est soumise a de fortes pressions de ravageurs, et principalement
les mouches des l[égumes (Kone et al. 2018 ; N’'Dépo & My 2019 ; données personnelles). Pour protéger
leurs cultures contre ces ravageurs, les producteurs ivoiriens ont recours a la lutte chimique a forte
dose pour ne pas prendre le risque de perdre leur production. De plus, peu ou pas de pratiques
agroécologiques sont a ce jour efficaces et/ou présentes localement contre les mouches des légumes.
Sans innovations agroécologiques locales et efficaces, les producteurs pilotes du projet MARIGO
n’auront pas de solutions pour transformer leur systeme actuel en systéme agroécologique. Ce projet
de these vise a concevoir et évaluer la pertinence d’innovations agroécologiques utilisant les effets de
biocontréle des composés sémiochimiques impliqués dans le systeme tritrophique mouches-
cucurbites-ennemis naturel. Ce projet de these est trés similaire en termes de méthodologie, que les
travaux que j'ai effectués au Kenya, mais sur un nouvel agroécosysteme. Les composés
sémiochimiques seraient utilisés a la fois pour faire un systéme « push-pull » qui modifieraient la
distribution et I'abondance des mouches de cucurbitacées (Cook et al, 2007) mais aussi pour attirer
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leurs ennemis naturels (Ayelo et al, 2021a). Aujourd’hui, il existe des piéges attractifs pour les males
Bactrocera, Dacus, et Zeugodacus (e.g. Anisyl Acetone, Cue-Lure, Raspberry Ketone, and Zingerone)
(Royer et al. 2020) mais peu de travaux scientifiques se sont intéressés au piégeage des femelles et il
n’a pas été identifié de répulsifs efficaces. Des parasitoides de Bactrocera, Dacus et Zeugodacus ont
été identifié en Afrique de I'est (Ekesi et al. 2016 ; Mohamed et al. 2016), mais leur diversité en Cote
d’ivoire n’est pas connue et donc aucun attractif d’ennemis naturel n’a été identifié a ce jour.

3.2.1 Objectifs, questions de recherche, hypothéses

L'objectif de ce projet de thése est de concevoir et d’évaluer la pertinence d’innovations
agroécologiques utilisant les effets de biocontréle des composés sémiochimiques impliqués dans le
systeme tritrophique mouches-cucurbites-ennemis naturel. L’hypotheése principale du projet de these
est qu’'une combinaison d’innovations agroécologiques permettrait une gestion efficace des mouches
des légumes. Les hypotheéses testées durant ce travail de these viseront a vérifier que i) certains
composés organiques volatils spécifiques des Cucurbitaceae sont attractifs pour les femelles des
mouches des légumes afin de créer un piege et ii) certains composés volatils spécifiques de
cucurbitaceae attaqués par les mouches des légumes attirent leurs ennemis naturels et sont répulsifs
pour les mouches des légumes. Ainsi, les questions scientifiques suivantes sont posées :

(1) Quels sont les composés organiques volatils émis par la plante impliqués dans I'oviposition des
femelles des mouches des légumes ? Peuvent ils étre utilisés pour faire un piege efficace ?

(2) Quelles sont les composés induits par I'oviposition des mouches des légumes ? Peuvent ils étre
utilisés comme répulsif ?

(3) Quels sont les composés émis par les cucurbitaceae impliqués dans I'attraction des ennemis
naturels ? Peuvent ils étre utilisés pour augmenter le service écosystemique de suppression des
ravageurs ?

3.2.2 Meéthodes

Les méthodes envisagées pour répondre a ces questions scientifiques seront divisées en trois
taches :
- La premiére tache sera de cartographier et d’identifier les mouches des légumes et leurs ennemis
naturels en culture de Cucurbitaceae sur un gradient nord-sud. Des fruits seront prélevés a Korhogo,
Bouake, Yamoussoukro et Abidjan a différentes saisons (Appryiadi et al. 2021). Les fruits collectés
seront conservés au laboratoire jusqu’a I'émergence des mouches ou des parasitoides. Des fruits pré-
infestés au laboratoire pourront servir de fruits sentinelles pour augmenter les chances d’identifier
des ennemis naturels. Un filet fauchoir sera également utilisé afin de collecter de potentiels
prédateurs. Les itinéraires techniques et les données climatiques et de paysages seront également
renseignés pour expliquer la diversité.
- La deuxieme tache sera consacrée a I'étude des interactions chimique mouches-Cucurbitaceae-
ennemis naturels. Il s’agira d’analyser la réponse comportementale des mouches femelles aux odeurs
de Cucurbitaceae afin d’identifier des attractifs (pull) et des répulsifs (push) (Deletre et al. 2022). La
réponse comportementale d’un prédateur et/ou parasitoide aux odeurs de Cucurbitaceae sera
également analysée afin d’identifier des attractifs (Ayelo et al. 2021b ; Ayelo et al. 2021c). Pour
permettre I'identification des attractifs et répulsifs, des tests de comportement en olfactomeétre et
des analyses chimiques par GC-MS seront indispensables. La réponse comportementale de la mouche
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et de I'ennemi naturel a des plantes saines et des plantes infestées a différents niveaux d’infestions
seront comparées. Les odeurs de ces plantes seront identifiées et quantifiées. Grace a une méthode
statistiques (RF+SPLSDA), les composés attractifs et répulsifs seront sélectionnés. Ces composés
seront alors testés un a un et en mélange sur la ou les mouches des légumes et le ou les ennemis
naturels.

- La troisieme tache se focalisera sur des tests de terrain pour évaluer les attractifs et répulsifs
identifiés comme innovations agroécologique pour la gestion des mouches des légumes (Deletre et al.
Soumis). Cette phase finale sera un test en station comparant : (i) témoin négatif (aucun traitement),
(ii) témoin positif (traitement insecticide), et (iii) composés sémiochimiques.

3.2.3 Résultats attendus

R1 : cartographie de la biodiversité des mouches des cucurbitaceae et de leurs ennemis naturels en
Cote d’lvoire

R2 : liste de composés attractifs et répulsifs de mouches des cucurbitaceae

R3 : liste de composés attractifs de prédateurs/parasitoides de mouches des cucurbitaceae

R4 : systéme push-pull pour la lutte contre les mouches des cucurbitaceae

R5 : systéme agroécologique de production des cucurbitaceae avec attraction d’ennemis naturels

R6 : publications de 4 articles scientifiques et d’'une these

R7 : communication orale a un congres international

3.3 De nouveaux projets impliquant I’écologie chimique du sol

Aprés avoir travaillé de nombreuses années sur les ravageurs aériens de la tomate, je
m’intéresserai au compartiment du sol sur des questions autour de biofertilisation, de
biostimulation et de lutte biologique. Ces questions peuvent s’apparenter aux questions
d’allelopathie soulevées en écologie chimique (Zheng 2014). L’allelopathie est une interaction
chimique entre plantes (e.g. tomate et crotalaire) ou entre plantes et micro-organismes (e.g. tomate
et trichoderma) dans laquel un organisme produit des sémiochimiques qui influencent la germination,
la croissance, la survie et la reproduction d'autres organismes (Duke 2010). Aujourd’hui, il est admis
que l'allélopathie joue un role prépondérant dans la structuration des communautés végétales, le
maintien de la biodiversité et la détermination de la productivité agricole (Zheng 2014). Son
application permet de trouver des alternatives écologiques aux problemes de fertilité des sols, de
désherbage et de protection des cultures.

3.3.1 Utilisation de Trichoderma comme biofertilisant et biostimulant pour la culture de la tomate
(Solanum lycopersicum L.) en Céte d’lvoire

Contexte. En Cote d'lvoire, les besoins en tomate sont estimés a plus de 200 000 tonnes alors que la
production nationale qui est de 40 000 tonnes/an reste largement inférieure pour couvrir cette
demande (FAOstat 2020). Ces besoins sont satisfaits grace aux importations massives du Burkina Faso
et de I'Europe. De nombreux facteurs peuvent étre évoqués pour expliquer la faiblesse de la
production de cette culture en Cote d’lvoire, comme I'impact des bioagresseurs et la baisse de fertilité
des sols qui affecte la levée, la croissance et le rendement des cultures (Shankara et al. 2005).
L'utilisation des intrants chimiques n’étant pas une solution durable, I'utilisation d'agents biologiques
(i.e. bactéries ou champignons) est prometeuse pour ce qui concerne la biofertilisation, la
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biostimulation, ou la lutte biologique, sans perturber I'équilibre de I|'environnement et de
|'écosystéme. Parmi ces agents biologiques, les Trichoderma spp. sont des champignons utilisés pour
leur propriété en matiere de lutte biologique, de biofertilisation et de biostimulation. En effet, ils sont
connus pour attaquer d’autres champignons, pour améliorer la croissance des plantes et des racines
et renforcer les mécanismes de défense de la plante (Waghunde et al. 2016). Le présent projet de
thése vise a la mise au point d’un biofertilisant/biostimulant pour 'amélioration de la production de
tomate a partir de souches de Trichoderma spp. locales. En effet, Trichoderma spp. fabriquent des
nutriments par différents processus biologiques qui favorisent la croissance des plantes et améliorent
les propriétés du sol et les activités microbiennes pendant une période plus longue que les engrais
chimiques (Bandhari et al. 2021). Trichoderma spp. agit également comme agent de lutte
biologique par différents mécanismes: (i) 'antibiose qui résulte de la production de substances qui
agissent comme des antibiotiques et qui inhibent la croissance de l'agent pathogéne, (ii) la
compétition qui se manifeste par I'aptitude de Trichoderma spp. a utiliser les mémes ressources du
milieu (aires d’alimentation, sites de développement) que les champignons pathogénes et qui est
capable de se développer avec des concentrations faibles en éléments nutritifs par rapport a d’autres
champignons, (iii) le mycoparasitisme qui se manifeste par la destruction de I’'agent en I'étranglant,
en pénétrant a I'intérieur et/ou en lui injectant des enzymes qui le détruisent, (iv) la résistance induite
qui induit directement les défenses de la plante. Ce dernier mode d’action de résistance induite est ce
qui nous intéresse ici pour I'étude de I'effet biostimulant.

Objectifs, questions de recherche, hypothéses. L’'objectif de ce projet de these est de mettre au point
un biofertilisant/biostimulant a partir de souches locales de Trichoderma spp. pour améliorer la
production de tomates. L’hypothése principale du projet de thése est que les Trichoderma spp.
auraient un effet biostimulant en activant les défenses des plants de tomates et un effet fertilisant en
augmentant la croissance racinaire. Les hypothéses testées durant ce travail de thése viseront a
vérifier que (i) il éxiste des souches locales de Trichoderma spp. dans les parcelles de tomates, et (ii)
des solutions de Trichoderma spp. augmentent la vigueur (i.e. croissance/résistance/rendement) de
la tomate. Ainsi, les questions scientifiques suivantes sont posées :

(1) Quelle est la biodiversité des souches de Trichoderma spp. en Cote d’lvoire ?

(2) Quel est I'effet biofertilisant/biostimulant de ces différentes souches sur la tomate?

(3) Est-ce que cette innovation pourrait étre adoptée par les producteurs ?

Méthodes. Les méthodes envisagées pour répondre a ces questions scientifiques seront divisés en
guatre taches :
» Inventaire et caractérisation macroscopique et microscopique des souches de Trichoderma sp.
Des échantillons de sol seront prélevés a Korhogo, Bouake, Yamoussoukro et Abidjan dans des
parcelles de cultures de tomate. Les différentes souches de Trichoderma spp. seront isolées en
utilisant la méthode de piégeage avec pomme de terre, la méthode de dilution et la méthode de
piégeage avec les grains de céréales. Ces souches seront purifiées sur des milieux PDA avant d’étre
identifiées au niveau macroscopique et microscopique. Les itinéraires techniques et les données
climatiques et de paysages seront également renseignés pour expliquer la diversité des souches de
Trichoderma spp.. Une banque des différentes souches sera réalisée.
> Evaluation de I'efficacité des souches de Trichoderma sp. sur les paramétres agromorphologiques
et le rendement de la tomate en station
Cette tache se fera en trois étapes : des parcelles de tomates seront mises en culture a la station
expérimentale de 'université Nangui Abrogoua, puis les différentes parcelles seront traitées avec des
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suspensions sporales a la transplantation, 30 jours aprés la transplantation au moment de la floraison

et 60 apres la transplantation au moment de la fructification. L’évaluation de I'effet des souches de

Trichoderma spp. sur les paramétres agromorphologiques (vitesse de croissance, surface foliaires,

poids sec des parties aériennes et racinaires, ...) et le rendement des plants de tomate seront

comparés avec des parcelles utilisant les pratiques habituelles des agriculteurs.

» Identification moléculaire des 6 souches de Trichoderma sp. les plus performantes

Les 6 souches qui auront été les plus performantes en station expérimentale seront identifiées au

niveau moléculaire par PCR.

» Comparaison en milieu paysan de I’effet du biofertilisant/ biostimulant a base de Trichoderma sur
les parametres agromorphologiques et le rendement de la tomate par rapport aux pratiques
habituelles des producteurs

Un atelier de co-conception/sensibilisation auprés de 2 groupes de 10 producteurs sera réalisé afin
d’expliquer I'innovation, de sélectionner la ou les modalités a tester et de sélectionner 5 agriculteurs
par groupe qui testeront le biofertilisant/biostimulant a Abidjan, et Yamoussoukro ou Bouake.
L'innovation sera ensuite transférée chez les agriculteurs et le méme suivi que celui de la station sera
effectué. A la fin du cycle de production, une enquéte sera réalisée aupres des producteurs afin de
recueillir leurs avis sur "utilisation de ce nouveau produit a base de Trichoderma spp. Cette tache nous
permettra d’évaluer I'acceptabilité par les producteurs de ce nouveau produit et de tester I'effet
biofertilisant/biostimulant des souches de Trichoderma spp. en milieu paysan par rapport a leurs
pratiques habituelles.

Résultats attendus.

R1 : Bibliothéque des souches de Trichoderma spp.

R2: Caractérisation de I'activité biofertilisant/biostimulant des souches de Trichoderma spp.
R3 : Formulation et mise au point d’un biofertilisant/biostimulant a base de Trichoderma spp.
R4 : Publication de 3 articles scientifiques et d’'une revue sur Trichoderma spp.

R5 : Mémoire et attestation de soutenance de la these

R6 : Communication orale a un congrées international

3.3.2 Evaluation de solutions innovantes a base de Crotalaria spp. pour lutter contre le flétrissement
bactérien (R. solanacearum) des cultures maraichéres en Céte d'Ivoire

Contexte. Le flétrissement bactérien est une maladie causée par la bactérie tellurique Ralstonia
solanacearum. Cette bactérie est répartie a travers le monde et est considérée comme I'un des agents
pathogenes les plus importants sur cultures maraichéres de rente et vivriére (Lebeau et al, 2011). En
Cote d'lvoire, le flétrissement bactérien est la maladie tellurique majeure des cultures maraicheres,
en particulier des cultures de tomate (N’guessan et al., 2012). En effet, R. solanacearum peut causer
jusqu’a 100 % de pertes de rendement selon I'espéce et la variété, entrainant ainsi I’'abandon de
certaines parcelles par les producteurs (Fondio et al., 2008). Les facultés exceptionnelles d’adaptation
de R. solanacearum, sa forte diversité génétique et phénotypique augmente considérablement les
difficultés a trouver des méthodes de contréle et de lutte durables (Poussier 2000). Les stratégies
actuelles de lutte contre cette maladie reposent essentiellement sur la résistance génétique, mais
cette résistance est partielle, fortement dépendante de I'environnement et s’avere aujourd’hui
insuffisante (N’guessan et al. 2020). La stratégie de lutte intégrée combinant différentes pratiques
culturales dont la résistance variétale, les rotations et les associations culturales avec des espéces
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assainissantes ainsi que les méthodes de biocontrdle a base de substances naturelles reste la voie
privilégiée pour combattre cette maladie dévastatrice (N’guessan et al. 2020 ; Deberdt et al. 2018 ;
Deberdt et al. 2012).

C’est dans ce contexte que s’inscrit ce projet de thése qui vise a contribuer au développement
de nouvelles solutions de biocontréle a base d’extraits de crotalaires pour lutter contre le
flétrissement bactérien des cultures maraichéres en Cote d’lvoire, et plus particulierement sur la
tomate. Dans des études préliminaires réalisées par mon unité de recherche, nous avons montré que
Crotalaria spectabilis pouvait étre utilisée comme plante assainissante lorsqu’elle est plantée avant la
culture de tomate (Deberdt et al. 2015). L'incidence du flétrissement bactérien sur la tomate est alors
diminuée de 60% apres |'utilisation de C. spectabilis, ainsi que la proportion de plantes infectées.
Crotalaria juncea and Crotalaria spectabilis ont également montré des propriétés intéressantes au
moment de leur décomposition dans le sol (Deberdt et al. 2018).

Objectifs, questions de recherche, hypothéses. L'objectif de ce projet de thése est d’élaborer une
nouvelle solution de biocontrole a base de crotalaire pour lutter contre le flétrissement bactérien des
cultures maraichéres en Cote d’lvoire. L’hypothése principale du projet de these est que la
diversification végétale, comme I'utilisation des crotalaires, pourrait étre utilisée pour lutter contre le
flétrissement bacterien. Les hypothéses testées durant ce travail de these viseront a vérifier que i) les
différentes espéces locales de crotalaires n’ont pas le méme effet sur le flétrissement bactérien, ii) ces
especes doivent étre utilisée différemment en fonction de leur matiére active, et (iii) certains modes
d’utilisation sont plus a méme d’étre adopté par les producteurs. Ainsi, les questions scientifiques
suivantes sont posées :

(1) Existe-t-il une variété de crotalaire locale et efficace ?

(2) Quel est la meilleure utilisation des crotalaires : broyat sec, engrais vert, extrait aqueux, purin ?
(3) Quel sont les composés biocides ?

(4) Est ce que cette nouvelle pratique culturale pourrait étre adoptée par les producteurs ?

Méthodes. Au préalable, les différents modeles biologiques seront identifiés et caractérisés : variété
de latomate, variété de crotalaires, souche de Ralstonia solanacearum. Les méthodes envisagées pour
répondre a ces questions scientifiques seront divisés en six taches :

> Evaluation in vitro de I'efficacité de différents extraits de crotalaires :

2 especes de crotalaires seront étudiées : Crotalaria retusa et Crotalaria juncea. Le biopesticide NECO
sera utilisé comme témoin positif et pour toute la durée de la thése. 4 modes d’utilisation (extrait) de
la crotalaire seront évalués :

- le broyat sec (gros morceaux de feuilles séchées et intégrées dans le sol)

- I'extrait aqueux (poudre de feuilles séchées dans I’eau pour aspersion au sol)

- 'engrais vert (gros morceaux de feuilles fraiches et intégrées dans le sol)

- le purin de crotalaire (fermentation de feuilles fraiches dans de I'eau pour aspersion au sol)

L'effet biocide (antibactérien) des solutions aqueuses de ces 4 modes d’utilisations sera testé sur la
croissance in vitro de Ralstonia solanacearum en boite de pétri pour les 2 espéces de crotalaires,
soient 8 modalités.

» Evaluation in vivo de I'efficacité de différents extraits de crotalaires :

Parmi les 8 modalités testées précédemment, les 4 plus efficaces (i.e. meilleur effet biocide) seront
testées in vivo. Des plants de tomates seront produits en pots avec un sol infecté avec du Ralstonia
solanacearum puis les solutions acqueuses de crotalaires seront ajoutées. Les symptomes de la
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maladie seront suivis ainsi que la dynamique de population de R. solanacearum dans le sol. A la fin du
test, les infections latentes sur les plantes saines (indice de colonisation) seront enregistrées ainsi que
le poids frais et sec des parties aériennes et des parties racinaires de la tomate.
» Caractérisation de la composition chimique de différents extraits de crotalaires efficaces
Parmi les 4 modalités testées précédemment, les 2 plus efficaces seront analysées en HPLC afin
d’identifier les composés bio-actifs des extraits.
» Démonstration de I'efficacité de ces extraits de crotalaires sur le contréle du flétrissement en
station expérimentale
Un test en station sera réalisé afin d’évaluer I'effet biocide des 2 meilleurs extraits de crotalaires sur
le flétrissement bactérien dans un sol naturellement infesté par R. solanacearum. 4 modalités seront
testées avec 4 répétitions sur 2 saisons : (i) témoin négatif (pas de traitement), (ii) témoin positif
(traitement NECO), (iii) extrait 1 de crotalaires (iv) extrait 2 de crotalaires. 2 fois par semaine,
I’évolution de la maladie sera observée. Le rendement sera également enregistré. La bioactivité du sol
et ses caractéristiques seront évaluées avant |’essai, aprés la saison 1 et apres la saison 2.
» Réalisation d’une étude d’acceptabilité de ce nouveau produit a base de crotalaires aupres des
producteurs.
Un atelier de co-conception/sensibilisation auprés de 2 groupes de 10 producteurs sera réalisé afin
d’expliquer I'innovation, de sélectionner la ou les modalités a tester et de sélectionner 5 agriculteurs
par groupe (Abidjan, et Yamoussoukro ou Bouake) qui testeront l'innovation. L’'innovation sera
ensuite transférée chez les agriculteurs et le méme suivi que celui de la station sera effectué mais a
raison d’une fois par semaine. A la fin du cycle de production, une enquéte sera réalisée auprées des
producteurs afin de recueillir leurs avis sur 'utilisation de ce nouveau produit a base de crotalaires.
L'efficacité de ce nouveau produit sur le développement du flétrissement bactérien Ralstonia
solanacearum de la tomate sera donc évaluée en conditions réelles ainsi que I'acceptabilité par les
producteurs de ce nouveau produit.

Résultats attendus.

R1 : Connaissances sur |'efficacité des crotalaires sur le flétrissement bactérien
R2 : Formulation et mise au point d’'un nouveau produit a base de crotalaires
R3 : Publication de 3 articles scientifiques et d’une revue littéraire

R4 : Mémoire et attestation de soutenance de la these

R5 : Communication orale a un congres international

3.4 Un projet a plus long terme avec une démarche One Health

Je travaille avec mes collegues et partenaires de Cote d’lvoire depuis un an sur le montage d’un
projet one health qui incluera la santé des plantes, la santé des animaux sauvages et domestiques, la
santé des hommes et la santé des écosystémes (e.g. biodiversité, sol, eau, ...). L'approche one health
s’est considérablement développée ces derniéres années mais la santé des plantes y est souvent sous-
considérée. Notre hypothése est qu’une approche socio-écologique de la santé couplée a la transition
agroécologique pourrait améliorer la santé globale a I’échelle d’un territoire et contribuer a la mise
en place d’agrosystemes durables. L’objectif général du projet est d’accompagner la mise en place de
changements de pratiques et d’interactions entre les acteurs d’'un méme territoire dans le cadre d’une
transition agroécologique et la formulation d’indicateurs pour évaluer I'impact de ces changements
sur la santé du territoire. Le projet a été construit en suivant les démarches de théorie du changement

60



avec l'identification des inputs (ressources mobilisées par la recherche), des outputs (produits de la
recherche), des outcomes (adoption des produits de la recherches) et des changements/impacts et la
création d’un cadre logique.

La premiere tache de ce projet consisterait a caractériser un territoire et faire le diagnostic de la
santé de ce méme territoire. 3 zones d’études ont été selectionnées : la zone de Korhogo au nord, la
zone de Bouaflé au centre et la zone de Tiassalé au sud. Ces 3 zones seraient alors cartographiées, les
systemes de productions et la typologie des agriculteurs caractérisées et les principaux vecteurs,
ravageurs et maladies identifiés. Des analyses de sol et d’eau seront également faites afin de quantifier
les pollutions.

La deuxiéme tache consisterait a mettre en évidence les interactions entre les différentes santés.
Pour cela, une démarche participative semble la plus adaptée afin d’identifier les enjeux des
socioécosystémes qui ont du sens pour les différentes parties prenantes d’un territoire. Parmi ces
interactions, il y aura les problematiques d’accées aux ressources du territoire (eau, sol, main d’ceuvre,
...) mais aussi les problématiques de prévention/gestion des bioagresseurs (maladies, vecteurs, ...).

La troisieme tache consisterait a améliorer la santé globale du territoire par la transition
agroécologique et I'appui technique et technologiques pour la résolution des interactions négatives.
Pour favoriser ces changements, des ateliers de co-conception seront organisés afin de développer
des actions concertées qui amélioreront de maniére durable ces enjeux de santé du territoire comme
(i) 'adoption de pratiques agro-écologiques, (ii) I'optimisation des flux de ressources entre les
systemes de production (problématiques liées a I'eau, flux de matiére organique, ...), (iii) la
labellisation d’un territoire, (iv) la mise en place de filiere locale, ...

Enfin, la quatrieme tache serait I'analyse économique, environnemental et social de ce territoire
avant et aprées le projet. Des indicateurs de la santé seront co-construits avec les différents acteurs
afin de qualifier et de suivre I'état de santé du territoire mais aussi de suivre et d’évaluer les
dynamiques des systemes socioécologiques suite aux différents changement du systeme.

3.5 Conclusion générale

Depuis toujours, je vois le systeme de production comme un jeu de stratégie dans lequel il faudrait
mettre en place des tactiques pour optimiser sa production et en particulier, pour lutter contre les
bioagresseurs, c’est d’ailleurs cet aspect ludique, qui m’a fait choisir la spécialité « protection des
plantes et environnement » a I’école d’agro. Au début, j'ai joué a I’échelle de la plante et de la parcelle
et j'aimerais, dans le futur, jouer a I'échelle de I'exploitation et du territoire.

Mieux connaitre et comprendre les interactions trophiques et chimiques est un point commun de
I’ensemble de mes activités de recherche. La description des agro-écosystémes et de leurs interactions
permet ainsi de développer des innovations agroécologiques et de concevoir des systémes de
production plus durable en identifiant les leviers de régulation a manier pour la lutte contre les
ravageurs. Parmi ces leviers, la diversification végétale, la manipulation des comportements des
ravageurs ou le développement de la lutte biologique ont été et resteront mes principaux thémes de
recherche.

Aujourd’hui, avec le projet européen Desira MARIGO, je souhaite poursuivre mes recherches sur
la conception d’innovation agroécologique (e.g. innovations contre les mouches des légumes ou le
flétrissement bactérien) mais aussi aller plus loin en travaillant sur leur adoption. Ce nouveau projet
de recherche me permettra aussi de m’intéresser au compartiment du sol sur lequel j’ai peu travaillé
jusgu’a maintenant (e.g. travaux sur Trichoderma spp.). Pour ce nouveau projet, j'essaierai d’intégrer
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des innovations agroécologiques dans un nouveau systeme de production a l'aide d’'une démarche
participative afin de les faire adopter plus facilement. La méthodologie de la co-conception sera I'outil
qui me permettra de passer de I'échelle de la parcelle a I’échelle de I'exploitation et du territoire afin
de transformer durablement les systémes alimentaires par la transition agroécologique.

Ainsi apres 10 ans de recherche a I'unité de recherche HortSys (Fonctionnement agroécologique
et performances des systémes de cultures horticoles) du cirad, la publication d’une trentaine d’articles
et 'encadrement de trois étudiants en these, je présente avec ce mémoire ma candidature pour
I'obtention du dipléme d’habilitation a diriger des recherches. Obtenir ce dipldme est une étape
indispensable dans mon plan de carriere, puisqu’il me permettra d’atteindre mon objectif
professionnel de diriger mes propres étudiants en thése. En 2022, j'encadrerai un étudiant en these
sur l'utilisation de composés sémio-chimiques pour lutter contre les mouches des cucurbitaceae qui
sera inscrit I'ED GAIA. J’aimerais pouvoir assurer la direction de cette these suite a I'obtention de ce
diplome.

Travaillant en Afrique, j'espéere pouvoir y former les chercheurs de demain qui deviendront
mes futurs collégues. Je recrute mes futurs étudiants sur la base de leur motivation. J’estime que mon
role est de les former quelques soient leurs cursus du fait des grandes inégalités d’accés a I'éducation
en Afrique. Jidentifie les forces et faiblesses du doctorant et j'adapte mon encadrement pour
I'accompagner au mieux. De mon point de vue, I'encadrement de doctorants relevent de deux
principaux défis pour lesquels j’ai développé une méthodologie. Le premier est I'acquisition du
raisonnement scientifique, i.e. savoir formuler une question de recherche et des hypotheses suite a
une revue de la littérature, développer un protocole pour tester ses hypothéses puis analyser et
discuter ses résultats. Mes doctorants commencent donc par rédiger leur projet de these en suivant
ce raisonnement : questions, hypotheses, protocoles. Le second défi est, pour moi, la diffusion des
connaissances scientifiques acquises, soit la publication d’articles. Pour relever ce défi, j'ai développé
un guide pour aider le doctorant a écrire son premier article. Les doctorants que j'ai encadrés ont
publié un minimum de 4 articles scientifiques. Aujourd’hui, je donne également des formations
introduction a I’écriture d’article. En plus de développer un sens critique, mes doctorants doivent
monter et gérer le budget et le planning de leur thése afin de développer leur compétence de gestion
de projet. Avec ces différentes méthodologies que j'ai développées, j'espere ainsi étre une bonne
future directrice de these.
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Abstract

Natural enemies locate their herbivorous host and prey through kairomones emitted by host plants and herbivores. These
kairomones could be exploited to attract and retain natural enemies in crop fields for insect pest control. The parasitoid
Encarsia formosa preferentially parasitises its whitefly host, Trialeurodes vaporariorum, a major pest of tomato Solanum
lycopersicum, thus offering an effective way to improve whitefly control. However, little is known about the chemical interac-
tions that occur in E. formosa-T. vaporariorum-S. lycopersicum tritrophic system. Using behavioural assays and chemical
analyses, we investigated the kairomones mediating attraction of the parasitoid to host-infested tomato plants. In Y-tube olfac-
tometer bioassays, unlike volatiles of healthy tomato plants, those of 7. vaporariorum-infested tomato plants attracted
E. formosa, and this response varied with host infestation density. Coupled gas chromatography/mass spectrometric analyses
revealed that host infestation densities induced varying qualitative and quantitative differences in volatile compositions between
healthy and 7. vaporariorum adult-infested tomato plants. Bioassays using synthetic chemicals revealed the attractiveness of 3-
carene, [3-ocimene, 3-myrcene and x-phellandrene to the parasitoid, and the blend of the four compounds elicited the greatest
attraction. Our results suggest that these terpenes could be used as an attractant lure to recruit the parasitoid E. formosa for the
control of whiteflies in tomato crop fields.

Keywords HIPVs - Kairomone - Olfactometer - Solanum lycopersicum - Terpenes - Whitefly

Introduction

Natural enemies exploit kairomones from plants and herbi-
vores to locate oviposition sites and feeding resources for their
survival, growth and reproductive success (Afsheen et al.
2008; Colazza and Wanjberg 2013). Kairomones are chemical
signals mediating interspecific interactions that are beneficial
to organisms that detect them. Although healthy plants emit
volatile organic compounds, herbivory results in the release of
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herbivore-induced plant volatiles (HIPVs), which serve as
long-range kairomones for natural enemies seeking host and
prey (Kessler and Baldwin 2001; Mumm and Dicke 2010;
Takabayashi and Shiojiri 2019). Kairomones have been
exploited to attract parasitoids for the biological control of
insect pests (Kaplan 2012; Peri et al. 2018). For example, 4'-
ethyl-acetophenone, a castor bean (Ricinus communis L.
(Euphorbiaceae)) plant-emitted HIPV induced by Apolygus
lucorum (Meyer-Diir) (Hemiptera: Miridae), has been applied
to attract the parasitoid Peristenus spretus Chen & van
Achterberg (Hymenoptera: Braconidae) for the control of the
insect pest in the field (Xiu et al. 2019). However, HIPV blend
compositions are influenced by biotic factors such as the
herbivore-infesting species, its infestation density, infesting
instar, and the host plant species, which in turn influence par-
asitoid responses (De Moraes et al. 1998; McCormick et al.
2012). Besides HIPVs, chemical cues from the host or prey, or
its by-products such as feces and honeydew may also serve as
kairomone signals that enable natural enemies to locate their
host and prey (Afsheen et al. 2008). For example, the
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parasitoid Psyllaephagus pistaciae Ferriére (Hymenoptera:
Encyrtidae) is attracted to volatiles from honeydew excreted
by its host, Agonoscena pistaciae Burckhardt and Lauterer
(Hemiptera: Psylloidae) (Mehrnejad and Copland 2006).
Kairomones identified from tritrophic interactions have been
used for the recruitment of insect parasitoids to increase par-
asitism rates in field crops (Murali-Baskaran et al. 2018;
Peniaflor and Bento 2013).

Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is
one the most efficient parasitoids used for controlling
Trialeurodes vaporariorum (Westwood) and Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae) whiteflies (De Vis and
van Lenteren 2008; Hoddle et al. 1998; Liu et al. 2015). The
parasitoid preferably parasitises third and fourth nymphal in-
stars of both 7. vaporariorum and B. tabaci (Antony et al.
2003; Hu et al. 2002). Trialeurodes vaporariorum and
B. tabaci are devastating insect pests of tomato (Solanum
lycopersicum L. (Solanaceae)) crops, responsible for 30 to
100% yield losses in both open fields and greenhouses world-
wide (Gamarra et al. 2016; Hanssen and Lapidot 2012;
Perring et al. 2018). Damage is mainly due to whitefly-
vectored viruses which cause interveinal yellowing, irregular
fruit ripening and poor plant growth (Hanssen and Lapidot
2012; Navas-Castillo et al. 2014). The phloem sap sucking
feeding behaviour of whiteflies also causes plant wilting and
defoliation, and their honeydew provides a medium which
promotes sooty mold development on leaves, which in turn
interferes with photosynthesis, and consequently limits plant
growth (Gamarra et al. 2016; Palumbo et al. 2000).
Trialeurodes vaporariorum is an invasive species in Europe
and sub-Saharan Africa where it threatens tomato production
(Hanssen and Lapidot 2012; Gamarra et al. 2016).
Trialeurodes vaporariorum completes its life cycle (eggs,
nymphs and adults) on tomato plants within 25 +£2 days at
25 °C, with the completion of up to three to four generations
before tomato harvest (Gamarra et al. 2016). Successful con-
trol of invasive insect pests is often challenging as their repro-
duction and population growth times are typically rapid, mak-
ing them very destructive and more competitive than native
pests (Wagh et al. 2014). However, the parasitoid E. formosa
has been reported to successfully control 7. vaporariorum on
tomato plants grown in greenhouses (De Vis and van Lenteren
2008; Hoddle et al. 1998), and this performance could be
achieved in the field with the application of kairomones to
attract and retain the parasitoid in tomato crops.

Previous studies have demonstrated that kairomones attract
E. formosa to various host plant species infested by whiteflies
(Inbar and Gerling 2008; Zhang et al. 2013a). For example,
E. formosa is attracted to volatiles from Phaseolus vulgaris L.
(Fabaceae) infested by 7. vaporariorum, and to volatiles of
Arabidopsis thaliana (L.) (Brassicaceae) infested by B. tabaci
(Birkett et al. 2003; Zhang et al. 2013a). Birkett et al. (2003)
reported that the HIPVs (Z)-3-hexen-1-ol, 4,8-dimethyl-1,3,7-

nonatriene, and 3-octanone released by 7. vaporariorum-
infested P. vulgaris attract E. formosa. However, E. formosa
preferably parasitises its hosts, 7. vaporariorum and B. tabaci
on tomato (S. lycopersicum) plants compared to other host
plants from Fabaceae, Brassicaceac and Solanaceae families
(Kos et al. 2009; Zhang et al. 2005). These findings suggest
that whitefly-infested S. /ycopersicum plants release specific
volatile compounds which attract E. formosa. Although, plant
colour plays a role in host plant location by E. formosa
(Romeis and Zebitz 1997), a field observation also reported
that the density of the whitefly B. tabaci on plants influenced
the abundance of Encarsia species (Kishinevsky et al. 2016).
Hence, it would be interesting to investigate the kairomones
allowing for a functional response to 7. vaporariorum density
on tomato plants. We thus assessed the attractiveness of
E. formosa to tomato plant volatiles in relation to host infes-
tation densities and identified the attractant compounds. We
discuss our results in the light of the potential application of
these attractants as kairomone-based lures to recruit the para-
sitoid for 7. vaporariorum control in tomato crop fields.

Materials and Methods

Plant The Kilele F1 tomato hybrid (Syngenta, Nairobi,
Kenya) was used in the experiments. Seeds were sown in
nurseries on a 1:1 mixture of soil: manure placed in a seedling
plastic tray. Three weeks after sowing, the seedlings were
individually transplanted in plastic pots (10 x 15 cm) contain-
ing 3:1 soil: manure mixture and grown in a screen house at
30+5 °C, 65+5% RH at the International Centre of Insect
Physiology and Ecology (icipe), Nairobi, Kenya. Plants were
watered as needed, and water-dipped fertiliser containing 18%
N, 20% P20S5, and 21% K20 (Easygrow, Osho Chemical
Industries Ltd) was provided once a week. The plants were
grown without insecticide application. Four-week-old plants
with four developed leaves were used for behavioural assays
and volatile chemical analyses.

Insects Colonies of the experimental insect species,
T. vaporariorum and E. formosa were initiated with field col-
lected nymphs and adults from tomato fields at the Kenyan
Agricultural and Livestock Research Organization (KALRO)
in Kimbimbi (0°37'11.3”S 37°22'08.0"E), Mwea county,
Kirinyaga region. Insects were reared in the laboratory and
maintained at 25+2 °C and 65+ 5% RH under a 12:12 L:D
photoperiod regime.

Trialeurodes vaporariorum was reared on tomato plants in
laboratory Plexiglass cages (40 x 40 x 50 cm). Six-week-old
plants were exposed to whiteflies for oviposition for three
days. Infested plants were thereafter transferred into a separate
screen house where the eggs developed into nymphs. Three-
week post-infestation leaves with mature nymphs (mostly
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fourth instars) were cut from plants and returned to the original
infestation cage where the adults emerged.

Encarsia formosa was reared on T. vaporariorum-infested
tomato plants. Four infested plants at 14-21 days post infes-
tation were offered to parasitoids in a laboratory Plexiglass
cage (40 x40 x 50 cm) for parasitism. Every three days, the
oldest parasitoid-exposed plant was removed and replaced
with a plant 14 days post-infestation. Plants with parasitised
nymphs were placed in another Plexiglass cage where the
insects emerged. Newly emerged parasitoid adults were
returned to the original cage. Encarsia formosa adults were
provided 80% honey solution and water twice a week. Naive
3-5-day-old E. formosa females were used in the experiments
as the parasitoid fecundity is known to be higher within this
age interval (Qiu et al. 2004).

Y-Tube Olfactometer Bioassays The attractiveness of
E. formosa to plant odours was assessed in dual choice assays
using a vertically-oriented Y-tube olfactometer (0.5 cm inter-
nal diameter; 6 cm stem; two 6 cm side arms). A 10 L glass jar
serving as an odour source container was connected to each
side arm. A cardboard box (35 x 35 x 55 cm) served as obser-
vation chamber in which the Y-tube was placed, thus
preventing insects from using plant visual cues. Uniform
lighting was provided in the observation chamber using a
220-240 V cool white fluorescent light placed above the Y-
tube. A unidirectional charcoal-filtered airflow was generated
by an air pump (KNF lab LABOPORT N86KT.18, France)
and passed through each odour source container toward the
arms at a constant flow rate of 120 mL min~' that was set
using an AALBORG flow meter (Orangeburg, USA). Pots
of growing test plants were wrapped in aluminium foil to
avoid volatile contamination from the pot and soil.
Experimental insects were individually introduced at the base
of the Y-tube stem, and the insect was given 5 min during
which its first choice was recorded. An insect was considered
to have made a choice when it walked and reached the end of a
given arm, and remained there for 30 s. Insects which did not
make a choice within 5 min were considered as non-
respondent and were subsequently not included in the data
analysis. Ten insects were tested per plant per treatment per
day, and the Y-tube was cleaned with dichloromethane after
five insects and the volatile sources switched between the
arms (left and right) to prevent contamination and positional
bias. Overall, 80 insects were tested per choice test.
Encarsia formosa olfactory responses to volatiles from
healthy and T. vaporariorum adult-infested tomato plants
were investigated by performing the following dual choices
(i) air vs. air (control); (ii) air vs. healthy plant; (iii) air vs.
T. vaporariorum-infested plant; (iv) healthy plant vs.
T. vaporariorum-infested plant. Infested plants were obtained
by exposing a single 4-week-old plant to 50, 100 or
200 T. vaporariorum adults of mixed ages and sexes in a
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ventilated plastic box (35 x 25 x 35 c¢cm) for four days which
was enough to induce changes in volatile emission from to-
mato plants infested by B. tabaci adults (Su et al. 2018).

Collection of Volatiles Tomato headspace volatiles were col-
lected using a dynamic push-pull system, and trapped onto
prepacked 30 mg super-Q adsorbent (Analytical Research
Systems, Gainesville, FL, USA). Volatiles were collected
from healthy and 7. vaporariorum adult-infested tomato
plants, as well as from empty volatile collection chamber
and pot without plant (controls). Healthy or infested plants,
and the pots, were separately placed ina 10 L glass jar used in
the behavioural response assays. A charcoal-filtered airflow
was directed into the containers at a rate of 200 mL min '
using an air pump (KNF lab LABOPORT N86KT.18,
France). Collection of volatiles was done for 24 h with 4
replications. Volatiles were eluted with 150 pL of dichloro-
methane, then the solution was concentrated to 50 pL to
which 5 uL of biphenyl (20 ng/uL) was added as internal
standard, and then stored at —80 °C until analysis.

Analysis of Volatiles An aliquot (1 uL) of headspace tomato
plant volatile extract was analysed by gas chromatography/
mass spectrometry (GC/MS) on a Shimadzu QP2010 Ultra
GC/MS (GL Sciences, Tokyo, Japan). The mass spectrometer
was equipped with an Inert Cap SMS/NP capillary column
(5% diphenyl and 95% dimethylpolysiloxane, 30 m X
0.25 mm % 0.25 pum film thickness). Analysis was performed
in the splitless mode using helium as carrier gas at a constant
flow rate of 1 mL min . The oven temperature was set at
35 °C for 5 min and then programmed to increase at
10 °C min~" until reaching a final temperature of 280 °C at
which it was held for 10.5 min. The ion source temperature
was set at 250 °C with an interface temperature of 270 °C, and
spectra were recorded at 70 eV. Compound identification was
done using retention time, library mass spectra (NIST11,
Wiley9), and Kovats retention indices (RIs) determined using
retention times of n-alkane (Cg-C,3) standards. All peaks de-
tected in the control were considered as contaminants and
therefore discarded in the volatile analysis. Compounds were
quantified relative to peak area and concentration of the inter-
nal standard.

Response of E. formosa to Synthetic Plant Volatile
Compounds A total of 11 compounds were found to be highly
associated with 100-T. vaporariorum adult-infested tomato
plants (see Results) which attracted the parasitoid. These
VOCs included: -myrcene, «-phellandrene, 3-carene, p-
cymene, {3-phellandrene, (E)-{3-ocimene, terpinolene, allo-
ocimene, [3-elemene and (E)-f3-caryophylene and «-
humulene. They were therefore used in the bioassays with
synthetic compounds, except 3-phellandrene which was not
commercially available. Based on the natural release rate (ng/
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plant/h) of the compounds (Table 1), each compound was
tested at doses corresponding to release rates of 10, 100 and
1000 equivalent plants in an hour. Based on the results obtain-
ed, four of these compounds (3-carene, (3-ocimene, [3-
myrcene and o-phellandrene), found to be attractive to the
parasitoid were formulated into a blend (B1) using their indi-
vidual optimal attractant doses (100 ng 3-carene, 200 ng «-
phellandrene, 600 ng {3-ocimene and 800 ng (3-myrcene).
Two other blends B2 (100 ng 3-carene, 200 ng «-
phellandrene, 60 ng 3-ocimene and 80 ng 3-myrcene) and
B3 (1 ng 3-carene, 20 ng o-phellandrene, 6 ng (3-ocimene
and 8 ng 3-myrcene) were tested. The test compounds were
diluted in dichloromethane and a 10 pL aliquot of the test
solution was applied on a filter paper (2 x 2 cm) (Whatman,
UK) and tested against the control (i.e. filter paper loaded with
10 uL dichloromethane). The solvent was allowed to evapo-
rate for 30 s. Thereafter, the impregnated filter papers were
placed in Pasteur pipettes which were directly connected to
the olfactometer arms. The test aliquot was used for a single
insect with a 5 min observation period, and 80 insects were
tested per choice test.

Chemicals The (3-myrcene, x-phellandrene, 3-carene, p-
cymene, [3-ocimene, terpinolene, allo-ocimene, (3-elemene,
(E)--caryophylene and «-humulene synthetic standards used
in the bioassays were all purchased from Sigma-Aldrich
(France). All the chemicals were at 90-99% purity, except
[3-elemene (80% purity) and «-phellandrene (85% purity).
Dichloromethane (99.9% purity) was purchased from
Merck, Germany.

Statistical Analyses Encarsia formosa preference for odours in
the Y-tube olfactometer was determined by comparing the
recorded frequencies of choice of either of the olfactometer
arms using a chi-squared test. Analysis of concentrations of
volatile compounds between healthy and whitefly-infested
plants was performed using a non-parametric Kruskal-Wallis
test to account for distribution normality and variance homo-
geneity, and when a significant difference was noted a post-
hoc Dunn’s test associated with Bonferroni’s adjustment was
applied for mean separation (Dinno 2015). The Random
Forest (RF) analysis (Breiman 2001) was used to select the
most discriminant volatiles between healthy and
T. vaporariorum adult-infested tomato plants, as used in pre-
vious studies (Ranganathan and Borges 2010; McCormick
et al. 2014, 2016). The most predictive variables (VOCs in
our case) were defined using the RF “importance” function
which provides the mean decrease in accuracy (MDA), where
a higher MDA indicates higher importance in the classifica-
tion (Liaw and Wiener 2002; Ranganathan and Borges 2010).
Using concentrations of the most discriminant volatile com-
pounds, a Sparse Partial Least Square Discriminant Analysis
(sPLS-DA) biplot was performed to highlight variations in the

emission of compounds between healthy and herbivore-
infested plants, and to identify VOCs highly associated with
the attractant plants (i.e. 100-7. vaporariorum adult-infested
plants) using the mixOmics package (Hervé et al. 2018; Lé
Cao etal. 2011). The sPLS-DA model was validated using the
“perf” function and the leave-one-group-out cross-validation
method in the mixOmics package (Rohart et al. 2017). All
statistical analyses were performed using R statistical soft-
ware, version 4.0.2 (R Core Team 2020).

Results

Olfactory Response of E. formosa to Plant Volatiles The
whitefly parasitoid E. formosa was attracted to volatiles from
tomato plants infested with 100 7. vaporariorum adults com-
pared to clean air (control) (x* 9.59, df=1, P=0.002) and
healthy tomato plant volatiles (x’= 4.63, df=1, P=0.031)
(Fig. 1). However, volatiles from tomato plants infested with
either 50 (x*2 0.63, df=1, P=0.428; x*_ 0.01, df=1, P=
0.91) or 200 T. vaporariorum adults (x2 -0,df=1,P=1, X2
_0.11, df=1, P=0.737) did not attract the parasitoid when
compared to clean air or healthy tomato plant volatiles, re-
spectively. Similarly, the parasitoid was not attracted to vola-
tiles of healthy tomato plants compared to clean air (x*_ 1.04,
df=1, P=0.308).

Analysis of Tomato Volatiles A total of 25 volatile organic
compounds (VOCs) belonging to six chemical classes: mono-
terpene (14), sesquiterpene (6), ketone (2), homoterpene (1),
aldehyde (1) and benzenoid (1) were detected in the volatile
profiles of both healthy and whitefly-infested tomato plants
(Table 1; Fig. 2). Quantitative and qualitative differences were
observed in volatile emission between healthy and
T. vaporariorum adult-infested tomato volatiles (Table 1;
Fig. 2). The monoterpenes 2-carene and 3-phellandrene were
the most abundant compounds and accounted for about 80%
of the total volatiles released from healthy and whitefly-
infested tomato plants (Table 1; Fig. 2). Six VOCs, i.e. benz-
aldehyde (aldehyde); [3-pinene, 6-methyl-5-hepten-2-one, 3-
carene, allo-ocimene (monoterpenes) and [3-elemene
(sesquiterpene) were specific to 7. vaporariorum-infested to-
mato plants. Among these compounds, 3-carene, allo-
ocimene and 3-elemene were found only in volatiles of plants
infested with 100 T. vaporariorum adults.

Emission rates of some VOCs such as p-cymene, «-
phellandrene, 3-phellandrene, (E)-[3-ocimene, «-pinene, f3-
myrcene, terpinolene and d-elemene increased by >2 fold in
plants infested with 100 7. vaporariorum adults than in
healthy plants (Table 1). Differences in some VOCs such as
the monoterpenes o-phellandrene and (E)-(3-ocimene, and the
sesquiterpenes (E)-p-caryophyllene and «-humulene were al-
so observed between the different infestation densities, with a
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Fig. 1 Responses of Encarsia
formosa to volatiles from healthy
tomato plants and others infested
with different densities of
Trialeurodes vaporariorum
adults in a Y-tube olfactometer
choice tests. 80 insects were test-
ed per choice. nr=number of
non-respondent insects (i.e. no
choice). P = statistical signifi-
cance level with ns =no signifi-
cant difference (P> 0.05); *,

** = significant differences at
P<0.05 or P<0.01 from x* test
at o« =0.05

[ ] Healthy

hostdensity p nr

D Control (clean air)

I | - ns 6
| | 0 ns 2
50 ns 2

200 ns 1

o
<
»
N
o
o
*
N

decline in the emission at the highest whitefly infestation den-
sity (Table 1). However, the emission rates of 3,7,7-trimethyl-
1,3,5-cycloheptatriene, «-cedrene and y-elemene did not
change between healthy plants and 7. vaporariorum adult-
infested plants.

Determination of Discriminant Volatiles for Bioassays with
Synthetic Compounds The RF analysis and the sPLS-DA
biplot highlighted the VOCs that mostly characterised the at-
tractant 100-7. vaporariorum adult-infested plants compared
to the unattractant plants (combination of healthy, 50 and 200-
T. vaporariorum adult-infested plants). The results of the RF
analysis revealed 13 VOCs discriminating 7. vaporariorum
adult-infested tomato plants and healthy plants (Fig. 3a).
Using these VOCs, the sPLS-DA classified healthy and
whitefly-infested plants into two clusters: one group

40 20 0 20 40 60 80
% Respondent insects

composed of 100-7. vaporariorum adult-infested plants,
which was separated from the other group composed of
healthy, and 50 or 200-7. vaporariorum adult-infested plants
(Fig. 3b). The sPLS-DA biplot displayed the correlation be-
tween the discriminant VOCs and the plants (Fig. 3c). The
first two dimensions of the SPLS-DA explained 62% of the
total variation (Fig. 3c). Dimension 1 explained 47% of the
total variation and was highly associated mainly with (£)-[3-
caryophyllene, 3-elemene, allo-ocimene, 3-carene and o-
phellandrene. Whereas dimension 2 accounted for 15% of
the total variation, and was closely correlated mainly with p-
cymene, (Z)-f-ocimene and 6-methyl-5-hepten-2-one.
Heatmap clustering was performed to illustrate variations in
VOC:s across replicates of healthy and infested tomato plants,
and the findings showed that most of the discriminant VOCs
were abundant in tomato plants infested with

Fig. 2 GC/MS profiles of 2000000 1 8 13
headspace volatiles from healthy 1750000
tomato plants and 1500000 -
100 Trialeurodes vaporariorum Infested
. 1250000 s
adult-infested tomato plants. 5
Numbers correspond to volatile 1000000 7 12 25
compounds indicated on Table 1. 750000 1 6 1" 20 5
IS =internal standard (biphenyl) 500000 , 44\ 7 01 o6 17 bt - 324
14 18
i mi
= " k_m_»_stM_J\‘_,l A Do WML K pall o S LI l L
o - IS N ——r vav -—-v-vvv‘\ ﬂ r
5 250000 1 m 11 W r W
el 19 21| \24
< 500000 L 25
-750000 \ 2!
~1000000 1 1
1250000 | Fiealtty s
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-1750000
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-2000000 -
L L LR R R I S I O O B L1 . SECSL S LS. LG I | L L
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Fig. 3 Determination of the most discriminant volatiles and their
correlation with healthy tomato plants and tomato plants infested by 50,
100 and 200 Trialeurodes vaporariorum adults (S0Tv-inf, 100Tv-inf and
200Tv-inf, respectively). a The 13 most discriminant volatiles between
healthy and infested tomato plants are listed in decreasing importance
based on the mean decrease in accuracy (MDA > 1) in the random forest

100 T. vaporariorum adults (Fig. 3d). According to the hori-
zontal direction of the heatmap, all samples were classified in
two main groups, i.e. one composed of plants infested with
100 T. vaporariorum adults, and another group composed of
the rest of the samples (i.e. combination of healthy plants and
others infested with 50 and 200 7. vaporariorum adults). The
results of the sSPLS-DA biplot specifically showed that (£)-(3-
caryophyllene, 3-elemene, allo-ocimene, x-phellandrene,
(E)-f3-ocimene, (3-phellandrene, 3-carene, terpinolene, p-
cymene, 3-myrcene and o-humulene were highly associated
with plants infested with 100 7. vaporariorum adults, which
attracted the parasitoid. Therefore, we focused on these VOCs
for testing the attractiveness of the parasitoid E. formosa to
synthetic compounds.

Bioassays with Synthetic Compounds Encarsia formosa
responded differently to the various doses of compounds
tested individually (Fig. 4). The parasitoid was attracted
to B-ocimene at 60 ng (x> =5.06, df=1, P=0.024) and
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analysis. b A sPLS-DA plot displaying the distribution of healthy and
infested tomato plants. ¢ A sPLS-DA biplot showing the correlation of the
most discriminant volatiles with healthy and infested tomato plants. d
Heatmap clustering showing the abundance (in decreasing colour inten-
sity) of the most discriminant VOCs across replicates of healthy and
infested tomato plants

600 ng (x*=8.01, df=1, P=0.003) doses compared to
the control (dichloromethane). The parasitoid was also
attracted to B-myrcene at 80 ng (x*>=4.63, df=1, P=
0.03) and 800 ng (x*=6.13, df=1, P=0.013) doses com-
pared to the control. Moreover, 3-carene attracted
E. formosa only at the 100 ng dose (x*=6.13, df=1,
P=0.013) and «-phellandrene at 200 ng dose (x*=7.81,
df=1, P=0.005) compared to the control. On the other
hand, terpinolene, p-cymene, «-humulene and (E)-[3-
caryophyllene were not attractive to the parasitoid at any
of the tested doses (Fig. 4).

The parasitoid E. formosa was attracted to the blend of
the four attractants 3-carene, «-phellandrene, (3-myrcene
and (3-ocimene mixed at their optimal attractant doses
(B1) compared to the control (dichloromethane) (x*=
6.28, df=1, P=0.012) (Fig. 5). However, the parasitoid
was highly attracted to the mixture of the four attractants
when blended at the intermediate attractant doses (B2)
compared to the control (x*=11.39, df=1, P< 0.001).
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Fig.4 Olfactory responses of Encarsia formosa to three doses of selected

synthetic volatile compounds. 80 insects were tested per choice. DCM =
dichloromethane. nr = number of non-respondent insects (i.e. no choice).

On the other hand, E. formosa was not attracted to the
blend when the attractant compounds were mixed at their
lowest doses (B3) compared to the control ()(2 =3.24, df-
=1, P=0.072) (Fig. 5).

DCM 4-compound blend P nr

% Respondent insects

Fig. 5 Encarsia formosa attractiveness to mixtures of attractant
compounds blended at the attractant doses of (B1): 100 ng 3-carene,
200 ng o-phellandrene, 600 ng 3-ocimene and 800 ng (3-myrcene and
(B2): 100 ng 3-carene, 200 ng «-phellandrene, 60 ng (3-ocimene and
80 ng (-myrcene, and at lowest tested doses of (B3): 1 ng 3-carene,
20 ng o-phellandrene, 6 ng (3-ocimene and 8 ng (3-myrcene. 80 insects
were tested per choice test. DCM = dichloromethane. nr = number of non-
respondent insects (i.e. no choice). P = statistical significance level with
ns = no significant difference (P> 0.05); *, *** = significant differences
at P<0.05 and P<0.001 from x test at o =0.05
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P = statistical significance level with ns=no significant difference at
P> 0.05; *, ** =significant differences at P<0.05 and P<0.01 from
xz test at « =0.05

Discussion

We have shown that the parasitoid E. formosa responded to
volatiles of 7. vaporariorum adult-infested tomato plants, and
this response varied with the host infestation density. Encarsia
formosa was attracted to volatiles of plants infested with
100 T. vaporariorum adults, and the parasitoid preferred
100-T. vaporariorum adult-infested tomato plant volatiles
compared to healthy plant volatiles. Hence, plants infested
with 100 7. vaporariorum adults produced specific induced
plant volatiles which are detected by the parasitoid to discrim-
inate between infested and healthy tomato plants. Our results
support previous studies on other plant-host-parasitoid sys-
tems. For example, E. formosa was reported to be attracted
to volatiles of T. vaporariorum adult-infested P. vulgaris
plants and B. tabaci adult-infested A. thaliana plants com-
pared to volatiles of healthy plants (Birkett et al. 2003;
Zhang et al. 2013a). Similarly, E. formosa preferred Myzus
persicae (Sulzer) (Hemiptera: Aphididae) adult-infested to-
mato plant volatiles relative to volatiles of healthy plants
(Tan and Liu 2014). The attraction of parasitoids to specific
host infestation density is the result of qualitative and
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quantitative differences in volatile emission between healthy
and herbivore-infested plants (McCormick et al. 2012; Shiojiri
et al. 2010). We found that the infestation density of
100 T. vaporariorum adults changed the quality and quantity
of released volatile compounds in tomato plants. Our tomato
volatile analysis showed that volatile emission reached a max-
imum at an intermediate host density (100 T. vaporariorum
adults). Similarly volatile emission by Brasica nigra L.
(Brassicaceae) plants infested with Myzus persicae (Sulzer)
(Hemiptera: Aphididae) aphid increased at the infestation den-
sity of 50 aphid adults compared to infestation by lower (i.e.
25) and higher (i.e. 100) host densities (Ponzio et al. 2016).
The VOCs f3-pinene, 6-methyl-5-hepten-2-one, benzalde-
hyde, 3-carene, allo-ocimene and (3-elemene were specific to
100-T. vaporariorum adult-infested tomato plants, and levels
of p-cymene, a-phellandrene, (E)-f3-ocimene and (E)-[3-
caryophyllene increased in the attractant
100 T. vaporariorum adult-infested tomato plants compared
to healthy plants.

The parasitoid E. formosa was, however, not attracted to
volatiles produced by tomato plants infested with 50 or
200 T. vaporariorum adults. Our findings on the host infesta-
tion density dependent-olfactory response in E. formosa cor-
roborated the findings of previous studies on other parasitoid
species of phloem-feeding herbivores, where an infestation
threshold is generally required for the parasitoids for optimal
response to herbivore-infested plants (Lou et al. 2005; Ponzio
et al. 2016). Lou et al. (2005) reported that the parasitoid
Anagrus nilaparvatae Pang and Wang (Hymenoptera:
Mymaridae) was attracted to volatiles of Oryza sativa L.
(Poaceae) plants infested with 10 or 20 Nilaparvata lugens
Stél (Hemiptera: Delphacidae) adults, but there was no attrac-
tion to plants with lower (1 or 5) or higher (40 or 80) infesta-
tion densities. This density-dependent olfactory response was
also reported for the parasitoid Dieaeretiella rapae
(MclIntoch) (Hymenoptera: Braconidae) which preferred vol-
atiles of B. nigra plants infested with 25 M. persicae aphid
nymphs over those of healthy plants, but it showed no attrac-
tion to plants infested with higher host infestation density, i.e.
50 or 100 M. persicae nymphs (Ponzio et al. 2016).

In our study, the relatively low attraction of E. formosa to
plants infested by either low or high 7. vaporariorum adult
infestation densities could be explained by the results obtained
from our volatile analysis. Phloem-feeding herbivores such as
whiteflies and aphids which are salicylic acid pathway in-
ducers may activate or suppress the plant defence mecha-
nisms, thus emission of volatiles, depending on their density
and the infestation or feeding duration (Lou et al. 2005;
Walling 2008; Zhang et al. 2013b). We found that 50 whitefly
adults induced minor changes in the plant volatiles, where
benzaldehyde, (3-pinene, and 6-methyl-5-hepten-2-one were
only released in 50 whitefly adult-infested tomato plants com-
pared to healthy plants. On the other hand, we found that

@ Springer

volatile emission declined in tomato plants infested with
200 T. vaporariorum adults compared to plants infested with
100 T. vaporariorum adults. Specifically, x-phellandrene, p-
cymene, (E)-f3-caryophyllene and x-humulene decreased in
200-T. vaporariorum adult-infested plants compared to 100-
T. vaporariorum adult-infested plants, and also (E)-f3-
caryophyllene decreased in 200-T. vaporariorum adult-
infested plants compared to healthy plants. Darshanee et al.
(2017) reported that o-humulene and (E)-(3-caryophyllene
emission decreased in tomato plants infested with
200 T. vaporariorum adults compared to healthy plants. The
decrease of volatile emission at the highest 7. vaporariorum
infestation density could be explained by an inhibitory effect
on the jasmonic acid-regulated pathway, as observed for
B. tabaci feeding on Arabidopsis and tomato plants (Su
et al. 2018; Zarate et al. 2007; Zhang et al. 2013b, 2019).
Estrada-Hernandez et al. (2009) also reported that a high
B. tabaci feeding intensity on tomato plants led to downregu-
lation of genes associated with photosynthesis and secondary
metabolites. Therefore, we speculate that the high
T. vaporariorum infestation rate could have induced a reduc-
tion in photosynthetic activity and secondary metabolite syn-
thesis. Moreover, it is likely that the high 7. vaporariorum
density which correlated with a high feeding intensity could
have weakened the plant quality and thus its ability to main-
tain normal physiological processes, which could potentially
decrease whitefly survival and fitness, which in turn affects
the fitness of the parasitoid. It has been observed that a high
infestation density and longer feeding period of B. fabaci
whiteflies on cucumber crops resulted in a reduction in plant
photosynthetic activity (Shannag and Freihat 2009). Palumbo
et al. (2000) also reported that heavy Bemisia whitefly density
led to a reduction in the growth and vigor of alfalfa (Medicago
sativa L. (Fabaceae)) plants through the reduction in the plant
crude protein content.

Herbivore-induced plant volatiles serve as kairomones dur-
ing host location by parasitoids. We found that synthetic 3-
carene, [3-myrcene, [3-ocimene and x-phellandrene tested in-
dividually attracted E. formosa. These attractant compounds
were either specific to or abundant in the attractant 100-
T. vaporariorum adult-infested plants compared to
unattractant plants, i.e. healthy plants and plants infested with
50 and 200 T. vaporariorum adults. Among these compounds,
only [3-myrcene has been previously identified as an attractant
to E. formosa, from a study on HIPV of B. tabaci adult-
infested A. thaliana plants (Zhang et al. 2013a). However,
other E. formosa attractants: (Z)-3-hexen-1-ol, 4,8-dimethyl-
1,3,7-nonatriene, and 3-octanone have been identified in
T. vaporariorum adult-infested P. vulgaris plant volatiles
(Birkett et al. 2003). The E. formosa-attracting compounds
identified in our study have been reported to mediate olfactory
responses in other parasitoid species. For instance, o-
phellandrene and (E)-f3-ocimene induced by phloem-feeding
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aphids were reported to be attractants for the aphid parasitoid
Aphidius ervi Haliday (Hymenoptera: Braconidae) (Takemoto
and Takabayashi 2015). Moreover, 3-carene attracted
Chouioia cunea (Yang) (Hymenoptera: Eulophidae), a pupal
parasitoid of Hypanthia cunea (Drury) (Lepidoptera:
Arctiidae) (Pan et al. 2020). The dose-response assays in our
study revealed that, except for o-phellandrene, the proportion
of attracted parasitoids slightly increased as the test dose in-
creased. Doses of compounds attractive to E. formosa in pre-
vious studies were: e.g. 360 ng 3-myrcene in olfactometer
(Zhang et al. 2013a), and 10 pg (£)-3-hexen-1-ol in wind
tunnels (Birkett et al. 2003), suggesting that the doses tested
in our study were in relevant range to elicit attraction in the
parasitoid. Natural enemies are likely to use blend of odours
when foraging for host and prey (Conchou et al. 2019;
Thomas-Danguin et al. 2014). Our results showed that the
parasitoid E. formosa was highly attracted to the blend of
the four attractants, i.e. 3-carene, 3-myrcene, (3-ocimene and
o-phellandrene when tested against clean air. However, the
parasitoid attractiveness was reduced when concentrations of
two compounds, (3-myrcene and {3-ocimene, were increased
by 10-fold, indicating that the parasitoid could be sensitive to
the relative concentration and ratio of these compounds in the
blend. A previous study reported that the mixture of (Z)-3-
hexen-1-ol and 3-octanone elicited the greatest attraction by
E. formosa in wind tunnel assays (Birkett et al. 2003).

In summary, our findings show that the density of the
whitefly 7. vaporariorum adults on tomato plants influences
both the olfactory response of E. formosa and the volatile
composition of infested tomato plants. We also demonstrate
that terpenes are responsible for E. formosa attraction to
T. vaporariorum adult-infested tomato plants. The 4-
component terpene blend of 3-carene, 3-myrcene, 3-
ocimene and o-phellandrene, could be used as a kairomone-
based attractant lure to recruit and retain the parasitoid for the
control of 7. vaporariorum in tomato crop fields.
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Abstract: The African weaver ant, Oecophylla longinoda, is used as a biological control agent for the
management of pests. The ant has several exocrine glands in the abdomen, including Dufour’s,
poison, rectal, and sternal glands, which are associated with pheromone secretions for intra-specific
communication. Previous studies have analyzed the gland secretions of Dufour’s and poison glands.
The chemistry of the rectal and sternal glands is unknown. We re-analyzed the secretions from
Dufour’s and poison glands plus the rectal and sternal glands to compare their chemistries and
identify additional components. We used the solid-phase microextraction (SPME) technique to collect
gland headspace volatiles and solvent extraction for the secretions. Coupled gas chromatography—
mass spectrometry (GC-MS) analysis detected a total of 78 components, of which 62 were being
reported for the first time. These additional components included 32 hydrocarbons, 12 carboxylic
acids, 5 aldehydes, 3 alcohols, 2 ketones, 4 terpenes, 3 sterols, and 1 benzenoid. The chemistry
of Dufour’s and poison glands showed a strong overlap and was distinct from that of the rectal
and sternal glands. The different gland mixtures may contribute to the different physiological and
behavioral functions in this ant species.

Keywords: weaver ant; biological control; hydrocarbons; solid-phase microextraction (SPME);
mass spectrometry

1. Introduction

Chemical communication is a well-documented phenomenon in ants [1], used within
and outside the nest [2] for recruitment [3], defense [4], alarm [5], nestmate [6], and sexual
recognition [7]. Ant semiochemicals are primarily released from different glands, for
example, the Pavan gland located in the abdomen of ants in the families Dolichoderinae
and Aneureinae [8], Dufour’s gland in harvester ants, [3], the sternal gland in African stink
ants (Pachycondyla tarsata) [9], and the hindgut of the jet ant (Lasius fuliginosus) [10].

Weaver ants of the genus Oecophylla consist of two extant species, O. longinoda and O.
smaragdina, distributed in the old-world tropics and known for sophisticated nest-building
behaviors [11]. These ants possess different glands located in the abdomen, which are
used for various purposes [12,13]. The poison gland of Oecophylla longinoda contains a
large quantity of formic acid, whereas in O. smaragdina, the key component in the gland
secretion is undecane [13,14]. Dufour’s gland, in both species, contains a mixture of
hydrocarbons, including undecane and other n-alkanes (decane, dodecane, pentadecane,
heptadecane, nonadecane, heneicosane, docosane, and tricosane) [13,14]. The two major
compounds in the glands, formic acid and undecane, are used as an alarm/defense system
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in O. longinoda [13]. The functions of the gland secretions have not been well studied in
O. smaragdina. Two more glands are reported in O. longinoda: the rectal gland releases
pheromones that mediate recruitment to new food sources [12], whereas emigration to new
sites and short-range recruitment to territorial intruders are facilitated by secretions from
the sternal gland [12].

Previous studies have identified 23 compounds in Dufour’s gland secretions, with
two compounds identified in the poison gland [13]. This study, which was carried out
over four decades ago, used less sensitive analytical chemical techniques based on mass
spectrometry fitted with packed glass columns and degradative reactions of isolates ob-
tained from preparative chromatographic analysis to identify compounds. A recent study
using modern and more sensitive analytical chemical techniques provided a comprehen-
sive comparison of the chemical profiles of the cuticle, Dufour’s glands, poison glands,
the head, headspace volatiles, and trails of a related species, O. smaragdina [14]. In this
study, a total of 59 compounds were identified from these glands of worker ants, including
aldehydes, alcohols, carboxylic acid, esters, fatty acids, terpenes, and hydrocarbons. Given
these findings for O. smaragdina, we hypothesized that additional potential semiochemicals
may be released in the abdominal gland secretions of O. longinoda.

Thus, in the present study, we re-analyzed the secretions of Dufour’s and poison
glands to identify additional components. Further, since little is known about the composi-
tion of the sternal and rectal glands, we explored the chemistry of their secretions.

2. Results

Our results demonstrate that the use of more than one technique to collect gland
secretions, followed by gas chromatography—mass spectrometry (GC-MS) analysis, reveals
a complex blend of compounds, including chemical signatures associated with the different
glands. Interestingly, GC-MS analysis detected a total of 78 components from secretions
of the four glands, of which 62 are reported for the first time (presented in bold font in
Tables 1 and 2). Of these 62 additional components, the identities of 28 were confirmed
with authentic samples. Quantitative variations in the detected components are shown in
Tables 1 and 2. These additional components include a complex mixture of 32 hydrocar-
bons (51.6%), dominated by unsaturated alkanes, which ranged in chain length from 13 to
25 carbon atoms; saturated alkanes of chain length from 6 to 31 carbon atoms were also
detected, as were 12 carboxylic acids (19.4%), dominated by short-chain fatty acids of chain
length from two to seven carbon atoms; 5 aldehydes (8.1%); 3 alcohols (4.8%); 2 ketones
(3.2%); 4 terpenes (6.5%); 3 sterols (4.8%) and 1 benzenoid (1.6%). Solvent-extracted glands
and headspace volatiles gave similar profiles, dominated by hydrocarbons, which were
also identified in the gland secretions of O. smaragdina [14]. However, we found that the
headspace volatiles were richer in fatty acids than the solvent-extracted glands. These data
suggest further investigation into the potential pheromonal roles of these fatty acids and
possibly the terpene p-cymene [13] and caryophyllene detected in the headspace volatiles.
The patterns of the composition of the hydrocarbons were similar for both Dufour’s and
poison glands. Likewise, the compositions of the rectal and sternal glands were similar,
comprising saturated alkanes of chain length from 8 to 31 carbon atoms.
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Table 1. Percentage compositions and amounts of compounds detected in Dufour’s, poison, sternal, and rectal gland extracts of major workers of Oecophylla longinoda.

Content (%) Mean + SE Absolute Amount (ng)
Compounds RT RI Dufour’s Poison Rectal Sternal Dufour’s Poison Rectal Sternal
Hydrocarbons

Heptane @ 3.82 700 - - - - - - 34
Octane ? 6.51 800 - 0.09 + 0.01 1.79 0.91 0.84 0.86
Unidentified branched alkane 1 7.85 842 - - - 1.04
Nonane ? 9.53 900 - 0.94 3.42 1.89
Decane ? 11.88 1000 0.90 + 0.08 0.23 4 0.10 2.16 - 1.39 1.09
Unidentified alkene 1° 12.25 1041 0.16 £ 0.08 - - - 1.01 - - -
Undecane ? 13.38 1100 8.62 + 3.27 7.33 + 6.46 68.64 - 16.18 12.6
Dodecane @ 14.84 1200 131+115 [ OSOEE0EE 22 1.37 3.07 2.01
Unidentified branched alkane 2 ? 16.07 1276 - - - 0.74 + 0.27 - - - 1.92
Unidentified branched alkane 3 P 16.25 1288 - - - _ - - - 2.1
Unidentified alkene 2P 16.29 1291 0.51 + 0.07 - - - 1.54 - - -
Unidentified alkene 3 ? 16.31 1292 1.61 +0.13 - - - 3.38 - - -
Tridecane 16.61 1300 0.77 4 0.12 4.65+3.72 3.12 4 0.60 8.59 2.53 9.05 5.78
Tetradecane 2 17.48 1400 1.99 + 0.85 1.35 4+ 0.45 1.3 5.42 3.15 1.13
Pentadecane 2 18.69 1500 418 +1.28 12.54 4.63 3.13 7.49
Unidentified alkene 4 ° 18.99 1520 0.14 £ 0.02 - - - 0.96 - - -
Hexadecane 20.48 1600 007+o001 [ 137032 0.50 = 0.12 0.84 3.39 3.19 1.54
Unidentified alkene 5 21.05 1663 1.07 £ 0.12 - - - 2.48 - - -
Unidentified alkene 6 P 21.12 1669 - - - 2.13 - - -
Heptadecane 2 21.47 1700 0.11 + 0.01 - 3.70 +1.03 0.89 - 7.36 6.29
Octadecane 2 22.46 1800 0.09 + 0.02 1.08 + 0.32 0.88 3.08 2.66 1.63
Nonadecane 2 23.44 1900 1.16 £+ 0.11 3.27 4+ 0.86 1.81 + 0.66 2.49 4 0.37 2.74 8.45 3.97 4.75
Unidentified alkene 7 ° 23.82 1949 0.24 + 0.03 - - - 1.14 - - -
Eicosane 2 24.31 2000 0.55 + 0.06 1.77 + 0.35 1.67 12.16 5.08 3.59
Unidentified alkene 8 24.95 2070 - - 2.67 - - -
Heneicosane 2 25.01 2100 8.38 + 1.75 22.14 12.89 15.75 27.58
Docosane 2 25.97 2200 3.66 + 0.40 2.32+0.15 3.73 9.49 7.29 4.48
Unidentified alkene 9 ° 26.8 2239 I - 4.82 - 9.31 -
Tricosane ? 26.98 2300 28.99 21.45 23.64 40.07
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Table 1. Cont.

Compounds RT RI
Unidentified alkene 10 ° 27.53 2364
Tetracosane ? 27.61 2400
Pentacosane 2 28.61 2500
Hexacosane 2 29.87 2600
Heptacosane ? 30.43 2700
Octacosane 2 30.79 2800
Nonacosane ? 33.39 2900
Squalene ? 33.57 2934
Triacontane 2 341 3000
Hentriacontane 2 34.89 3100
Decanoic acid @ 16.45 1301
Hexadecanoic acid @ 23.68 1933
Unidentified carboxylic acid 1P 25.75 2156
Octadecanoic acid ? 25.94 2177
a-Cedrene? 18.11 1422
Unidentified alcohol 1° 24.81 2055
Cholesterol @ 35.56 3074
Unidentified sterol 1P 36.14 3094

Campesterol @ 37.6

Dufour’s

0.25 £ 0.03

0.77 £0.14
0.40 £ 0.05
1.66 +0.19
0.30 £ 0.03

Content (%) Mean + SE Absolute Amount (ng)
Poison Rectal Sternal Dufour’s Poison Rectal Sternal
4.07 £0.73 3.78 £ 0.53 1.33 12.89 8.02 6.85
- - - 1.11 - -
416 +£1.78 4.58 £+ 0.81 3.91 £ 0.54 2.54 10.56 8.94 7.06
3.65 + 0.47 - 16.05 6.16 6.63
- 17.42 9.6 452
- 12.08 5.52 6.49
- 10.6 15.16 9.31
- 12.15 7.28 4.65
- 10.23 7.73 4.89
6.20 = 2.54 - - 15.38 9.22 -
Carboxylic acids
- - - 1.74 - - -
- - - 1.13 - - -
- - - 2.43 - - -
- - - 1.25 - - -
Terpene
- - 0.96 + 0.46 - - -
Alcohol
- - 9.8 - -
Sterols
- - 15.16 - -
4.07 £1.95 - - 10.33 - -

RT (min): retention time in minutes; SE: standard error;  compounds identified by the injection of synthetic standards; ® compounds tentatively identified by gas chromatography-mass spectrometry (GC-MS)
library data only. RI: retention index relative to C¢—Cs; n-alkanes on an HP-5 MS column. Compound names in bold are additional components reported for the first time in gland secretions. RSD < 10, green;

RSD < 50, yellow; RSD < 100, red; and RSD > 100, no color.
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Table 2. Percentage compositions and amounts of headspace volatiles of Dufour’s and poison glands of major workers of O. longinoda.

Content (%) Mean + SE Absolute Amount (ng)
Compounds RT RI Dufour’s Poison Dufour’s Poison
Hydrocarbons
Nonane ? 9.53 900 0.19 £0.12 0.02 +£0.01 7.6 0.82
Decane @ 11.88 1000 - 117.19 -
Unidentified alkene 1P 12.83 1077 0.35 £ 0.24 5.47 2.46
Undecane @ 13.38 1100 32.52 £ 8.99 2149.44 164.64
Unidentified alkene 2 ° 14.44 1167 0.16 £ 0.10 5.89 1.51
Dodecane ? 14.84 1200 0.82 £0.20 117.52 4.85
Unidentified alkene 3 P 14.56 1245 - 17.63 -
Unidentified alkene 4 P 15.7 1251 0.15£0.11 - 6.02 -
Unidentified alkene 5 15.83 1260 0.33 £ 0.08 31.67 2.37
Unidentified alkene 6 P 15.94 1265 3.89 £ 0.80 1.13+0.36 141.75 6.39
Tridecane ? 16.61 1300 11.29 + 1.50 4.30 +1.37 109.73 224
Unidentified alkene 7P 17.2 1352 0.25£0.14 - 9.92 -
Tetradecane ? 17.48 1400 1.14 + 0.17 0.39 £0.23 4221 2.68
Pentadecane ? 18.69 1500 8.47 £ 3.20 307.56 31.35
Unidentified alkene 8 19.62 1538 __ 497 -
Hexadecane ? 19.84 1600 0.12 £ 0.06 0.20 £0.19 5.01 1.72
Unidentified alkene 9 ° 21.12 1669 0.52 + 0.06 - 0374006 19.51 2.57
Heptadecane ? 21.47 1700 0.12 £ 0.06 - 513 -
Octadecane ? 22.46 1800 0.11 £ 0.08 0.12 £ 0.03 4.85 1.34
Eicosane ? 24.31 2000 - 9.02 -
Heneicosane ? 25.01 2100 0.18 £0.11 7.16 1.12
Docosane @ 25.97 2200 0.36 = 0.29 0.24 +0.23 13.75 1.93
Tricosane ? 26.98 2300 0.13 +£0.10 0.25+0.21 5.49 1.95
Tetracosane # 27.61 2400 0.46 £ 0.32 0.35£0.23 17.25 2.47
Carboxylic acids
Formic acid @ 1.9 - - 194.59
Acetic acid ? 2.37 0.68 £ 0.47 _ 25.39 18.11
Propanoic acid 2 3.42 0.16 £0.10 0.43 £ 0.08 6.61 29
2-Propenoic acid @ 3.63 _ - 6.61 -
2-Methylpropanoic acid 522 0.11 +0.07 0.03 4= 0.02 11 0.88
Butanoic acid ? 6.05 0.17 £0.15 0.10 £ 0.07 4.62 1.22
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Table 2. Cont.

Content (%) Mean + SE Absolute Amount (ng)
Compounds RT RI Dufour’s Poison Dufour’s Poison
3-Methylbutanoic acid @ 7.81 0.06 &+ 0.05 0.09 &+ 0.06 6.93 1.19
2-Methylhexanoic acid ? 8.04 - _ - 1.58
Unidentified carboxylic acid 1° 17.72 - 0.52 £0.27 - 3.31
Aldehydes
Acetaldehyde @ 1.13 _ 8.21 14.2
2-Methylbutanal 2 2.84 - 0.08 &+ 0.05 - 1.14
Hexanal ? 6.34 0.03 £ 0.02 1.91 1.44
Heptanal @ 9.09 - _ - 1.04
Unidentified aldehyde 1P 21.28 0.09 £+ 0.06 - 412
Terpenes
p-Cymene ? 11.6 1000 - 0.07 &+ 0.04 - 1.06
Caryophyllene ? 17.8 1400 0.13 £ 0.11 - 528 -
Unidentified sesquiterpene 1° 19.08 1500 - 0.18 £ 0.11 - 1.64
Alcohols
Unidentified alcohol 1° 17.87 1400 - - 010+017 - 2.24
1-Tridecanol P 18.43 1444 0.72 £ 0.16 - 27.31 -
Ketones
Acetone ? 1.61 - 001+000 - 0.89 -
Unidentified ketone 1° 13.48 0.37 £ 0.26 - 2.1
Benzenoid
Styrene @ 8.78 878 - 0.12 £0.12 - 13
Miscellaneous
Unknown 1 1.52 - 3.03 £2.06 - -
Unknown 2 5.19 - - -
Unknown 3 11.04 - _ - -
Unknown 4 15.65 - 0.16 +0.13 - -
Unknown 5 17.96 - 0.40 £ 0.15 - -
Unknown 6 18.07 - 0.25 £ 0.13 - -
Unknown 7 18.18 - 0.26 + 0.25 - -
Unknown 8 18.25 - 0.49 +0.29 - -
Unknown : _ omson :

RT (min): retention time in minutes; SE: standard error;  compounds identified by the injection of synthetic standards; ® compounds tentatively identified by GC-MS library data only. RI: Retention index
relative to C¢—Cs; n-alkanes on an HP-5 MS column. Compound names in bold are additional components reported for the first time in gland secretions. RSD < 10, green; RSD < 50, yellow; RSD < 100, red; and

RSD > 100, no color.
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We found that undecane, heneicosane, and tricosane in Dufour’s gland secretions
formed ~70% of the composition. Our results agree with previous work that reported
these three compounds as the major components of the secretions of Dufour’s gland of
O. longinoda [13], which act as alarm pheromones for the ant. It is possible that the low
vapor pressures associated with some of these hydrocarbons, especially those ranging in
chain length between 25 and 31 carbon atoms could help moderate the volatility of other
components in Dufour’s gland secretions. Comparing our results to those reported by
Bradshaw et al. [13], we identified seven classes of chemicals (hydrocarbons, carboxylic
acids, terpenes, aldehydes, alcohols, ketones, and benzenoid), whereas these authors iden-
tified only two classes of chemicals (hydrocarbons and ester), comprising 23 compounds
in Dufour’s gland of O. longinoda. This confirms the efficiency of our method (combining
solid-phase microextraction (SPME) and solvent extraction) for both qualitative and quan-
titative analysis of gland secretions compared to the use of solvent extraction alone. Of
the 23 compounds identified in [13], 22 were hydrocarbons (decane, undecane, dodecene,
dodecane, 4-tridecene, tridecane, tetradecane, pentadecene, pentadecane, hexadecane,
8-heptadecene, heptadecane, octadecane, nonadecane, eicosane, heneicosene, heneicosane,
docosane, tricosene, tricosane, pentacosane, and 4,7-heptadecadiene). The ester was par-
tially identified as a hexadecyl ester. Notably, we did not identify any ester in Dufour’s
gland secretions, although we found several carboxylic acids and alcohols detected in
low quantities. As such, it is possible that given the right enzymes, the population of O.
longinoda used in the current study or another population can make esters in Dufour’s
gland secretions. Such differences in chemical signatures between populations may also be
influenced by diet, geographic location, season, and environmental factors. Our results
are in agreement with those of [13] and those found for the related species, the Asian
weaver ant, O. smaragdina [14,15], which showed that the composition of Dufour’s gland
secretions is dominated by the hydrocarbons undecane, heneicosane, and pentadecane,
constituting more than 60% of the gland components (Table 1). Thus, it appears that the
presence of undecane, heneicosane, and pentadecane in a higher proportion in Dufour’s
gland secretions may serve as a generic chemical signature for these ant species, with the
other constituents (ratio and concentration) providing the chemical profile for inter- and
intra-species distinction, though further research is necessary to confirm this.

Interestingly, carboxylic acids have previously been detected in Dufour’s gland of
workers of the crazy ant, Paratrechina longicornis [16]. The role of these carboxylic acids in
this ant species is unknown, although to the best of our knowledge, this is the first study to
identify carboxylic acids in Dufour’s gland of O. longinoda. As previously observed, the
gland secretions of certain ant species also contain aldehydes and terpenes, for instance,
the black garden ant, Lasius niger [17]; the black-headed bull ant, Myrmecia nigriceps; the
giant bull ant, M. gulosa [18]; and the Sahara Desert ant, Cataglyphis bicolor [19]. Like-
wise, alcohols and ketones have been reported in the blood-red ant, Formica sanguinea [20].
Further studies are required to determine the role of these classes of compounds in the
biology of ants. The specific chemical signature of the poison gland secretion dominated
by the hydrocarbons undecane, tricosane, and heptacosane and the carboxylic acid formic
acid (Tables 1 and 2), identified in the present study, seems to agree with the composition
previously reported [13]. Formic acid is one of the components of the alarm pheromone in
O. longinoda [13]. However, Bradshaw et al. [13] partially identified a compound described
as a derivative of 1-hexadecanol in the poison gland. On the other hand, in the present
study, we identified the carboxylic acid derivative hexadecanoic acid of this alcohol in the
Dufour’s gland but not in the poison gland secretion. This suggests that further studies to
investigate the composition of O. longinoda gland secretions from different populations are
necessary to enhance our understanding of gland chemistry. Nonetheless, our results agree
with the composition of hydrocarbons recently reported for the poison gland secretions
of the Asian weaver ant, O. smaragdina, which identified undecane, tricosane, and hene-
icosane as the most abundant components of the gland secretions [14], and formic acid
previously identified as a major component of the poison gland secretions of carpenter ants
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(Camponotus spp.) [21]; the lemon ant, Myrmelachista schumanni [22]; and the red wood ant,
Formica rufa [23].

Chemical analysis of the rectal gland of O. longinoda located in the hindgut revealed
a range of hydrocarbons (Table 1). The major compounds identified were tricosane, un-
decane, and heneicosane. The gland has no specialized glandular tissue but is comprised
of glandular cells responsible for pheromone production [4]. However, in the present
study, since the entire hindgut was examined to access the glandular cells, there was a
possibility of extracting products associated with cuticular components and digested food.
Nonetheless, similar straight-chain hydrocarbons had previously been reported from the
anal gland secretions of the ant Novomessor cockerelli [24].

Likewise, the sternal gland of this ant species does not have a reservoir; instead, the
gland is composed of a group of glandular cells whose ducts penetrate the sclerotized
cuticle [13]. The compounds identified in the sternal gland secretions included mainly
hydrocarbons (Table 1), in agreement with previous results reported for the sternal gland
secretions from the European paper wasp, Polistes dominulus [25]. The sternal-specific
components heptane, x-cedrene, and, especially, dimethyl-branched saturated components,
which were not detected in the other gland secretions, could be associated with cuticular
components. Such differences need further investigation. Consequently, because of the
approach we used to obtain sternal and rectal gland secretions, and to rule out the possibil-
ity of the presence of additional artifacts in our analysis, we did not carry out headspace
collections and analysis of secretions of these glands.

3. Materials and Methods
3.1. Chemicals and Standards

Synthetic standards of alkanes (analytical grade >98% purity) were purchased from
EAD Milliore Corporation, Burlington, MA, USA. A mixture of the alkanes from C¢—Czp
was prepared for the identification of the different alkanes. Formic acid (>98%), acetic acid
(>99.8%), propanoic acid (>99.5%), butanoic acid (>99%), nonanoic acid (>97%), decanoic
acid (>98%), hexadecanoic acid (>99%), octadecanoic acid (>98.5%), squalene (>98%),
cholesterol (>99%), styrene (>99%), acetaldehyde (>99.5%), hexanal (>97%), heptanal
(>95%), p-cymene (>97%), and caryophyllene (>97%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

3.2. Insects

Ant colonies were collected from mango trees at the Muhaka field station (—4°32/41" S,
39°5244"" E) of the International Centre of Insect Physiology and Ecology (icipe) in Kwale
County, Kenya. Tree branches with nests were cut and placed in plastic containers
(45 x 30 x 15 cm?), with fine netting attached to the lid for ventilation. The nests were
transferred to potted mango seedlings in a greenhouse at icipe’s main campus (—1°22/17"" S,
36°89’65" E) in Nairobi, Kenya. Pots were thereafter placed in the center of a tray filled
with soapy water to confine the ants to the host plant as well as to keep predatory insects
from getting access to the ants. The plants were watered and branches pruned regularly to
prevent the ants from escaping. The plants were maintained under natural lighting in the
greenhouse (12 light:12 dark) at 29 &+ 2 °C and 65 £ 5 RH%, and the ants were fed on a
10% sugar solution and freshly killed fruit flies (adult Bactrocera dorsalis and Ceratitis cosyra)
twice a week. A total of seven colonies (four for solvent extraction and three for headspace
sampling) on different seedlings were maintained and used for GC-MS analysis.

3.3. Extraction of Ant Gland Contents

To extract glandular contents, adult major worker ants were immobilized on ice
and abdomens removed using dissection scissors. The four different abdominal glands
(10 Dufour’s glands and 30 sternal, rectal, and poison glands (Figure 1)) were extracted by
carefully removing all the cuticles (dorsal and sternal) and the remnant tissues. To extract
the rectal gland, the whole of the hindgut was removed, and for the sternal gland, the last
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sternite was included to ensure the removal of all the contents. To avoid contamination
among gland components, the water in the petri dish was replaced after each dissection
and the forceps cleaned upon removal of each gland, using cotton soaked in distilled
water followed by washing with acetone. The dissections were carried out in a petri dish
containing distilled water under a simple microscope with a magnification power ranging
from 10x to 30x using fine forceps (5SF, 11250-00 Inox-Biology CE). The glands were
placed in vials containing 2000 uL of hexane and vortexed for 10 s, followed by 30 min of
sonication (ultrasonic bath at room temperature) to agitate particles in the sample. After
this, the suspension was centrifuged at 15,000 rpm for 30 min at 4 °C and the supernatant
was filtered through glass wool. Sodium sulfate (NaSO,) was added to remove water in
the samples, vortexed, and centrifuged at 15,000 rpm for 10 min at 4 °C. The solutions were
evaporated to dryness and reconstituted in 100 pL of hexane.

Figure 1. Schematic diagram of worker African weaver ant’s exocrine glands in the abdomen;
(P) poison, (D) Dufour’s, (S) sternal, (R) rectal, and (H) hindgut.

Each extraction was repeated four times using different glands obtained from different
ant populations for each extraction, and samples were stored at —80 °C until use.

3.4. Headspace Sampling by SPME

Collection of headspace volatiles was performed using a manual solid-phase microex-
traction (SPME) fiber, with a layer of polydimethylsiloxane (PDMS) obtained from Supelco
Co (Bellefonte, PA, USA; Taufkirchen, Germany). Volatile contents of Dufour’s and poison
glands were collected from 10 glands each, combined and obtained from different ant
populations. The gland reservoir was punctured and introduced into 2 mL vials (Supelco)
sealed with a Teflon/silicon septum (Supelco) cap containing an insert. Each fiber was
conditioned at 250 °C for 15 min before use by putting it into the injector port of a GC
instrument operated in split mode with septum purge and purge flow set at 3 mL/min.
Volatiles were collected from the glands by piercing the vial cap with the sample using a
needle. The fiber was then exposed to the headspace, 2 mm above the sample, for 1 h. The
fiber was drawn into the protecting needle before retracting the SPME fiber holder, and
volatile collection was repeated three times using a different fiber. For all samples, a blank
collection was made using the 2 mL vial and repeated three times.

3.5. Coupled Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

Compounds in the glands were identified by coupled gas chromatography-mass
spectrometry (GC-MS) on an HP 7890A series gas chromatograph (Agilent Technologies,
Wilmington, NC, USA) linked to an HP 5975C mass spectrometer (Agilent Technologies,
Wilmington, NC, USA) operated in electron ionization mode (70 eV). The instrument
was equipped with a non-polar HP-5MS capillary column (30 m x 0.25 mm i.d.; 0.25 um
film thickness; ] &W Scientific, Folsom, CA, USA). Helium was used as the carrier gas
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at 1.2 mL min~!. One microliter of each sample was injected in splitless mode at 35 °C
for 5 min, increasing the temperature to 280 °C at 10 °C min~!. The solvent hexane used
for extraction was analyzed similarly. The injector and the detector were held isother-
mal at 280 °C for 35 min. The ion source temperature was 230 °C. Electron ionization
mass spectra were acquired at 70 eV within a mass range of 38-550 Daltons (Da) during
a scan time of 0.73 scans s~ !. Volatile compounds were identified using their retention
times and mass fragmentation spectra against authentic standards (those available). Oth-
ers were tentatively identified using matches of three mass spectral libraries: Adams,
Chemoecol, and National Institute of Standards and Technology (NIST) (MSD Chemstation
E.02.00.493, MS HP, USA). A blend of alkanes (C4—Csy) was injected to calculate the reten-
tion index (RI) = [TR(X) — TR(n)]/[TR(n + 1) — TR(n)]*100 + (100*n), where TR(X) is the
retention time of the studied product, TR(n) is the retention time of the alkane with n car-
bons that eluted before X, and TR(n + 1) is the retention time of the alkane of n + 1 carbons
that eluted after X. Components identified in the blank volatile collections were excluded
from the analysis. Serial dilutions of the authentic standard undecane (0.1-100 ng/uL) were
analyzed by GC-MS to generate a linear calibration curve (peak area vs. concentration),
which gave the coefficient of determination (R? = 0.9937). This regression equation was
used for the external quantification of the different volatile organic compounds (VOCs).

3.6. Statistical Analysis

The relative amounts of compounds were computed by dividing the peak area of the
compound by the sum of the peak areas of all compounds. The data were presented as the
average percentage of replicates. Relative standard deviations (RSDs) were determined
from (1) four different colonies for Table 1 and (2) three colonies for Table 2, using the
following formula RSD = (5*100)/ X, where S is the standard deviation and X the mean of
peak areas of compounds.

4. Conclusions

Our results demonstrate that Dufour’s and poison glands of O. longinoda secrete a
wider range of compounds than previously reported. Moreover, we found some com-
pounds specific to the secretions of these two glands plus the sternal and rectal glands.
As such, our results suggest that using a combination of analytical chemistry techniques,
SPME and solvent extraction, could be a more effective method to unravel the composi-
tion of ant gland secretions. Our findings of the compositions of the gland secretions are
similar and different in some cases between O. longinoda and other ant species, which may
be important for chemotaxonomic studies and phylogenetic relationships. Additionally,
future research should investigate the roles of these additional components identified in
the gland secretions in the biology and physiology of O. longinoda.
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ABSTRACT

Net houses can be used in tropical environments to protect crops such as cowpea against large insect pests,
thereby avoiding pesticide treatments while sustainably mitigating the effects of climate change. We investigated
a push-pull strategy to prevent small insect pest outbreaks in a net house. The push component consisted of two
stimulus plants, i.e. Cymbopogon citratus and Tagetes minuta, and the pull stimuli consisted of visual cues from
blue and yellow sticky traps. Field experiments were set up in central Kenya and conducted during a rainy and a
dry season, involving an open field control treatment, and three management treatments consisting of (1) an
open field push-pull treatment, (2) a net house treatment and (3) a combined net house + push-pull treatment.
Trialeurodes vaporariorum infestations were lower in the net house and net house + push-pull treatments than in
the two open field treatments during the dry period or in the control treatment during the rainy period. Aphis
craccivora infestations were higher in the net house and net house + push-pull treatments than in the control and
open field push-pull treatments during the dry period, while no differences were observed among treatments
during the rainy period. Megalurothrips sjostedti infestations did not vary among treatments in both periods.
Among the larger insect pests, Clavigralla tomentosicollis infestations were lower in the net house and net house +
push-pull treatments than in the open field treatments during the dry period, while Maruca vitrata infestations
were lower in the net house treatment than in the control. During the rainy period, C. tomentosicollis infestations
were higher in the net house + push-pull treatment than in the net house treatment, whereas M. vitrata in-
festations did not vary among treatments. Compared to the control, Empoasca sp. infestations were lower in the
net house and net house + push-pull treatments in both periods, and in the open field push-pull treatment in the
rainy period. Cowpea pod and grain yield and quality were higher in the net house and net house + push-pull
treatments than in the control irrespective of the period. Although the treatments 1 reduced some of the pests,
the net house and net house + push-pull treatments were effective in protecting cowpeas against most of the
pests while improving pod yields in both periods.

1. Introduction

pest damage and thus help meet the rising food demand (de Bon et al.,
2014). Chemical pesticides are effective for pest control but they often

Population growth in developing countries has increased the demand
for safe nutritional food (Alexandratos and Bruinsma, 2012). Vegetable
production plays an important role in feeding the growing urban pop-
ulation in sub-Saharan regions (OECD and FAO, 2016). Farmers have
been resorting to intensive chemical pesticide treatments to reduce crop

have concomitant negative impacts on beneficial arthropods, the envi-
ronment and human health (de Bon et al., 2014). Netting technology
provides an alternative for reducing chemical pesticide treatments
(Martin et al., 2006, 2015) by protecting different vegetable crops
against a wide range of pests, boosting soil moisture, stabilizing the air
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temperature and increasing crop yields and quality (Martin et al., 2006;
Gogo et al., 2012, 2014b; Saidi et al., 2013; Simon et al., 2014; Nordey
et al., 2017). Knitted nets with a 30-40 mesh size (0.9-0.4 mm diameter)
have proven effective as a barrier against large size insect pests (body
length > 2 mm) such as lepidopterans and dipterans, while providing
enough ventilation to mitigate the adverse climate conditions that pre-
vail particularly in the Kenyan highlands (Martin et al., 2015). However,
net houses with such netting do not provide an effective barrier to small
insects (body length < 2 mm) as they can pass through the mesh.

We investigated a push-pull crop protection strategy based on insect
cues combined with the use of netting technology to curb outbreaks of
small insect pests in net houses. In the push-pull strategy, attractant and
repellent stimuli from different sources are simultaneously used to
control the spatial distribution of insect pests and thus reduce their
abundance on the target crop (Cook et al., 2006). Attractant stimuli
divert insects from the target crop by means of taste, egg-laying stimu-
lants, volatile plant attractants, sexual pheromones, and visual stimu-
lants. Repellent stimuli prevent insect pests from finding or accepting its
host via the emission of repellent volatiles, alarm pheromones,
anti-feeding agents, visual distractions, egg-laying repellents and irri-
tants (Cook et al., 2006; Eigenbrode et al., 2016).

Cowpea (Vigna unguiculata L. Walp), is an African indigenous vege-
table (AIV) that can reduce food insecurity and malnutrition in Africa
(Muniu, 2017) since about 200 million people consume cowpea grains
or leaves (Popelka et al., 2006). For example, cowpea is the top ranking
AIV cropped in Kenya, with a total of 65 million t produced over a 24,
431 ha area (HCDA, 2014). Netting technology and the push-pull
strategy could be combined to provide an alternative solution for con-
trolling large and small insect pests of cowpea, thus reducing the need
for pesticide treatments.

The pod borer (Maruca vitrata Fabricius) (Lepidoptera: Crambidae),
and the pod bug (Clavigralla tomentosicollis Stal) (Hemiptera: Coreidae),
are two large insect pests of cowpea that can cause 80% yield losses if no
pesticides are applied (Ekesi et al., 2002; OECD, 2015). C. tomentosicollis
feeds extensively on fresh pods (Koona et al., 2002), whereas M. vitrata
feeds on both flowers and pods (Singh and Jackai, 1988). The bean
flower thrips (Megalurothrips sjostedti Trybom) (Thysanoptera: Thripi-
dae), and the black legume aphid (Aphis craccivora Koch) (Homoptera:
Aphididae), are two small insect pests of cowpea that cause yield losses
of 20-100%, depending on the outbreak severity (Ekesi et al., 1999;
Obopile, 2006; Abtew et al., 2016; Mweke et al., 2018). The feeding
activity of M. sjostedti larvae and adults can lead to flower abortion and
shedding, thereby resulting in reduced crop yields, while heavy
A. craccivora infestations may cause plant stunting and delayed flow-
ering (Obopile and Ositile, 2010; Moritz et al., 2013). In addition,
A. craccivora may transmit viruses to plants (Stoetzel and Miller, 2001;
Borowiak-Sobkowiak et al., 2017). A previous study showed that
M. sjostedti is attracted by blue colours (Muvea et al., 2014), while
A. craccivora is attracted to yellow sticky traps (Webb et al., 1994)—we
thus used sticky traps as a pull stimulus in our study. Our previous
experiment using olfactory tests showed that Mexican marigold (Tagetes
minuta L.), and lemongrass (Cymbopogon citratus DC. Stapf), plants in the
vegetative stage were repellent to female M. sjostedti (Diabate et al.,
2019). Freshly cut lemongrass leaves produce citral, an organic volatile
which is repellent to M. sjostedti. Mexican marigold and lemongrass are
either repellent or insecticidal to A. craccivora (Morallo-Rejesus and
Decena, 1982; Ofuya and Okuku, 1994). In this study, we combined
these repellent push plants with the use of a net house. Insect control
using a push-pull strategy can avoid the need for chemical insecticides,
thereby increasing the opportunity of natural enemies to reduce insect
pest populations (Khan et al., 1997).

We hypothesised that nets could effectively protect cowpea crops
against large insect pests but not small insect pests. The aim of the
present study was to evaluate the effectiveness of three control strategies
against cowpea pests, by combining (a) use of an insect net house to
provide a physical barrier, (b) repellent companion plants to provide an
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olfactory barrier, and (c) a visual trap in the form of coloured sticky
strips as a pest attractant to increase cowpea grain yields and quality.

2. Materials and methods
2.1. Site

The field trial was conducted at Kenya Agricultural and Livestock
Research Organization (KALRO), Industrial Crops Research Centre
(ICRC) Mwea (0°37'09.0"S 37°22/09.4"E) in Kirinyaga County, central
Kenya. Mwea is one of the main areas in Kenya where vegetables,
including cowpea, are grown (Musebe et al., 2005). The four seasons in
Kenya include a short rainy season (October-November), a hot dry
season (January-March), a long rainy season (March—June), and a cold
dry season (July—August) (Hassan, 1998; Foba et al., 2015). The
experiment was conducted during two periods: in the dry period from
October 3, 2017 to January 16, 2018, and in the rainy period from
January 30, 2018 to May 22, 2018. The dry period included one rainy
month (10 October to November 7, 2017) and three dry months (14
November to January 9, 2018), with 358.8 mm total rainfall and
22.71 °C mean temperature. The rainy period included one dry month
(January 30, 2018 to February 27, 2018) followed by three rainy months
(27 February to May 15, 2018), with 679.5 mm total rainfall and
22.50 °C mean temperature. Rainfall and temperature data were
collected at the KALRO ICRC Mwea Kirogo Research Farm.

2.2. Treatments and experimental design

The net house was a locally manufactured high iron framed tunnel
covered with a transparent knitted polyethylene AgroNet 0.4 (A to Z
Textile Mills, Arusha, Tanzania) with a 40 mesh size (0.4 mm diameter
hole size). The high tunnel was 5 m wide, 10 m long and 2.5 m high (flat
on top) in the middle and 2 m high at the sides with a double door. Rain
drops seeped through the top of the net house. Coloured (blue, yellow)
sticky traps were purchased from the ReallPM Company, Thika, Kenya.
Cowpea, V. unguiculata var. Machakos 66 (M66), seeds were purchased
from Dryland Seed Ltd., and lemongrass seedlings were from Simlaw
Seeds Company Ltd., in Nairobi, Kenya. Mexican marigold seeds were
field collected at KALRO-ICRC Mwea. About 40 kg of cow manure was
spread per plot (10 m x 5 m) 2 weeks before sowing the cowpea seeds.
Two cowpea seeds were sown in two hills on each side of the micro-
irrigation emitters at a distance of 25 cm with 1 m inter-row spacing.
Each experimental plot measured 5 m x 10 m and 60 cowpea plants
were planted per row, for a total of 300 plants (60 plants x 5 rows) per
plot.

The experiment involved a total of sixteen plots, with four replicate
plots for each of the four treatments, including: an open field control
treatment (open field), and three management treatments consisting of
(1) an open field push-pull treatment, (2) a net house treatment and (3) a
combined net house + push-pull strategy treatment. Plots were laid out
in a Latin square design with four replicates (Fig. 1). The treatment 1
plots included two repellent plants, lemongrass and Mexican marigold
as push components (Calumpang et al., 2013) and coloured sticky traps
(blue and yellow) as pull components (Webb et al., 1994; Muvea et al.,
2014). Mexican marigold was planted at 20 cm intervals and lemongrass
at 2 m intervals around the plots. Mexican marigold served as a repellent
plant via its continuous release of repellent volatiles. Moreover, on the
basis of previous findings that volatiles emitted by freshly cut lemon-
grass leaves were effective in repelling M. sjostedti for 24 h (Diabate
et al., 2019), freshly cut lemongrass leaf pieces (about 5 cm of each leaf
cut with scissors once a week) were also applied between the rows as
organic mulch to repel M. sjostedti and A. craccivora. In the treatment 3
plots, Mexican marigold was planted outside the net house to discourage
insects from passing through the net and lemongrass was planted inside
the net house along the sides to repel insects that managed to enter. The
experimental plots were separated from each other by 2-m buffer strips
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Fig. 1. Schematic representation of the experimental field set up in a 4 x 4 Latin square design with a total of 16 plots and randomized rows and columns. 300 plants
were grown per plot and plots were separated by 2-m bare soil buffer strips. Four strips of sticky tape (15 cm x 10 m) per push-pull plot were placed at 1 m intervals
between the rows.



S. Diabate et al.

of bare soil. Blue sticky traps were used to catch M. sjostedti and yellow
sticky traps served to capture other insects including whiteflies and
aphids. Four strips of sticky tape (15 cm x 10 m) per push-pull plot were
placed at 1 m intervals between the rows, 1 m above the soil and
attached to sticks fixed to the ground. The traps were removed and
replaced with new ones monthly over the 4-month cowpea cropping
period. Insects on 10 x 10 cm samples of each replaced trap were then
counted in the laboratory. No chemical insecticide treatments were
carried out during in the field experiment, but a biopesticide—a mixture
of 5 ml of liquid soap and 5 g of pepper powder in 20 | of water—was
applied when a threshold of 1000 aphids per plant was reached on three
plants/plot in net house treatments. This biopesticide was sprayed twice
in all treatments (on 17 and November 24, 2017) to slightly reduce the
aphid populations, since high A. craccivora infestation of cowpea plants
can cause high plant mortality (Annan et al., 1994). Biopesticide sprays
were conducted during the dry period to avoid infested plant loss during
the field trial, but this was not done during the rainy period. This
soap/pepper solution provides a safe means to reduce aphid populations
(Poswal and Akpa, 1991; Pahla et al., 2014), but it is less effective than
synthetic insecticides in open field conditions (Ahmed et al., 2019;
Smaili et al., 2014). To the best of our knowledge, there are no reports of
this biopesticide impacting any of the other insects sampled in the study.

2.3. Sampling methods of insects and yield

The insect pests were counted 2 weeks after sowing and thereafter on
a weekly basis for 14 and 15 weeks during the dry and rainy periods,
respectively. Two plants per row were randomly selected and 10 indi-
vidual plants were monitored in 5 rows per plot, for a total of 160 plants
monitored per sampling date. The first and last plants of each row were
not used to avoid border effects. The insects were counted between 9 a.
m. and 3 p.m. in all plots. Adult and immature insects were visually
counted on different parts of each cowpea plant—large insect pests such
as leathoppers, Empoasca sp., brown pod-sucking bugs, C. tomentosicollis,
and larval bean pod borers, M. vitrata, were counted on whole plants.
Small adult insects such as bean flower thrips, M. sjostedti, black legume
aphids, A. craccivora, and greenhouse whiteflies, Trialeurodes vapor-
ariorum Westwood, were counted on one old lower leaf and one young
upper leaf per cowpea plant. A. craccivora and M. sjostedti were also
counted on two picked open flowers, and on two pods per plant.
A. craccivora was counted on a 5 cm portion of the plant stem (the
number of insects counted on 1 cm were multiplied by 5 cm representing
the portion of the plant stem).

The number of flowers and pods were counted on 10 plants randomly
selected per plot. The harvested pods, undamaged pods or pods
damaged by insects were counted and weighed to evaluate the quantity
of marketable pods. Cowpea grains harvested on each plot were placed
in bags and weighed on a mechanical kitchen scale.

2.4. Data analysis

The data were systematically log transformed (log (x+0.5) to ensure
homogeneity of variance and conformation to normality before using a
linear mixed model with random intercepts. Treatments were consid-
ered as fixed factors while plots were random factors. The model was
fitted using the Imer function from the Ime4 package (Bates et al., 2015),
and the fixed factor effects were tested using Type II Wald F tests. When
the tests revealed a significant treatment effect, means were separated
by least squares means (Ismeans) adjusted using the Tukey method.
Between-period comparisons of insects counted on sticky traps and
treatments were performed via Student’s t tests after transformation. R
version 3.3.2 software (R Core Team, 2016) was used for all analyses.
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3. Results

3.1. Colonization of plants by small insect pests in both dry and rainy
periods

In the dry period, cowpea colonization by insects with piercing-
sucking mouthparts such as T. vaporariorum and A. craccivora started
in the control and treatment 1 experiments (open field) 2 and 3 weeks
after sowing, respectively (Fig. 2a and b). A. craccivora infestations were
low in the open field treatments compared to the treatments 2 and 3.
T. vaporariorum was observed on leaves while A. craccivora was noted on
leaves and stems during cowpea seedling stage and on flowers and pods
during the reproductive stage. Peak T. vaporariorum infestations were
detected 6 weeks after sowing in the control plots, whereas A. craccivora
outbreaks peaked 8 and 9 weeks after sowing in the treatment 3 and 2
during the flowering and podding stages, respectively. M. sjostedti in-
festations started during the cowpea flowering stage 8 weeks after
sowing in both open field treatments (Fig. 2c).

In the rainy period, T. vaporariorum, A. craccivora and M. sjostedti
infestations began in periods similar to those noted in the dry season
treatments (Fig. 3a, b, ¢). T. vaporariorum infestations peaked 6 weeks
after sowing in the control plots, while A. craccivora infestations peaked
7 weeks after sowing in the control plots. Three M. sjostedti infestation
peaks occurred 13, 14 and 15 weeks after sowing in the treatments 2, 1
and control plots, respectively.
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Fig. 2. Effects of treatments on adult Trialeurodes vaporariorum (a), adult and
larval Aphis craccivora (b), adult and larval Megalurothrips sjostedti (c) popula-
tion fluctuations in the dry period at KALRO-Mwea (Kenya).
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2017.
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Fig. 3. Effects of treatments on adult Trialeurodes vaporariorum, adult and
larval Aphis craccivora, adult and larval Megalurothrips sjostedti population
fluctuations in the rainy period at KALRO-Mwea (Kenya).

3.2. Effects of dry and rainy periods on small insect pests

The between-period comparison showed that in the rainy period
small insect pest populations were lower than or equal to those in the dry
period (Table 1). In all treatments, the M. sjostedti population did not
differ the dry and rainy periods. However, A. craccivora numbers were
higher in the treatments 2 and 3 in the dry period than in the rainy
period (treatment 2: t = 2.186, df = 114, p = 0.030; treatment 3: t =
4.172, df = 114, p < 0.001). Conversely, the A. craccivora population
was higher in the control and treatments 1 in the rainy period than in the
dry period (control t = —1.899, df = 114, p = 0.059; treatment 1: t =
—1.986, df = 114, p = 0.049). In the control treatment (¢t = 2.846, df =
114, p = 0.005) and treatment 1 (¢t = 4.010, df = 114, p < 0.001),
T. vaporariorum whitefly populations were higher in the dry period than
in the rainy period.

3.3. Effects of each treatment on small insect pests

3.3.1. Megalurothrips sjostedti and Aphis craccivora

M. sjostedti populations did not vary among treatments in both pe-
riods (Table 1). A. craccivora infestations were higher in the treatments 2
and 3 than in control and treatment 1 during the dry period. Otherwise,
A. craccivora infestations did not vary among treatments in the rainy
period.

3.3.2. Trialeurodes vaporariorum

T. vaporariorum numbers were lower in the treatments 2 and 3 than
in the open field treatments during the dry period. T. vaporariorum
populations were higher in the control than in the treatments 2 and 3 in

Table 1

Mean (+SE) and abundance of insects observed per plant among the treatments in the dry period” and rainy period? at KALRO- Mwea (Kenya).

Rainy period

Dry period

Insect pests

P-value
0.22
0.34

F

Treatment 1 Treatment 2 Treatment 3
71+15A

Control

P-value
0.10

F

Treatment 3
99+3.7a

Treatment 2

Treatment 1

Control

small

1.67
1.20

313+7.1A 188 +£5.1A

314+ 7.2A

2.54

426 +11.2a 163 +5.8a

51.0 + 12.6 a

Megalurothrips sjostedti
Aphis craccivora

pests

43.0+165A" 67.7+£329A" 125+6.0A"

101.3 + 39.0

P <0.001

17.33

406.5+213.08b"  518.8+191.5b"

5.10 £ 2.8 a"

24.6 +21.5a"

0.0018

3.7 +1.2A° 1.0+ 0.3AB" 03+0.1B 0.1+0.1B 9.37

P <0.001

3.8+27b 0.1 +£0.1b 18.54

56+ 1.7a"

14.0 + 4.2 a"

Trialeurodes

vaporariorum

0.11

0A 2.45

0A

0.0+ 0.0A

0 Ah

0.025

4.43
8.77
9.41

0.0 + 0.0 ab
0.0+ 0.0b
0b°

0b
0b

0.2+ 0.1ab
0.3+0.1a"

03+0.1a"

Maruca vitrata
Empoasca sp.

large pests

P < 0.001
0.043

01+01C 0+t0C 35.62
3.68

3.1+0.7B"
4.2 + 1.2 AB

8.0+ 1.6 A"

2.7 + 0.8 AB

0.002

0.4+0.1a"
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10.0 + 2.5 B”

2.4+ 1.3A°
3,12). Treatment 1 = Push-pull strategy; Treatment 2

0.001
Standard error, numerator and denominator degrees of freedom (df

5.6+ 25a 0.2+0.2b"

7.5+ 3.0a
Combined net house + push-pull strategy. Small letters correspond to the comparison of treatments in the dry period and capital letters refer to the comparison of treatments in the rainy period

tomentosicollis

Clavigralla
Y Indicates significant differences between the same treatment in the two periods according to the Student’s t-test. The same letter in the same row means not different.

@ From October 3, 2017 to January 9, 2018;2 From January 30, 2018 to May 15, 2018, SE

Net house; Treatment 3

using a linear mixed model (F, p-value). If significant, means were separated by least squares means (Ismeans) adjusted using the Tukey method.
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the rainy period.

3.4. Effects of dry and rainy periods on large insect pests

Infestations of the large insect pest M. vitrata were low infestations in
all treatments, but they were significantly higher in the control during
dry period than in the rainy period (t = 2.810, df = 114, p = 0.005).
Empoasca sp. numbers were found to be highest during the rainy period.
Empoasca sp. infestations were higher in the open field treatments in the
rainy period than in the dry period (control: t = —5.449, df = 114, p <
0.001; treatment 1: t = —4.273, df = 114, p < 0.001). C. tomentosicollis
infestations were higher in the treatment 2 and 3 during the rainy period
than during dry period (treatment 2: t = —2.457, df = 114, p = 0.015;
treatment 3: t = —4.922, df = 114, p < 0.001).

3.5. Effects of each treatment on large insect pests

3.5.1. Maruca vitrata

M. vitrata infestations were lower in the treatment 2 than in the
control during the dry period, but no differences were observed among
treatments during the rainy period.

3.5.2. Empoasca sp.

Empoasca sp. infestations were lower in the treatments 2 and 3 than
in both open field treatments during the dry period. Empoasca sp.
numbers were higher in the control than in all other treatments during
the rainy period. In addition, Empoasca sp. numbers in the treatment 1
were higher than in the treatments 2 and 3 but lower than in the control.

3.5.3. Clavigralla tomentosicollis

C. tomentosicollis infestations were lower in the treatments 2 and 3
than in control and treatment 1 during the dry period (Table 1). How-
ever, C. tomentosicollis numbers were higher in the treatment 3 than in
the treatment 2 in the rainy period. C. tomentosicollis infestations in
control and treatment 1 were not significantly different.

3.6. Pests caught by coloured sticky traps with the push-pull strategy

The yellow sticky traps caught higher T. vaporariorum numbers in the
treatment 1 than in the treatment 3, but no differences were observed
between these two treatments with blue sticky traps (Table 2). The blue
sticky traps caught more M. sjostedti in the treatment 1 than in the
treatment 3. No differences were observed in M. sjostedti numbers
caught on the yellow sticky traps when comparing the treatments 1 with

Table 2

Mean (+SE) number of insects: A. craccivora, M. sjostedti and T. vaporariorum
caught on the coloured sticky traps during the two periods. Dry period from
October 3, 2017 to January 9, 2018. Rainy period from January 30, 2018 to May
15, 2018.

Insects Blue trap Yellow trap

T. vaporariorum Treatment 1 10.6 + 12.8a 2315.3 +£1771.5a
Treatment 3 1.0 + 2.0a 91.2 + 100.0b
t-test 1.438 2.583
P value 0.172 0.021

M. sjostedti Treatment 1 265.4 + 131.7a 4.4 £+ 4.5a
Treatment 3 27.0 + 14.2b 2.1+ 1.4a
t-test 3.487 0.241
P value 0.003 0.812

A. craccivora Treatment 1 Oa 64.6 + 99.9a
Treatment 3 0.25 + 0.32a 93.9 & 88.6a
t-test —1.527 —0.993
P value 0.148 0.337

SE = Standard error, df = 14. Treatment 1 = Push-pull strategy; Treatment 3 =
Combined net house + push-pull strategy. Small letters refer to the comparison
of two treatments per insect in each column using the Student’s t-test at p < 0.05.
The same letter means not significantly different.
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treatments 3. A. craccivora numbers caught on yellow and blue sticky
traps did not differ between the treatments 1 and 3. Only winged aphids
were caught on the traps, whereas mostly nonwinged aphids were
detected on cowpea plants.

3.7. Influence of the planting period on yield parameters

There were no significant differences in the number of open flowers
when comparing the same treatment in the two periods (Table 3). All
yield parameters observed in the present study were lower in both of the
open field treatments in the rainy period than in the dry period,
including the total harvested pod number (control: t = 4.486, df = 114,
p < 0.001; treatment 1: t = 4.441, df = 114, p < 0.001), the total har-
vested pod weight (control: t = 4.469, df = 114, p < 0.001; treatment 1:
t=4.649, df = 114, p < 0.001), marketable harvested pods (control: t =
4.577,df =114, p < 0.001; treatment 1: t = 4.518, df = 114, p < 0.001)
and the marketable harvested pod weight (control: t = 4.528, df = 114,
p < 0.001; treatment 1: t = 4.757, df = 114, p < 0.001). On average, the
harvested pod number in the open field treatments was 220-fold (con-
trol) and 55-fold (treatment 1) greater during the dry period compared
to rainy period. No differences in yield parameters were observed be-
tween periods in both of the net house treatments.

3.8. Effects of treatments on crop yield

The open flower numbers did not differ among the treatments in both
periods and nor any of the pod parameters differ among the treatments
in the dry period (Table 3). However, the total harvested pods and their
weight were 2-fold greater in the treatment 2 than in the control during
the dry period. In addition, marketable harvested pods were 2-fold
greater in the treatments 2 than in both of the open field treatments,
while the marketable pod weights were 2-fold greater in the treatments
2 and 3 than in the control during the dry period. During the rainy
period, the total harvested pods, harvested pod weight, marketable
harvested pods and marketable pod and grain weights were greater in
the treatments 2 and 3 than in the control and treatment 1. However, no
differences were observed between the control and treatment 1 and
between the treatment 2 and the treatment 3 during the rainy period.
The grain quality in the plots was only assessed during the rainy period
and the treatments 2 and 3 grain was better than that harvested in the
open field treatments in the rainy period (Supplementary data).

4. Discussion

The present study showed that net house and net house + push-pull
treatments were effective in protecting cowpea crops against most of the
major large insect pests present. Previous studies revealed effective
protection of vegetable crops grown in high or low tunnels under insect
netting (Martin et al., 2015; Simon et al., 2014). For example, in Benin,
netting reduced diamond back moth, Plutella xylostella L., large cabbage
white, Pieris brassicae L., cabbage webworm, Hellula undalis Fabricius,
and cotton bollworm Helicoverpa armigera Hiibner, populations on cab-
bage crops (Simon et al., 2014).

Here we found that T. vaporariorum and M. sjostedti populations on
cowpea crops in the net house and net house + push-pull treatments
were always lower than in the control. The net house could work as a
screen which disturbs the visual cues used by these insects to locate their
host plants. Gogo et al. (2014b) suggested that the bright white colour of
the nets could act as a visual barrier. Like many insects, whiteflies and
thrips orient their movements visually (Teulon et al., 1999; Antignus
etal., 2001). Net houses reduce UV light penetration, which may in turn
interfere with insects’ vision and dispersion under the net house (Raviv
et al., 2004; Ben-Yakir et al., 2014). By contrast, we found that
A. craccivora infestations were higher in the net house and net house +
push-pull treatments than in open fields, particularly in the dry period.
The aphid outbreaks that occurred in the net house in the dry period
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Table 3
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Mean (+SE) flowers per plant, the total and weight of harvested pods, marketable weight of harvested pods and number of grains per plot among the treatments in the

dry period” and rainy period® at KALRO- Mwea (Kenya).

Dry period Rainy period
Control Treatment 1 Treatment 2 Treatment 3 F P- Control Treatment Treatment 2 Treatment 3 F P-
value 1 value
Flowers 29+07 58+20a 3.7+09a 32+09a 0.13 093 1.7 + 25+05A 33+07A 31+05A 1.02 0.41
a 0.4A
Total harvested ~ 110.3 + 120.8 + 181.60 =+ 149.4 + 0.18  0.90 0.5 + 22+ 1.7 105.3 + 7394178 11.63 P<
pods 30.3a" 31.7 a" 496 a 39.1a 0.5 A" AP 26.3 B B 0.001
Total weight of ~ 282.4 + 288.9 + 478.2 + 403.9 + 0.16  0.91 1.3+ 3.0 +2.7 276.6 + 187.2 + 11.84 P<
pods (g) 78.4 a” 73.7 a" 131.7 a 101.6 a 1.3 A" AP 70.4 B 447 B 0.001
Marketable 70.6 + 75.4 +20.4  156.8 + 124.3 + 0.31 0.81 0A° 1.0 +0.7 104.9 + 69.4 +16.4 1332 P<
harvested 19.1a" a” 43.42 32.1a AP 26.0 B B 0.001
pods
Marketable 198.2 + 201.1 + 431.1 + 348.9 + 0.29 0.83 0A° 0.3+0.3 272.3 + 181.7 + 13.62 P<
weight pod 53.6 a” 51.4 a" 119.9a 86.2a AP 68.7 B 4358 0.001
(€]
Grains 0.7 + 0.8+07A 2275+ 136.2 + 12.28 P<
0.7 A 57.3B 33.1B 0.001

@ From October 3, 2017 to January 9, 2018; 2From January 30, 2018 to May 15, 2018, SE = Standard error, numerator and denominator degrees of freedom (df = 3,
12). Treatment 1 = Push-pull strategy; Treatment 2 = Net house; Treatment 3 = Combined net house + push-pull strategy. Small letters refer to the comparison of
treatments in the dry period and capital letters to comparison of treatments in the rainy period using a linear mixed model (F, p-value). If significant, means were

separated by least squares means (Ismeans) adjusted using the Tukey method.

b Indicates significant differences between the same treatment in the two periods with the Student’s t-test. The same letter in the same row means not different.

suggest that the temperature and humidity conditions under this shelter
were suitable for aphids. Net houses are known to provide conditions
conducive to aphid outbreaks, as reported with regard to Lipaphis erysimi
(Kaltenbach) infestations on cabbage crops in Benin (Simon et al.,
2014), Myzus persica (Sulzer) and Aphis gossypii (Glover) infestations on
sweet pepper crops (Singh et al., 2004) grown under netting. Insect nets
can also protect aphid populations from parasitoids and predators
(Martin et al., 2013). The absence of natural enemies to regulate aphid
populations in the net house and net house + push-pull treatments may
explain the high A. craccivora numbers observed in our study.
Conversely, the presence of natural enemies in open field treatments
could explain the reduced A. craccivora numbers in the dry period-
—many adult and larval coccinellid beetles were actually observed on
plants in open field treatments. Spraying a soap/pepper biopesticide
solution on the cowpea crops reduced aphid populations in our study, in
line with the findings of previous studies (Poswal and Akpa, 1991; Pahla
et al., 2014). Releasing predators or parasitoids inside the net house is
another way to reduce A. craccivora infestations. Yang et al. (2014) re-
ported that the release of Harmonia axyridis (Pallas) natural enemies in
the greenhouse was an effective way to reduce Aphis gossypii Glover
populations on strawberry and cucumber. The severe aphid infestations
we noted on cowpea flowers and pods could explain why cowpea yields
were not as high as expected in the net house and net house + push-pull
treatments. The best cowpea yields were nevertheless obtained in the
net house treatment compared to other treatments despite the
A. craccivora outbreak. The M66 cowpea cultivar used in this study may
be tolerant to A. craccivora, since this cowpea genotype was an improved
variety from the Kenya Agricultural Livestock Research Organization
(KALRO) which is partly tolerant to aphid damage (Kenya Agricultural
Research Institute (KARI), 2008; Kimutai, 2017).

We also hypothesised that the combined use of netting and the push-
pull strategy (treatment 3) could help control small insect pests,
particularly thrips on bean flowers. In our study, lemongrass (C. citratus)
and Mexican marigold (T. minuta) were used to repel (push) insects from
the cowpea crop and sticky traps were used as attractants (pull) to catch
the flying insects. In laboratory assays, M. sjostedti was shown to be
repelled by fresh cut lemongrass leaves but not by old cut leaves (Dia-
bate et al., 2019), but M. sjostedti numbers did not vary among any of the
treatments in our study. Lemongrass leaves were cut once a week and
spread between the rows to repel thrips. In addition, T. minuta likely
continuously released repellent volatiles that prevented M. sjostedti from

locating the cowpea plants. The repellent effect of volatiles could have
been of short duration or the cut lemongrass leaves were perhaps not
sufficiently abundant to repel M. sjostedti. The fact that there was a
greater abundance of cowpea plants relative to lemongrass and Mexican
marigold plants in the field could mean that there was an overwhelming
presence of attractive volatiles, thus decreasing repellent effect of the
companion plants. The efficacy of repellent volatiles could be enhanced
in the field by sowing companion plants that produce greater quantities
of repellent volatiles, or otherwise repellent essential oils could be
provided through dispensers or injected in the irrigation system. We
previously identified repellent citral volatiles in lemongrass and repel-
lent blends of dihydrotagetone, (Z)-3-hexenyl acetate, limonene and
(Z)-p-ocimene volatiles in marigold (Diabate et al., 2019). These com-
pounds could be supplemented via dispensers to lengthen the repellence
period in the field. Although the blue sticky traps were effective in
catching M. sjostedti in the open field push-pull treatment, the number of
thrips on cowpea plants in this treatment did not differ from that in the
control. M. sjostedti was more attracted to cowpea flowers than to the
blue traps. Frey et al. (1994) reported that the plant growth stage may
have an impact on the efficacity of colour traps. For example, the
number of F. occidentalis thrips caught on blue sticky traps in ornamental
greenhouses was reported to be lower during flowering than during the
vegetative stage (Frey et al., 1994).

By contrast, our findings showed that the Empoasca sp. population
was lower in the open field push-pull treatment than in the control
during the rainy period. Volatiles released by Mexican marigold and
lemongrass could have been involved in the reduction of Empoasca sp.
populations in the open field push-pull treatment. Calumpang et al.
(2013) observed a reduction in green leafhopper, Amrasca biguttula
(Ishida), populations when lemongrass was intercropped with eggplant.
It was also reported that using Mexican marigold as an intercrop and
maize as a border crop reduced A. biguttula leafhopper populations on
eggplant crops in the field (Sujayanand et al., 2015). On the other hand,
yellow sticky traps may contribute to reducing Empoasca sp. numbers.
The attraction of sharp-nosed leafhoppers, Scaphytopius magdalensis
(Provancher), to yellow traps was also demonstrated by Rodri-
guez-Saona et al. (2012). Combining visual and olfactory cues in a
push-pull strategy could prove effective in controlling Empoasca sp.
populations.

The open field push-pull treatment did not have an impact on insect
populations except Empoasca sp. and therefore did not increase the pest
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control efficacy of the net house + push-pull treatment in the present
study. Several authors have demonstrated the efficacy of non-host plant
volatiles in reducing insect populations in the field (Parolin et al., 2012),
whereas many other studies failed to reveal their efficacy in the same
conditions (Held et al., 2003; Webster and Cardé, 2016). For example,
intercropping French marigold, a non-host plant, with host potato plants
did not reduce Colorado potato beetle, Leptinotarsa decemlineata (Say),
populations but conversely it increased the incidence of L. decemlineata
attacks (Moreau et al., 2006). In our study, we observed no such per-
verse effects of the push-pull strategy on any cowpea pests.

We observed that cowpea yields and insect populations varied with
the period. Populations of large insect pests were higher in the rainy
period than in the dry period. Conversely, small insect pests such as
M. sjostedti, T. vaporariorum and A. craccivora were much lower in the
rainy period than in the dry period. In Kenya, the heavy rainfall between
March and June 2018 may have been responsible for the reduction in
insect populations via egg destruction and partial larval mortality.
Nyasani et al. (2013) reported that heavy rain destroyed western flower
thrips, F. occidentalis, larvae in the field and hence reduced their popu-
lation density. In our study, A. craccivora populations were reduced in
the net house and net house + push-pull treatments in the rainy period
compared to the dry period. The top of net house was flat and rain
penetrated through the mesh. Rainfall is considered to regulate aphid
population densities (Kaakeh and Dutcher, 1993). The lower aphid
numbers in the net house and net house + push-pull treatments suggest
that the microclimate was unsuitable for these pests during the rainy
period. Rainfall increased the relative humidity under the net, which
could have a negative impact on A. craccivora populations by enhancing
the environmental conditions for entomopathogenic fungi. Kataria and
Kumar (2017) reported that A. craccivora population patterns were
negative correlated with minimum temperature, relative humidity and
rainfall. In addition, A. craccivora propagate parthenogenetically in Af-
rica (Irwin, 1980). This asexual reproduction enables aphids to multiply
and spread rapidly under optimal conditions (Iluz, 2011). However,
conditions might be different in the future and the lack of gene combi-
nations could be a disadvantage to the offspring, thus curbing the
growth populations of this pest. Cowpea pod yields in the open field
treatments were very poor during the rainy period compared to the dry
period. The reduction in pod yield may have been due to excessive
rainfall in the rainy period, as already observed by Parwada (2016). In
addition, cowpea plants in the open field treatments were heavily
damaged by fungi and diseases in the rainy period. Edema et al. (1997)
reported a higher incidence and severity of viral diseases, anthracnose
and scab on cowpea crops in the rainy period than in the dry period.
Fungi such as cercospora leaf spot may affect cowpea pod production
and quality. Our study showed that net houses could help farmers to
produce cowpea intensively. Despite the fact the rainy period was longer
than usual during our study, cowpea production was always higher in
the net house and net house + push-pull treatments than in the open
field conditions. Net technology thus seems to be an efficient tool to help
farmers grow vegetables in unpredictable weather conditions.

During both climate periods, all yield parameters evaluated were
higher in the net house and net house + push-pull treatment than in the
open field. The net house protected cowpeas against large insect pests or
had no special effect on some of them, except in the rainy period when a
C. tomentosicollis infestation was observed in the net house + push-pull
treatment. Our findings did not enable us to explain why the
C. tomentosicollis population was high in the net house + push-pull
treatment in the rainy period, but the high density of Mexican marigold
plants around the net house might have attracted or protected them.
Further investigations are needed to elucidate this issue. Despite, the
abundance of Empoasca sp. in the open fields during the rainy period, the
net houses (used in treatments net house and net house + push-pull)
prevented this pest from infesting the cowpea crops in the rainy period.
The use of net houses in horticulture usually has a major impact on crop
yields by reducing populations of large insect pests. M. vitrata and
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C. tomentosicollis can cause cowpea yield losses of up to 80% in Africa
(Ekesi et al., 2002; OECD, 2015). The reduction of large insect pests
could thus partially explain the increased crop yield in the net house and
net house + push-pull treatments, whereas the modified microclimate in
the net house could boost plant development. Saidi et al. (2013) re-
ported that the constant high temperature and soil moisture in net
houses improved plant growth and yield. Moreover, we noticed that the
quality of the grains produced in the net house and net house + push--
pull treatments were higher. In Kenya, Gogo et al. (2014) also reported
faster development, higher pod yield, and better quality of green beans,
another leguminous plant that was grown under low netting covered
tunnels as compared to uncovered plants.

In our study, the cowpea pod numbers were higher in the dry period
than in the rainy period. Conditions in the dry period were better for
cowpea pod production compared to the rainy period. Cowpea is an
herbaceous warm-season annual and many authors have reported its
good adaptation to high temperatures and drought (Ehlers and Hall,
1997; Timko et al., 2007). Moreover, the reduction of large insect pests
in the dry period consequently reduced cowpea flower and pod damage
due to low feeding activity. Conversely, small insect pests were more
abundant in the dry period. Populations of M. sjostedti thrips and
T. vaporariorum whiteflies on cowpea plants in the net house and net
house + push-pull treatments were always lower than the open field
populations, which increased very rapidly, particularly in the dry
period. M. sjostedti outbreaks were linked to the flower emergence.
M. sjostedti preferentially feeds on flowers, causing them to fall (Moritz
et al., 2013). However, there was no difference in the total number of
pods and flowers among the different treatments in the dry period. The
high A. craccivora infestation of cowpea vegetative parts, flowers and
pods in the net house and net house + push-pull treatments did not
decrease yields in the dry period. Small insect pests therefore seem to
have a limited impact on cowpea production, contrary to large insect
pests.

5. Conclusion

The findings of this study showed that net house and net house +
push-pull treatments considerably reduced pest infestations on cowpeas
and that the damage was mainly incurred by large insect pests such as
Empoasca sp., M. vitrata and C. tomentosicollis along with smaller insect
pests such as M. sjostedti and T. vaporariorum. We also noted that net
house grown cowpeas could be subject to high A. craccivora infestation.
Aphid outbreaks seemed to have a limited impact on cowpea yields, so
populations of this pest could be reduced by biopesticide treatment. The
net house + push-pull treatment did not improve T. vaporariorum,
A. craccivora and M. sjostedti control. However, the open field push-pull
treatment reduced Empoasca sp. infestations during the rainy period.
The study also showed that cowpea production was much higher in the
net house and net house + push-pull treatments than in the open field. In
addition, cowpea pod yields were higher in all treatments during the dry
period than in the rainy period. The large insect pest populations were
low during the dry period and high in the rainy period, contrary to small
insect pest populations. The study showed that cowpea production was
impacted by the period and large insect pest infestations. This study
showed that netting technology provides an effective alternative to
chemical pesticide treatments for vegetable growing in the tropics
regardless of the season. We showed that netting technology could be
slightly improved to control sucking insect pests using the push-pull
strategy. Cowpea yields were highly affected by heavy rains in both
open field treatments but not in the net house and net house + push-pull
treatments. Future research should be focused on investigating the effect
of microclimate and insect pests on cowpea yield in net houses. In Mwea
(Kenya), the rainy season is not the best period to grow cowpeas in the
open fields despite the low insect pest pressure. But we found that the
cowpea yield and quality in the net house treatment was still high, thus
confirming the need for netting to produce off-season vegetable crops
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when prices may be higher due to the low market supply. This study
confirmed that netting is an efficient tool for protecting vegetable crops
against insect pests and producing higher yields of safe vegetables.
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Kairomones are chemical signals that mediate interspecific interactions beneficial to
organisms that detect the cues. These attractants can be individual compounds or
mixtures of herbivore-induced plant volatiles (HIPVs) or herbivore chemicals such as
pheromones, i.e., chemicals mediating intraspecific communication between herbivores.
Natural enemies eavesdrop on kairomones during their foraging behaviour, i.e., location
of oviposition sites and feeding resources in nature. Kairomone mixtures are likely
to elicit stronger olfactory responses in natural enemies than single kairomones.
Kairomone-based lures are used to enhance biological control strategies via the
attraction and retention of natural enemies to reduce insect pest populations and
crop damage in an environmentally friendly way. In this review, we focus on ways to
improve the efficiency of kairomone use in crop fields. First, we highlight kairomone
sources in tri-trophic systems and discuss how these attractants are used by natural
enemies searching for hosts or prey. Then we summarise examples of field application
of kairomones (pheromones vs. HIPVs) in recruiting natural enemies. We highlight the
need for future field studies to focus on the application of kairomone blends rather
than single kairomones which currently dominate the literature on field attractants for
natural enemies. We further discuss ways for improving kairomone use through attract
and reward technique, olfactory associative learning, and optimisation of kairomone lure
formulations. Finally, we discuss why the effectiveness of kairomone use for enhancing
biological control strategies should move from demonstration of increase in the number
of attracted natural enemies, to reducing pest populations and crop damage below
economic threshold levels and increasing crop yield.

Keywords: field application, attractant blend, HIPVs, pheromones, semiochemicals, crop yield, olfactory learning
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INTRODUCTION

The foraging behaviour of a parasitoid or predator is a process
by which it searches for oviposition sites and feeding resources
for its survival, growth, and reproductive success [reviewed in
Kramer (2001)]. Natural enemies (used hereafter in reference to
both parasitoids and predators) play a key role in the biological
control of chewing, sucking, and gall-feeding herbivores (Vidal
and Murphy, 2018). Understanding the foraging behaviour of
natural enemies is crucial for improving the biological control
of herbivorous pests (e.g., Mills and Wajnberg, 2008; Gunton
and Poyry, 2016; Mills and Heimpel, 2018). Parasitoids have long
served as an insect model in the study of foraging behaviour
for oviposition sites, which has often been viewed as a three-
sequence process: habitat location, host location, and host
selection (Vinson, 1998; Fatouros et al., 2008). However, this
behavioural process can also be applied to predatory insects
searching for prey (Fellowes et al, 2007; Pervez and Yadav,
2018). During each of these foraging behavioural sequences,
natural enemies rely on a combination of environmental stimuli
to find their host and prey (hereafter jointly referred to
as herbivores). Although kairomones and visual signals are
exploited by natural enemies, the former is well-known to play
an important role in their foraging behaviour (Colazza and
Wanjberg, 2013; Lim and Ben-Yakir, 2020). Kairomones are
individual semiochemical molecules or mixtures that mediate
interspecific interactions between living organisms (Dicke and
Sabelis, 1988; Kost, 2008), while serving as long-range, short-
range, and contact cues during herbivore location by natural
enemies (Afsheen et al., 2008; Heil and Ton, 2008). Kairomones
exploited by natural enemies are either plant volatiles or
herbivore-associated chemicals such as pheromones (Afsheen
et al, 2008; Kaplan, 2012a; Kaiser et al, 2017; Penaflor,
2019).

Herbivory-induced plant volatiles (HIPVs) and oviposition-
induced plant volatiles (OIPVs) are the reliable plant volatile
compounds that serve as long-range kairomones enabling
natural enemies to locate herbivore-infested plants (e.g., Dicke
and van Loon, 2000; Mumm and Dicke, 2010; Hilker and
Fatouros, 2015; Turlings and Erb, 2018). The use of HIPVs
and OIPVs to attract natural enemies has been pointed out
as a novel avenue to achieve successful biological control
(Kaplan, 2012a; Kelly et al., 2014; Murali-Baskaran et al.,
2018; Peri et al.,, 2018). For example, (E)-4,8-dimethyl-1,3,7-
non-atriene (DMNT), an elm plant (Ulmus minor Mill
[Ulmaceae]) OIPV induced by Xanthogaleruca luteola (Miiller)
(Coleoptera: Chrysomelidae), attracted the parasitoid Oomyzus
gallerucae (Fonscolombe) (Hymenoptera: Eulophidae) in the
field (Biichel et al.,, 2011). In addition to HIPVs and OIPVs,
kairomones include chemicals emitted from different herbivore
stages (eggs, larvae/nymphs, pupae, adults), herbivore by-
products (e.g., frass, honeydew, exuviae, mandibular gland
secretions, defence secretions, etc.) which are exploited
by natural enemies in their selection of oviposition and
feeding sites [reviewed in Afsheen et al. (2008)]. For instance,
application of hydrocarbons, e.g., tricosane identified in
extracts of Heliothis zea (Boddie) (Lepidoptera: Noctuidae)

moth scales, increased the efficiency of host location by the
parasitoids Trichogramma achaeae Nagaraja and Nagarkatti
(Hymenoptera: Trichogrammatidae) and Microplitis croceipes
(Cresson) (Hymenoptera: Braconidae), thereby increasing the
parasitisation rate in the field (Gross et al., 1975; Lewis et al.,
1975).

Pheromones are highly species-specific in mediating
intraspecific interactions between the emitter and its conspecifics
(Dicke and Sabelis, 1988; Kost, 2008). They can be grouped into
the following categories: (i) sex pheromones, (ii) aggregation
pheromones, (iii) marking pheromones, and (iv) alarm
pheromones (Kost, 2008; Ruther, 2013). Eavesdropping is
a well-known phenomenon among natural enemies which
use pheromones of herbivorous insects as kairomones to
detect them (Aukema and Raffa, 2005). A typical example
is reported by Kpongbe et al. (2019) who demonstrated
that isopentyl-butanoate—the aggregation pheromone of
Clavigralla  tomentosicollis  Stdl ~(Hemiptera: Coreidae)—
strongly attracts Gryon sp. (Hymenoptera: Scelionidae), the
parasitoid of Clavigralla species. However, not only herbivore
pheromones play a role in the attraction of herbivore enemies,
i.e, pheromones released by natural enemies also attract
conspecific individuals seeking for mates (Ruther, 2013),
and may modulate their responses to HIPVs (Cabello et al.,
2017). For example, pheromones from males of the predator
Nabis pseudoferus Remane (Hemiptera: Nabidae) attracted
conspecific females and enhanced their responses to HIPVs from
Rhopalosiphum padi (L.) (Hemiptera: Aphididae)-infested wheat
plants, whereas pheromones from males of the mirid predator
Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) attracted
conspecific females but were found to reduce their attraction to
the HIPVs (Cabello et al., 2017).

Kairomone-based lures are deployed in crop plants of which
the background odours shape the location of herbivores by
natural enemies (e.g., Schroder and Hilker, 2008; Randlkofer
et al., 2010). In this review, we focus on how to optimise field
applications of kairomones for improving biological control
of insect pests. First, we present sources of kairomones in
tri-trophic systems and discuss how these kairomones are
exploited by natural enemies foraging for hosts or prey. Then
we provide examples of kairomone field applications, and we
stress how the attraction of natural enemies into crop fields
might be more efficient when using pheromones rather than
HIPVs. Finally, we highlight potential ways to improve the
use of kairomone-based lures for attracting enough natural
enemies to reduce pest populations and crop damage below
economic threshold levels while increasing crop vyields in
the field.

CHEMICAL INTERACTIONS IN
TRI-TROPHIC SYSTEMS

Chemically mediated multitrophic interactions occur both below
and above ground between a diversity of organisms among
four trophic levels in agro-ecosystems (Aartsma et al., 2019;
Stelinski et al., 2019). Research on chemical interactions aiming
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at controlling insect pests are, however, usually focused on tri-
trophic systems typically composed of plants, herbivores and
natural enemies (Price et al, 1980; Kaplan, 2012b; Mbaluto
et al., 2020), and in this section we summarise these tri-
trophic chemically mediated interactions at above ground level
(Figure 1). Organisms at each trophic level emit chemical
cues (emitters) to mediate intraspecific and/or interspecific
interactions with other organisms that detect the cues (receivers).
These interactions can be direct or indirect (Wootton, 1994).
A direct interaction occurs between two organisms without an
intermediary, whereas an indirect interaction necessitates the
presence of, or occurs through, at least one intermediary which
is usually a third species (Figure 1) (Wootton, 1994). Plants
(emitters) emit volatile organic compounds (VOCs) which are
exploited by herbivores (receivers) to locate host plants (direct
interactions) (Bruce and Pickett, 2011). Plants (emitters) also
release HIPVs and OIPVs to attract natural enemies (receivers)
for controlling herbivores (intermediary) (indirect interactions;
Figure 1) (Hilker and Fatouros, 2015; Turlings and Erb, 2018).
In addition to HIPVs and OIPVs that mediate the indirect plant
defences, the role of zoophytophagous-induced plant volatiles
(ZIPVs) in plant-insect chemical communication has recently
gained attention (Figure1) (Pappas et al, 2015; Pérez-Hedo
et al,, 2015). Zoophytophagous insects are sap sucking predators
which can feed on plants and consequently induce the release
of volatiles that attract conspecific and heterospecific predators,
as well as parasitoids (Pérez-Hedo et al, 2015; Rim et al,
2018). This effect is like that induced by herbivores feeding
on plants. Compared to volatiles of unexposed tomato plant
(Solanum lycopersicum L. [Solanaceae]), ZIPVs from tomato
plant volatiles induced by the mirid predator Nesidiocoris tenus
(Reuter) (Hemiptera: Miridae) were found to attract conspecific
males and females (Rim et al., 2018) and the parasitoid Encarsia
formosa Gahan (Hymenoptera: Aphelinidae) (Pérez-Hedo et al.,
2015). Undamaged plants can also perceive HIPVs, OIPVs,
ZIPVs, and herbivore pheromones as signals to mount defences
against herbivores to the benefit of the host plant community
(known as plant priming defences) (Figure 1) (Dicke and Bruin,
2001; Frost et al., 2008, Pérez-Hedo et al., 2015), but the priming
defence is not observed in all plant species as reported for cotton
plants exposed to pheromones (Magalhaes et al., 2019) and tea
plants exposed to the HIPV (E)-4,8-dimethyl-1,3,7-nonatriene
(Jing et al., 2020).

Natural enemies release pheromones that directly mediate
interactions with their respective conspecifics (Ruther, 2013).
While herbivores release pheromones to communicate with
conspecific individuals to their benefit, their natural enemies
eavesdrop on these communication cues to locate them to their
disadvantage (Aukema and Raffa, 2005). Herbivores and their
by-products such as larval frass, larval mandibular secretions,
and honeydew also release chemical compounds that serve as
kairomones for natural enemies in locating herbivores (Afsheen
et al, 2008). Understanding chemical interactions between
plants, herbivores, and natural enemies (Figurel) is key to
designing and implementing kairomone-based biological control
measures in agro-ecosystems. In the following sections, we focus

on above-ground chemical interactions in which natural enemies
are receivers of pheromones and kairomones involved (Figure 1).

HOST PLANT AND HERBIVORE LOCATION
BY NATURAL ENEMIES WITHIN THE
ODOUR LANDSCAPE

Natural enemies foraging for herbivores locate infested host
plants within the heterogeneous plant community using
a sequence of behaviours (Figure2). This is a tedious
task since host plants are embedded in a semiochemically
heterogeneous environment composed of diverse plant species
and multiherbivore communities whose signals influence the
detection of reliable kairomones during host or prey location
(e.g., Schroder and Hilker, 2008; Randlkofer et al., 2010). This
complex dynamic sensory environment has been described as an
“odour landscape” which is composed of different odour plumes
(an odour plume is a blend of volatile compounds carried by
the wind) (Atema, 1996). How insects track relevant or resource-
indicating odour plumes within the odour landscape has recently
been reviewed (Beyaert and Hilker, 2014). Foraging insects can
follow a single or several relevant odour plumes during which
they shift from one odour plume to another if this conveys a
more reliable signal (or indicates a more suitable resource), and
they continue this behaviour until they find the target host plant
(Beyaert and Hilker, 2014). During foraging, natural enemies rely
on a diversity of resource-indicating odours to first locate the host
plant within the plant community (section Role of Herbivore-
Induced Plant Volatiles in long-Range Location of Host Plants),
then find the potential infesting herbivores (section Herbivore
Volatiles for Host or Prey Location), and finally select and accept
the target host or prey upon landing on the host plant (section
Herbivore Contact Kairomones for Host/Prey Recognition and
Acceptance) (Figure 2).

Role of Herbivore-Induced Plant Volatiles

in Long-Range Location of Host Plants

Plants emit VOCs while undamaged, known as constitutive
VOCs, and herbivory or oviposition usually results in an
increase in the constitutive VOCs and/or release of specific
herbivore-induced volatiles, known as inducible VOCs (e.g.,
HIPVsand OIPVs). Although natural enemies may sometimes be
attracted by odour plumes of constitutive VOCs, evidences have
culminated in the literature that the odour plumes of HIPVs and
OIPVs are those that play the key role in the foraging behaviour,
serving as long-range signals that natural enemies exploit to
locate plants infested by their hosts or prey within the plant
community (Figure2) (e.g., Kessler and Baldwin, 2001; Heil
and Ton, 2008; Kaplan, 2012a; Beyaert and Hilker, 2014). Plants
are usually infested by several herbivore species that are hosts
or non-hosts for natural enemies (Vos et al., 2001). Infesting
herbivore species may induce the same or different plant defence
pathways (i.e., Salicylic Acid inducer [SA-inducer] and Jasmonic
Acid-inducer [JA-inducer]), each affecting the composition of
volatiles produced (Danner et al., 2018). The attraction of

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2021 | Volume 9 | Article 641974


https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://www.frontiersin.org/journals/ecology-and-evolution

Ayelo et al.

Kairomone Use in Biological Control

prep, Natural enemies
P 4? rasitoids
O
(2]
O
\ % ‘g.
o —\\ =
Z\ — -2
2\ £\ ¥3
~ o
\ =
\ -
o) hphr  Herbivores
>\
o\
O\
o
>\ |_Hosts
&\ >
T D
\ o lo
\ O T= /
\ g O /
=
\ /
\- - L g
Plants 3 direct interactions
Z)(O)HIPVS o o : :
- _)é-_L_—_—_—}_ — —)»indirect interactions
Plant1 Plant2 —¥» consumption relationships
FIGURE 1 | Typical examples of above ground chemical interactions in a tri-trophic system. Solid and dotted lines represent kairomone-based direct and indirect
interactions, respectively, in which the arrow bearing the kairomone is directed from the emitter to the receiver. The solid curves indicate pheromone-based direct
interactions in which male and female individuals can be an emitter and/or a receiver. HIPVs, herbivory-induced plant volatiles; OIPVs, oviposition-induced plant
volatiles; ZIPVs, zoophytophagous-induced plant volatiles; VOCs, volatile organic compounds; pPhr, prey pheromone; hPhr, host pheromone; pdPhr, predator
pheromone; prPhr, parasitoid pheromone; pcues, prey-associated chemical cues; hcues, host-associated chemical cues.

natural enemies to infested plants depends on factors such
as the infesting herbivores, i.e., single or multiple species; the
suitability of the herbivores, i.e., hosts or non-hosts; the infesting
herbivore density; and the activated plant defence pathways, i.e.,
SA and/or JA. For example, the parasitoid Cotesia marginiventris
(Cresson) (Hymenoptera: Braconidae) was reported to be more
attracted to volatiles of maize plants infested by only Spodoptera
littoralis (Boisduval) (Lepidoptera: Noctuidae), a JA-inducer,
than plants infested by both S. littoralis and Euscelidius variegatus
(Kirschbaum) (Hemiptera: Cicadellidae), an SA-inducer (Erb
et al., 2010). In multi-herbivore systems, the location of target
herbivore-infested plants by natural enemies may be disrupted
by the co-infestation of non-target herbivores (Takabayashi
et al, 2006). The parasitoid Cotesia plutellae (Kurdjumov)

(Hymenoptera: Braconidae) were less attracted to volatile blends
from cabbage plants simultaneously infested by caterpillars of
both host (Plutella xylostella [L.] [Lepidoptera: Plutellidae])
and non-host (Pieris rapae [L.] [Lepidoptera: Pieridae]) species
compared to volatiles released from host P. xylostella-infested
plants (Shiojiri et al., 2001). However, this is not always the
case, as illustrated by the fact that the larval parasitoid Cotesia
glomerata (L.) (Hymenoptera: Braconidae) was more attracted
to plants damaged by larvae of both host P. rapae and non-host
P. xylostella compared to plants damaged by host P. rapae alone
(Shiojiri et al., 2001). The herbivore-infestation level also affects
the response of natural enemies to infested plants. The parasitoids
C. glomerata and Cotesia vestalis (Haliday) (Hymenoptera:
Braconidae) were more attracted to volatiles of cabbage plants
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FIGURE 2 | Schematic description of the use of kairomones during foraging behavioural sequences involved in host/prey searching by parasitoids and predators.
VOCs, volatile organic compounds; tHIPVs, target herbivore-induced plant volatiles; ntHIPVs, non-target herbivore-induced plant volatiles; OIPVs =
oviposition-induced plant volatiles. Plant community composed of (A) infested non-host plants; (B) infested host plants; (C) uninfested non-host plants; and (D)

with high levels of P. rapae and P. xylostella larval infestation than
those with low infestation levels (Shiojiri et al., 2010). Whereas,
relative to volatiles of healthy plants, the predator Harmonia
axyridis (Pallas) (Coleoptera: Coccinellidae) was reported to
prefer volatiles of cabbage plants infested by an intermediate
density of Myzus persicae (Sulzer) (Hemiptera: Aphididae) adults,
but it showed no preference for plants infested with low and high
densities of M. persicae (Yoon et al., 2010). Therefore, natural
enemy species show different attraction responses to volatiles
of infested plants depending on the specificity and density of
infesting herbivores (De-Moraes et al., 1998; Shiojiri et al., 2010;
McCormick et al., 2012).

The infesting herbivore species and its feeding mode (e.g.,
leaf chewing, leaf mining, phloem sap sucking, and cell content
feeding) determine the plant defence signalling pathways to be
activated (either SA or JA alone, or both). Emission of volatiles
is regulated by the biosynthesis pathway(s) activated, and
qualitative and quantitative differences are substantial between
plant volatiles from SA- vs. JA-herbivore inducers (Danner
et al., 2018). Chewing herbivores are known to activate the JA-
pathway (Danner et al., 2018), while leaf mining larvae likely
activate both JA- and SA-pathways (Yang et al., in press). For
sap sucking herbivores, however, some species like whiteflies are
known to induce a single pathway, i.e., SA (Zhang et al.,, 2013),
whereas others like stink bugs induce both JA- and SA-pathways
(Giacometti et al., 2016). A comparison of volatiles from tomato
plants infested by the leaf miner Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae) larva, and the phloem sap sucking
feeder Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)

adult, revealed that a- and P-copaene, as well as valencene,
were released in higher amounts from plants infested by the
sap sucking insect (Silva et al., 2017). Whereas (Z)-3-hexen-1-
ol, (E)-pB-ocimene, methyl salicylate, and B-caryophyllene were
higher from plants infested by the leaf miner, in addition
to some novel compounds such as (Z)-jasmone and (Z)-3-
hexen-1-yl crotonate (Silva et al., 2017). Volatile compounds
released by single and dual herbivore-infested plants also differ
quantitatively and qualitatively. Infestation of tomato plants by
both T. absoluta and B. tabaci led to increased emission of f-
myrcene, limonene, y-terpinene, and p-elemene than in plants
infested only by T. absoluta or B. tabaci, whereas a-pinene
emission increased in T. absoluta-infested plants (Silva et al.,
2018). Conversely, cotton plants simultaneously infested by the
leaf chewing larvae of Spodoptera exigua (Hiibner) (Lepidoptera:
Noctuidae) and adults of B. tabaci emit lower amounts of HIPV's
than plants infested only by S. exigua larvae, as a result of
so-called “cross-talk” between SA- and JA-signalling pathways
(Rodriguez-Saona et al.,, 2003). Natural enemies rely on these
differences to find specific herbivore-infested plants (Mumm
and Dicke, 2010; Shiojiri et al., 2010). Herbivores can also
suppress the plant defence mechanisms and volatile emission
when feeding, which could be a strategy to deceive natural
enemies from locating herbivore-infested plants. The feeding
and extracts of oral secretion of the leaf chewing larvae of
Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae) were
found to suppress the emission of HIPVs in maize plants (De-
Lange et al., 2020). Similarly, suppression of HIPV emission in
host plants was reported upon herbivory by cell content feeders
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(e.g., spider mites and thrips) (Schausberger, 2018) and phloem
sap sucking feeders (e.g., whiteflies and aphids) (Walling, 2008;
Zhang et al., 2013). Suppression of HIPV emission by herbivores
is known to occur through various mechanisms, but the front
line mechanism is reported to operate through inoculation of the
oral secretion-inhabiting bacteria during feeding, a phenomenon
that deceives the plant to incorrectly perceive and identify
the attacking herbivore, and to not activate the appropriate
signalling defence (Felton et al, 2014; Schausberger, 2018).
Unfortunately, volatile suppression, in general, is not found to
prevent natural enemies from locating herbivore-infested plants
(Sarmento et al., 2011; De-Lange et al., 2020), suggesting that the
release rates of the specific attractive compounds or the ratios
of the attractive compounds in the released HIPV blend are not
necessarily affected.

Volatile compounds attractive to natural enemies include
a subset of HIPV or OIPV compounds, from the same
or different chemical classes (D’Alessandro and Turlings,
2006; McCormick et al, 2012). These are often mixtures
of compounds in specific ratios (van Wijk et al, 2011),
but sometimes these attractants are single compounds (Wei
et al, 2008). For example, (R)-(4)-limonene released by
the Mongolian oak, Quercus mongolicus Fisch. ex. Turcz.
(Fagaceae) plants infested by the longhorned beetle, Massicus
raddei (Blessig) (Coleoptera: Cerambycidae) elicited strong
attraction in the predator Dastarcus helophoroides (Fairmaire)
(Coleoptera: Bothrideridae) (Wei et al,, 2008). The predatory
mite Phytoseiulus persimilis Athias-Henriot (Acari: Phytoseiidae)
was more attracted to the mixture of five compounds f-
ocimene, (Z)-3-hexenyl acetate, (E)-4,8-dimethyl-1,3,7-non-
atriene (DMNT), (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene
(TMTT) and methyl salicylate than to the individual compounds
or partial mixtures of these compounds identified from
Tetranychus urticae Koch (Acari: Tetranychidae)-infested lima
bean plants (van Wijk et al., 2011). The identification of attractant
compounds from HIPVs and OIPVs is mostly specific to the
tri-trophic system herbivore-plant-natural enemy and associated
chemical interactions indicated in Figure 1 (Mumm and Dicke,
2010; Kaplan, 2012b; McCormick et al., 2012).

Herbivore Volatiles for Host or Prey

Location

Natural enemies locate herbivores via their emitted kairomones
(Figure2) (Vet and Dicke, 1992; Afsheen et al, 2008).
Volatile compounds emitted by herbivores are generally distinct
from plant field background odours and constitute the most
reliable sources of information for natural enemies (Vet and
Dicke, 1992; Rodriguez-Saona and Stelinski, 2009). Herbivore
pheromones are species-specific and usually serve as kairomones
for location of suitable herbivore species by natural enemies
(Aukema and Raffa, 2005). The egg parasitoid Trichogramma
chilonis Ishii (Hymenoptera: Trichogrammatidae) is highly
attracted to (Z)-11-hexadecenyl and (E)-12-tetradecenyl acetates
which are, respectively, components of the sex pheromones
of Helicoverpa assulta (Guenée) (Lepidoptera: Noctuidae) and
Ostrinia furnacalis (Guenée) (Lepidoptera: Crambidae) (Boo and

Yang, 2000). Other natural enemy species are instead attracted
to a blend of pheromone components, as seen in the predatory
bug Orius laevigatus (Fieber) (Hemiptera: Anthocoridae), which
was only attracted to a mixture of 1:2.3 (R)-lavandulyl acetate
and neryl (S)-2-methylbutanoate, the major components of
Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae)
aggregation pheromone (Vaello et al., 2017).

Apart from pheromones, natural enemies eavesdrop on
volatile compounds produced by herbivore by-products such as
honeydew (Leroy et al., 2012; Watanabe et al., 2016), larval frass
(Reddy et al., 2002; Wei et al., 2013), and glandular defensive
secretions of larvae or adults (Kopfetal., 1997; Zverava and Rank,
2004). A single component, i.e., phenyl acetaldehyde identified
from honeydew excreted by the aphid, Aphis gossypii Glover
(Hemiptera: Aphididae), attracted the predator Aphidoletes
aphidimyza (Rondani) (Diptera: Cecidomyiidae) (Watanabe
etal., 2016). Reddy et al. (2002) reported that allyl isothiocyanate,
a volatile component of larval frass from P. xylostella-infested
cabbage plants, was highly attractive to P. xylostella natural
enemies, specifically the predator Chrysoperla carnea (Stepehens)
(Neuroptera: Chrysopidae) and the parasitoids C. plutellea and
T. chilonis. Moreover, the syrphid fly predator Parasyrphus
nigritarsis (Zetterstedt) (Diptera: Syrphidae) was highly attracted
to salicyl aldehyde, the main component of the larval secretion
of the prey leaf beetle, Phratora vitellinae (L.) (Coleoptera:
Chrysomelidae) (Kopf et al., 1997).

Herbivore Contact Kairomones for

Host/Prey Recognition and Acceptance

Upon landing on a host plant, natural enemies have to select
the target herbivore species and stages for oviposition or
feeding (Figure 2) (Jaenike, 1978; Scheirs and De Bruyn, 2002;
Gripenberg et al., 2010). This step of the foraging behaviour
is crucial as it defines the survival of the forager and its
offspring. Plants are usually infested by multiple herbivores,
which makes it challenging for natural enemies to select the
target species. Herbivore contact kairomones are often species-
specific, and therefore natural enemies generally rely on these
non-volatile signals, which are examined by antennating or
probing for recognition of hosts or prey (Vinson, 1998; Bénédet
et al., 2002). These cues originate from various sources such
as adult/larva/nymph body surfaces, larvae oral secretions,
egg coating, and wing scales (Afsheen et al, 2008; Kaiser
et al, 2017). A typical example of this is O-caffeoylserine
isolated from the body surface of Phenacoccus herreni Cox
& Williams (Homoptera: Pseudococcidae) and which elicited
strong drumming behaviour, thereby acting as a contact
host-recognition kairomone in the parasitoids Acerophagus
coccois Smith and Aenasius vexans Kerrich (both Hymenoptera:
Encyrtidae) (Calatayud et al., 2001). Moreover, a-amylase from
oral secretions of the host Chilo partellus (Swinhoe) (Lepidoptera:
Crambidae) larvae mediates oviposition in the parasitoid Cotesia
flavipes Cameron (Hymenoptera: Braconidae) (Bichang’a et al.,
2018). Hydrocarbons extracted from herbivores are also involved
in host acceptance by parasitoids, as seen in Trissolcus basalis
Wollaston (Hymenoptera: Scelionidae) which uses non-adecane,
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a cuticular hydrocarbon from body extract of its stink bug host,
Nezaria viridula (L.) (Hemiptera: Pentatomidae), to discriminate
between male and female (Colazza et al., 2007) (see Kaiser
et al.,, 2017, for a recent review on parasitoids). Gomes-Lagoa
et al. (2019) further reported the crucial role of hydrocarbons
in the selection of preferred stink bug host species by their
parasitoids. These authors found that the parasitoid T. basalis
preferred the hydrocarbons from the footprint extract of its
preferred host, N. viridula, to those of Dichelops melacanthus
(Dallas) and Euschistus heros (Fab.) (Hemiptera: Pentatomidae),
and the parasitoid Telenomus podisi Ashmead (Hymenoptera:
Scelionidae) chose hydrocarbons of the footprint extract of
its preferred host, E. heros, to those of the other two stink
bug species. The selective responses of the parasitoids to
hydrocarbons of their preferred hosts could be explained by
differences in the composition of key hydrocarbons in the blend
extract (Gomes-Lagoa et al., 2019) and by the co-evolutionary
host-parasitoid interactions that have enabled parasitoids to
easily recognise and eavesdrop on chemical stimuli of their
suitable associated hosts (Peri et al., 2013).

Unlike in parasitoids, contact kairomones involved in prey
recognition and acceptance by predatory insects have been
explored in few species and little attention has been paid to
the identification of the chemical cues involved. However, the
predator Cerceris fumipennis Say (Hymenoptera: Crabronidae)
was reported to exploit methyl-branch hydrocarbons from
the cuticle of Buprestidae beetles to recognise prey from
non-prey Chrysomelidae beetles (Rutledge et al., 2014). The
author reported that washed buprestid prey that had been
treated with their crude cuticular extract were accepted by the
predator, whereas those treated with crude cuticular extract of
non-prey beetles were rejected, suggesting that the predator uses
cuticular hydrocarbons as contact kairomone to discriminate
prey from non-prey.

USE OF KAIROMONES IN BIOLOGICAL
CONTROL STRATEGIES

Biological control is a pest management method where natural
enemies are used to reduce populations and damages of pest
organisms (Eilenberg et al., 2001). There are three main forms
of biological control: classical, augmentation, and conservation
(Bale et al., 2008). Classical biological control aims at introducing
and releasing a co-evolved exotic natural enemy—generally
a parasitoid—of an invasive herbivore into invaded areas
for permanent long-term control of the invasive herbivore
(Eilenberg et al., 2001; Bale et al, 2008). Augmentation
biological control involves periodical releases of a natural
enemy when environmental conditions tend to limit its survival,
reproduction, and establishment (van Lenteren, 2000; Collier
and van Steenwyk, 2004). On the other hand, conservation
biological control requires no release, but habitat manipulation
or improvement of control practises are implemented to
provide resources to maintain and enhance survival, fitness, and
reproductive success of natural enemies (Gurr et al., 2000; Zhu
et al., 2014). Biological control is one of the most promising
alternatives to synthetic chemical insecticides, which are widely

applied for the control of herbivores but unsustainable due to the
development of herbivore resistance and associated with negative
impacts on the environment and human health (Gay, 2012).

Cases of successful implementation of biological control have
been documented (e.g., Beddington et al., 1978; Collier and
van Steenwyk, 2004). The parasitoid Aphytis melinus DeBach
(Hymenoptera: Aphelinidae) was used in an augmentation
biological control and successfully controlled the red scale insect
Aonidiella aurantii Maskell (Homoptera: Diaspididae) in citrus
orchards (Moreno and Luck, 1992). However, many cases of
failures in the biological control of insect pests have been
observed (Lynch and Thomas, 2000; Collier and van Steenwyk,
2004). The main issues that cause failures include an insufficient
population level of natural enemies in the target crop and the
emigration or dispersal of natural enemies from cropping sites,
limiting the control of insect pests in the target crops (Heimpel
and Asplen, 2011). In this line, recent studies have highlighted
the use of kairomone-based lures as a sound solution for limiting
emigration of natural enemies and increasing their populations
in target crops, in turn enhancing the efficacy of natural enemies
for satisfactory control of insect pests (Kelly et al., 2014; Peri et al.,
2018).

The effectiveness of kairomones in attracting natural
enemies to enhance biological control of insect pests has been
demonstrated in crop field conditions. The use of HIPVs/OIPVs
in crop fields has generally led to a lower ratio of attracted natural
enemies in kairomone-treated plots relative to control plots,
than when pheromones are used (Tables 1, 2). Unlike HIPVs
or OIPVs, pheromones are species-specific (Aukema and Raffa,
2005; Ruther, 2013), and in most cases they are generally distinct
from plant background odours and therefore reliable indicators
for natural enemies searching for herbivorous insects (Vet and
Dicke, 1992; Rodriguez-Saona and Stelinski, 2009). Insects are
likely to detect and react to blends of odourant compounds in
nature (Thomas-Danguin et al., 2014; Conchou et al., 2019), but
reported studies have mainly focused on field applications of
single kairomonal compounds (Kaplan, 2012a; Tables 1, 2). The
studies published in the last two decades documenting the use
of HIPVs, OIPVs, and pheromones, whereby natural enemies
have been reported to be more attracted to kairomone-baited
plots compared to control plots are summarised in the following
subsections.

Field Applications of Herbivore-Induced

Plant Volatiles

The use of HIPVs and OIPVs as kairomones for the recruitment
of natural enemies against insect pests in crop fields has
been reported (e.g., Kaplan, 2012a; Penaflor and Bento, 2013).
Applications of methyl salicylate (MeSA) through dispensers in
cranberry and soybean fields attracted more natural enemies
and resulted in increased predation and parasitism rates,
associated with a reduced number of herbivores on plants
(e.g., Mallinger et al., 2011; Rodriguez-Saona et al., 2011).
A pioneer review has addressed the role of (Z)-3-hexenol
in attracting natural enemies into herbivore-infested field
plants (Arabidopsis thaliana, Nicotiana spp., and Phazeolus
spp.) (Wei et al, 2011). A typical example was reported in
a study conducted by Kessler and Baldwin (2001), where
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TABLE 1 | Summary of some synthetic herbivore-induced plant volatiles applied in fields to attract natural enemies.

Kairomone Natural enemy Type, order?, and family of  Host/prey Field crop species Amount of kairomone Ratio® of natural Is the crop yield References®
natural enemy species enemies caught improved in the
inducing between treated treated plot
release of the plot and control relative to control?
compound
Methyl salicylate Chrysopa nigricornis Predator (Neu.: Chrysopidae)  Not specified Vitis vinifera 2mL of neat compound nd James, 2003a
5 g of neat compound nd James and Price,
2004
Geocoris pallens Predator (Hem.: Geocoridae) Not specified Vitis vinifera 1 mL of neat compound nd James, 2003b
Orius tristicolor Predator (Hem.: Anthocoridae) Not specified Vitis vinifera 5 g of neat compound nd James and Price,
2004
Chrysopa oculata Predator (Neu.: Chrysopidae)  Tetranychus Vitis vinifera 1 mL of neat compound 6 nd James, 2006
urticae
Stethorus punctum Predator (Col.: Coccinellidae)  Not specified Vitis vinifera 5 g of neat compound 57 nd James and Price,
picipes 2004
1mL of 1.5 pl/mL 2 nd Maeda et al., 2015
Coccinella Predator (Col.: Coccinellidae)  Aphis glycines  Glycine max 100 mg of neat compound 3 nd Zhu and Park, 2005
septempunctata
Predatory beetles and - Not specified Triticum aestivum 120 mg of neat compound 2 Improved Wang et al., 2011
parasitoids?
Toxomerus sp. & Orius Predators (Dip: Syrphidae) & Not specified Phaseolus vulgaris 3mL of neat compound 7&2 Not improved Salamanca et al.,
insidiosus (Hem.: Anthocoridae) 2018
Mixture of Methyl Stethorus punctum Predator (Col.: Coccinellidae) Not specified Vitis vinifera imLof 1.5 ul/mLeach 2 nd Maeda et al., 2015
salicylate, picipes (1:1:1 ratio)
(2)-3-hexenol and
(2)-3- hexenyl
acetate
(2)-3-hexenyl Orius tristicolor Predator (Hem.: Anthocoridae) Not specified Vitis vinifera 1 mL of neat compound 5 nd James, 2003b
acetate
Coccinella Predator (Col.: Coccinellidae) Not specified Gossypium hirsutum 1mL of 10 mg/mL 9 nd Yu et al., 2008
septempunctata
Orius similes Predator (Hem.: Anthocoridae) Not specified Gossypium hirsutum 1 mL of 10 mg/mL 4 nd Yu et al., 2008
Anaphes iole Parasitoid (Hym.: Mymaridae)  Lygus lineolaris ~ Gossypium hirsutum 2 mL of neat compound 3+t nd Williams et al., 2008
2-Phenylethanol Chrysoperla carnea Predator (Neu.: Chrysopidae)  Aphis glycines  Glycine max 100 mg of neat compound 5 nd Zhu and Park, 2005
Eupeodes volucris or Predators (Dip: Syrphidae) Not specified Apple trees 1 mL of neat compound 8 nd Jones et al., 2016

Eupeodes fumipennis

(Continued)
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TABLE 1 | Continued

Kairomone

Natural enemy

Type, order?, and family of
natural enemy

Host/prey
species
inducing
release of the
compound

Field crop species

Amount of kairomone

Ratio® of natural
enemies caught
between treated
plot and control

Is the crop yield
improved in the
treated plot
relative to control?

References®

(E,E)-a-Farnesene

cis-a-Bergamotene

Octanal

Nonanal

3,7-Dimethyl-1,3,6-
octatriene

Isopropanol

Squalene
Iridodial

Mixture of methyl
salicylate and
Iridodial

Benzaldehyde

Mixture of
phenylacetonitrile,
2-phenylethanol and
acetic acid

Dimethy! disulfide

Indole
Linalool
a-Pinene

Anaphes iole

Tetrastichus asparagi &
Paralispe infernalis

Geocoris punctipes

Deraeocoris punctulatus

Harmonia axyridis

Orius similes

Chrysopa quadripunctata

Chrysopa nigricornis
Chrysopa nigricornis

Chrysopa oculata & C.
nigricornis

Chrysoperila plorabunda
Chrysoperla plorabunda

Aleochara bilineata & A.
bipustulata

Propylaea japonica
Propylaea japonica
Chrysoperla sinica
Harmonia axyridis

Parasitoid (Hym.: Mymaridae)
Parasitoids (Hym.: Eulophidae)

Predator (Hem.: Lygaeidae)
Predator (Hem.: Miridage)
Predator (Col.: Coccinellidae)
Predator (Hem.: Anthocoridae)
Predator (Neu.: Chrysopidae)

Predator (Neu.: Chrysopidae)
Predator (Neu.: Chrysopidae)
Predators (Neu.: Chrysopidae)

Predator (Neu.: Chrysopidae)
Predator (Neu.: Chrysopidae)

Predators (Col.: Staphilinidae)

Predator (Col.: Coccinillidae)
Predator (Col.: Coccinillidae)
Predator (Neu.: Chrysopidae)
Predator (Co

.. Coccinellidage)

Lygus lineolaris

Crioceris
asparagi
Manduca sexta

Not specified

Not specified

Not specified

Cotinis nitida

Not specified
Not specified
Not specified

Not specified

Pandemis
pyrusana

Delia radicum

Not specified
Not specified
Not specified
Aphis gossypii

Gossypium hirsutum
Phaseolus vulgaris

Nicotiana attenuata

Gossypium hirsutum

Sophora japonica

Gossypium hirsutum

Malus domestica

Apple trees
Apple trees
Apple trees

Apple trees
Apple trees

Brassica oleracea

Gossypium hirsutum
Gossypium hirsutum
Gossypium hirsutum
Gossipium hirsitum

2mL of neat compound

0.75mL of neat
compound

40 L of 0.1 nmol

1mL of 10 mg/mL

150 pL of 10 or 100
mg/mL

1mL of 10 mg/mL

125 mL of 45% dilution

2mL of neat compound
4 mg of neat compound

2 mL: 4 mg ratio of neat
compound

0.5 mL of neat compound

100 mg: 100 mg: 3mL
amounts of neat
compounds

500 pL neat compound:
paraffin oil (1:250 ratio)

1 mL of 10 mg/mL)
1mL of 10 mg/mL
1mL of 10 mg/mL

150 pL of 10 or 100
mg/mL

4++

4++

88&15

100"

5
3
100" & 10

80
100"

68&2

19 & 53

nd
nd

nd

nd

nd

nd

nd

nd
nd
nd

nd
nd

Not improved

nd
nd
nd
nd

Williams et al., 2008
Ingrao et al., 2019

Halitschke et al.,
2008

Yu et al., 2008
Xiu et al., 2019a

Yu et al., 2008

Pszczolkowski and
Johnson, 2011

Jones et al., 2011
Jones et al., 2011
Jones et al., 2011

Jones et al., 2011
El-Sayed et al., 2018

Ferry et al., 2009

Yuetal., 2017
Yuetal, 2017
Yuetal, 2017
Xiu et al., 2019b
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Ingrao et al.

nd

500 plL of neat compound 2

Crioceris Phaseolus vulgaris

asparagi

Parasitoids (Hym.: Eulophidae)

Tetrastichus asparagi &
Paralispe infernalis

Ocimene

a0rders abbreviated as Dip., Diptera; Hem., Hemiptera; Col., Coleoptera; Neu., Neuroptera; Hym., Hymenoptera; PRatio as directly reported in the studies or expressed from the length of plots or graphs displaying the number of insects

caught. °we included only studies conducted within nearby the two last decades and in which the number of the attracted natural enemy was reported to be significantly greater in kairomone-baited plots than in control plots, and where
the attracted natural enemy has been identified to species level; 9The predator species are C. septempunctata, H. axyridis and Propylaea japonica, and the parasitoids are Aphidius avenae and Aphidius gifuensis; *nearly zero insects

caught in the control plots; ++ = egg predation or parasitism was measured; nd, not determined.

plots of natural population of Nicotiana attenuata Torrey ex
S. Watson (Solanaceae) plants with (Z)-3-hexenol applied in
lanolin paste resulted in an 8-fold increase in eggs and larvae
mortality thanks to the attractiveness of the predator Geocoris
pallens Stil (Heteroptera: Geocoridae), which preyed on a
high number of eggs and larvae of Manduca quinquemaculata
(Haworth) (Lepidoptera: Sphingidae), Dicyphus minimus Uhler
(Heteroptera: Miridae), and Epitrix hirtipennis (Melsheimer)
(Coleoptera: Chrysomelidae). Table 1 provides some additional
examples of field-based applications of herbivore-induced plant
volatiles that resulted in significant increase in the number of
attracted natural enemies in semiochemical-field plots compared
to control plots.

Use of Pheromones as Field Attractants for

Natural Enemies

The application of pheromones in agricultural crop fields to
enhance host location behaviour by natural enemies for the
control of insect pests has been the focus of great attention
(Aukema and Raffa, 2005; Pfammatter et al., 2015). Pheromones
(e.g., sex, aggregation, marking, alarm-pheromones) are
environmentally safe for use in crop protection. Aggregation
pheromones in bark beetle species are diversified, composed
of mono or pluri-chemical compounds (ipsenol, ipsdienol,
cis-verbenol, trans-verbenol, frontalin, exo-brevicomin, endo-
brevicomin, etc.) (Symonds and Gitau-Clarke, 2016), some of
which have shown kairomonal activity in attracting predators
in crop fields. For example, high numbers of the predators
Thanasimus dubius (Fabricius) (Coleoptera: Cleridae) and
Platysoma cylindrica (Paykull) (Coleoptera: Histeridae) were
attracted to 50%-ipsdienol-baited traps in red pine, Pinus
resinosa Ait. (Pinaceae), plantations (Aukema and Raffa, 2005).
Although many studies have focused on the role of herbivore
pheromones in field recruitment of natural enemies, sex or
aggregation pheromones of natural enemies can also be used as
field attractants to manipulate the behaviour of conspecifics (Wu
et al., 2019), thereby increasing the natural enemy population
level which could indirectly be beneficial for the control of
insect pests. Table 2 presents some additional studies on the
use of pheromones as field attractants for natural enemies.
However, some insect pheromone components appeared to be
plant volatile compounds (Tittiger and Blomquist, 2016). Such
compounds were not considered in this analysis as they likely
exert the same attraction effect as applied HIPVs/OIPVs under
field conditions. For example, like HIPVs or OIPVs (Table 1),
field application of the aphid-alarm pheromone (E)-f-farnesene,
also known to be a plant compound, generally led to 2- to 3-fold
more catches of aphid natural enemies in pheromone-treated
plots relative to untreated plots (Vosteen et al, 2016, and
reference therein).

AVENUE OF RESEARCH FOR IMPROVING
KAIROMONE EFFICIENCIES AND THEIR
ASSESSMENT IN BIOLOGICAL CONTROL

Applications of synthetic kairomone-based lures in biological
control of insect pests continue to gain attention in the field
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TABLE 2 | Summary of some pheromones applied in the field to attract natural enemies.

Kairomone Natural enemy Type, order?,  Host/prey species Field crop Compound and  Type of Ratio® of Is the crop References®
and family of  releasing the species its composition = pheromone insects caught yield improved
natural enemy compound (amount) (sex of the between in the treated
emitter) treated plot plot relative to
and control control?
Methy! (2E,42)-decadienoate Gymnoclytia Parasitoid (Dip.:  Euschistus Apple trees 200 plL of neat Aggregation 19 nd Krupke and Brunner,
occidentalis Tachinidae) conspersus compound (male) 2003
(2E,5R,6E,8E)-5,7-dimethyl- Hemerobius Predator (Neu:  Matsucoccus josephi  Pinus resinosa 50 g of neat Sex (female) 100* nd Mendel et al., 2004
2,6,8-decatrien-4-one stigmaterus Hemerobiidae) compound
Elatophilus hebraicus ~ Predator (Het.:  Matsucoccus josephi  Pinus resinosa 220 g of neat Sex (female) 100* nd Mendel et al., 2004
Anthocoridae) compound
(2E, 4E)-4,6,10,12- Tetramethyl-  Hemerobius stigma Predator (Neu:  Matsucoccus Pinus spp. 600 g of neat Sex (female) 100* nd Mendel et al., 2004;
2,4-tridecadien-7-one Hemerobiidae)  matsumurae compound Branco et al., 2006
(8S,7R,8E, I0E)-3,7,9-trimethyl-  Elatophilus nigricornis ~ Predator (Het.:  Matsucoccus Pinus resinosa 220 pg of neat Sex (female 100* nd Mendel et al., 2004
8,10-dodecadien-6-one Anthocoridae)  feytaudi compound
Elatophilus Predator (Het.:  Matsucoccus Pinus pinaster 220 g of neat Sex (female) 100* nd Branco et al., 2006
crassicornis Anthocoridae) feytaudi compound
(R)-(C)-Y-decalactone Elater ferrugineus Predator (Col.: ~ Osmoderma eremita  Quercus robur 400 pL of neat Sex (male) 20 nd Svensson et al., 2004
Elateridae) compound
(62,92,115,125)-11,12- Telenomus euproctidis  Parasitoid Orgyia postica Hibiscus spp. 200 pL of 2.5 Sex (female) 44 nd Arakaki et al., 2011
Epoxyhenicosa-6,9-diene (Hym.: ng/pl
Scelionidae)
Mixture of trans-Verbenol and Thanasimus dubius Predator (Col.:  Dendroctonus Pinus resinosa 150 mg of neat Aggregation 47 nd Pfammatter et al.,
Exo-brevicomin Cleridae) ponderosae compound (male) 2015
Cyclolavandulyl butyrate Anagyrus subalbipe Parasitoid Planococcus Persimmon 10 pL of 0.16 Sex (-) nd+ nd Sugawara and Ueno,
(Hym: kraunhia and apple wg/nl 2020
Encyrtidae)
a-Terpineol™ Podisus maculiventris ~ Predator (Het:  Self Solanum Not quantified Aggregation nd* nd Aldrich and Cantelo,
Pentatomidae) tuberosum (male) 1999
Blend of (E)-2-octenal and Orius sauteri Predator (Het:  Self grasses 1mg of neat Sex (female) 4 nd Uehara et al., 2019
(E)-2,7-octadienal Anthocoridae) compound each
(1:1 ratio)
Blend of (E)-2-Hexenal, Benzyl Arma chinensis Predator (Hem:  Self Poplar trees 130 pL of neat Aggregation 100* nd Wu et al., 2019
alcohol, (E)-2-Hexen-1-ol and Pentatomidae) compound in (male)

Benzaldehyde

5:5:2:1 ratio

aQrders abbreviated as Dip., Diptera; Hem., Hemiptera; Col., Coleoptera; Neu., Neuroptera; Hym., Hymenoptera; PRatio as directly reported in the studiies or expressed from the length of plots displaying the number of insects caught.
Swe included only studies conducted within nearby the two last decades and in which the number of the attracted natural enemy was reported to be significantly greater in pheromone-baited plots than in control plots, and where the
attracted natural enemy has been identified to species level. *nearly zero insects caught in the control plots; **live insects producing the pheromone were used in the experiments; nd, not determined; nd-+, not determined because there
were no control plots in the experiments; self, the natural enemy itself is the pheromone emitter.
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of chemical ecology (Kaplan, 2012a; Kelly et al., 2014; Murali-
Baskaran et al.,, 2018; Peri et al., 2018; Blassioli-Moraes et al.,
2019; Pefiaflor, 2019). Several questions will have to be addressed
in future research to improve kairomone use and thereby to
efficiently benefit biological control (Kaplan, 2012b; Gish et al.,
2015). Here, we present some strategies and discuss gaps for
consideration when designing a kairomone-oriented control
strategy for the protection of field crops. This is particularly
important because many previous applications of synthetic
kairomones have not considered the direct benefits for plants,
especially the reduction in pest populations and crop damage,
and the increase in crop yields (Hiltpold and Turlings, 2012;
Kaplan, 2012a; Tables1, 2 of this review). It is therefore
opportune to examine how kairomones have been implemented
in the field and assess possible options to optimise their use.

An Optimised Attract and Reward

Technique

The attract and reward technique consists of the combined use of
an attractant—usually a kairomone—and a reward component
such as flowering companion plants (Simpson et al., 2011). The
technique has gained considerable attention since it promotes
early establishment of natural enemies in crop fields and reduces
their subsequent emigration from these cropping sites (Simpson
etal.,, 2011; Parolin et al., 2012). The attract component stimulates
the foraging behaviour and maintenance of natural enemies in
target crops, whereas the reward component offers alternative
foods such as nectar and pollen which supplement the diet
of natural enemies. Consumption of nectar, which is source
of carbohydrates, has proved to increase the longevity and
fecundity of natural enemies (Araj and Wratten, 2015, and
references therein). Apart from supplying extra-floral nectars and
pollen, the reward component can also offer additional benefits
such as shelter and supply of alternative hosts and prey to
natural enemies.

The attract and reward combination significantly increases
natural enemy populations in crop fields over the application
of either of these components alone (Simpson et al, 2011;
Salamanca et al, 2018). The combination of MeSA as
attractant and buckwheat Fagopyrum esculentum Moench
(Polygonaceae) as reward plant boosted the abundance of
Scelonidae wasps on broccoli plants, and that of Eulophidae
wasps on sweetcorn plants (Simpson et al.,, 2011). Salamanca
et al. (2018) reported that the combination of MeSA and
coriander plants also led to an increased abundance of
the predatory thrips Franklinotrips vespiformis (Crawford)
(Thysanoptera: Aeolothripidae), predatory bugs Orius insidiosus
(Say) (Hemiptera: Anthocoridae), and hoverflies, Toxomerus sp.
(Diptera: Syrphidae), on bean plants, but no increase was found
in the abundance of earwigs Doru sp. (Dermaptera: Forficulidae).
However, the spatial arrangement of the attract and reward
components influences the abundance of natural enemies and the
control level of insect pests. For example, an increased abundance
of the predator Propylea japonica (Thunberg) (Coleoptera:
Coccinellidae) and a decreased population of the aphid Aphis
citricola van der Goot (Hemiptera: Aphididae) were noted when

MeSA was placed inside and Calendula officinalis L. (Asteraceae)
reward was placed at the edge of apple tree orchards compared
to the opposite arrangement (reward inside and MeSA at the
edge) and the control (no MeSA, no reward) (Jaworski et al.,
2019). The efficacy of the spatial arrangement supports the design
of the push-pull technique which promotes intercropping of
companion plants, one placed inside the crop field for repelling
herbivores, i.e., “push,” and another placed at the edge of the crop
field for attracting them, i.e., “pull” (Cook et al., 2007; Khan et al.,
2010). Although the push-push itself increases the abundance
of natural enemies compared to mono-cropping (Khan et al.,
2008; Leslie et al., 2020), the combination of push-pull with the
deployment of synthetic kairomone attractive to natural enemies
could further increase the natural enemy population to a level
required to reduce the insect pest density and crop damage to
below economic threshold levels, which could be assessed in
future studies.

Apart from increasing the abundance of natural enemies,
the combination of attract and reward has a long-lasting
effect, whereby more natural enemies can be sustained over
time in a crop field with reward than those without reward.
Simpson et al. (2011) used MeSA as attractant and buckwheat
as reward and recorded an increase in populations of parasitoids;
e.g., Dolichogenidae tasmanica (Cameron), Micropiltis demolitor
Wilkinson (both Hymenoptera: Braconidae), Trichogramma
pretiosum Riley (Hymenoptera: Trichogrammatidae), Diadegma
semiclausum (Hellen) (Hymenoptera: Ichneumonidae), and
predators of Tachinidae family in crop fields with the reward
compared to those without reward, especially as time elapsed.
Jaworski et al. (2019) also recorded more predator P. japonica
persisting in apple tree orchards bearing MeSA and the reward,
C. officinalis plant, which resulted in long-term control of the pest
A. citricola compared to control orchards.

Successful implementation of the attract and reward
technique has some limitations, e.g., attraction of non-target
organisms. Herbivores and hyper-parasitoids/predators can also
be attracted into crop fields because most field-tested HIPV's are
commonly emitted volatiles with broad-scale attraction effects,
and the reward plants can also serve as habitat for herbivores
(Simpson et al., 2011; Orre-Gordon et al., 2013; Sarkar et al,,
2018). Methyl salicylate is a common plant volatile compound
used to attract natural enemies. However, it was found to be
attractive to untargeted insect species such as herbivorous
insect pests (e.g., P. rapae, P. xylostella, Scaptomyza flava)
and hyper-parasitoids (e.g., Baryscapus galactopus (Ratzeburg)
(Hymenoptera: Eulophidae), Anacharis zealandica Ashmead
(Hymenoptera: Figitidae), and Diplazon laetatorius Fab.
(Hymenoptera: Ichneumonidae) (Orre-Gordon et al., 2013).
Buckwheat is a rewarding plant that is commonly used in an
attract and reward technique. However, it was also reported
to harbour herbivorous thrips such as Thrips tabaci Lindeman
(Thysanoptera: Thripidae) and aphids (Orre-Gordon et al., 2013;
Sarkar et al., 2018). Despite such unwanted effects, the attract
and reward combination could potentially enhance conservation
biological control through the recruitment of natural enemies
and their retention into the vicinity of target crops (Orre-Gordon
et al., 2013; Penaflor and Bento, 2013). Ways to improve its
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implementation and overcome such negative impacts could
include the selection of HIPVs that are attractive to a narrow
range of natural enemies but not to their hosts or prey (Ferry
et al., 2009), the use of natural enemy pheromone as the
attractant (Ruther, 2013), reward plants which are non-hosts
to the target insect pest(s) (Sarkar et al., 2018), an appropriate
spatial arrangement of the attractant and reward (Jaworski et al.,
2019), and the introduction of a herbivore-repellent component
into the system (Cook et al., 2007; Xu et al., 2017a; Pélsson,
2019). Future studies are needed to investigate the integration
of these tactics for an improved attract and reward technique to
enhance biological control in agro-ecosystems.

Incorporating Olfactory Associative
Learning to Improve the Efficiency of

Foraging Behaviour by Natural Enemies
Olfactory associative learning is a training process that involves
conditioning an insect to learn and recognise to associate a
particular odour with the presence of a reward (Arthur, 1971;
Turlings et al., 1993). This process tends to modify the insect’s
innate host preference (Weiss, 1997), which is established during
larval development (Hopkins, 1917; Barron, 2001) or shortly after
adult emergence (Jaenike, 1983; Barron, 2001). It is likely that
insect foragers learn and use odour stimuli that increase their
chances of finding suitable hosts (Jaenike, 1983; Vet et al., 1995;
Scheirs and De Bruyn, 2002). In conditioned insects, olfactory
associative learning develops their ability to exhibit a strong
response upon perception of the learned odour (Vet and Papaj,
1992; Faber et al., 1999). Therefore, odour learning has emerged
as a strategy to enhance foraging success and to consequently
minimise interference of environmental background odours (Vet
and Papaj, 1992; Arenas et al., 2007).

The use of olfactory associative learning in natural enemies
to improve biological control has recently been a focus of
great interest, especially by training or conditioning them
on kairomones during the mass rearing process before their
release in fields [reviewed in Giunti et al. (2015), Kruidhof
et al. (2019)]. Exposure of parasitoid Hyssopus pallidus (Askew)
(Hymenoptera: Eulophidae) larvae to the apple fruit extract
odour led to an adult preference for apple fruit extract, whereas
unexposed individuals did not show any preference (Gandolf
et al., 2003). Unlike naive individuals of the predator Anthocoris
nemoralis (Fab.) (Hemiptera: Anthocoridae), individuals that
had experience on MeSA-treated prey showed a pronounced
preference for the volatile (Drukker et al., 2000). Interestingly,
Meiners et al. (2003) showed that parasitoids that had learned
to recognise a mixture of compounds could also respond to the
individual blend compounds.

The efficiency of olfactory associative learning has also been
reported for improving host location behaviour by natural
enemies in crop fields. Females of the parasitoids C. glomerata
and D. semiclausum with previous experience on HIPVs from
Brassicaceae plants infested by P. brassicae and P. xylostella
successfully oriented towards host-infested plants even in
the presence of surrounding non-host and alternative host
plant vegetation, whereas unexperienced parasitoids failed

to preferentially locate the host-infested plants (Tibor et al,
2007; Kruidhof et al., 2015). Moreover, Hare et al. (1997)
reported that the parasitoid A. melinus previously trained
on O-caffeoyltyrosine during rearing achieved greater egg
parasitisation on field populations of A. aurantii than naive
parasitoids. Similarly, the predators Cycloneda sanguinea (L.)
(Coleoptera: Coccinellidae), Ceraeochrysa cubana (Hagen)
(Neuroptera: Chrysopidae), and Podisus nigrispinus (Dallas)
(Heteroptera: Pentatomidae) trained on mint oil, a commercial
volatile blend predominantly consisting of menthol, menthone,
(4)-menthyl acetate, menthofuran, isomenthone, limonene, and
1,8-cineole, consumed more eggs of Thyrinteina leucoceraea
(Rindge) (Lepidoptera: Geometridae) and Diatraea saccharalis
(Fab.) (Lepidoptera: Pyralidae) in field plots bearing the mint oil
than in control plots (Janssen et al., 2014).

Although olfactory associative learning enhances host finding
success by natural enemies, it remains unknown how long the
learned odour could persist in the insect’s memory. Natural
enemy species differ in their intrinsic capacity to conserve
information over time (short-term, mid-term, and long-term
memories) (Vet and Dicke, 1992; Hoedjes et al., 2011; Mery,
2013). Moreover, it is worth considering to what extent acquired
information could be conserved under natural conditions,
knowing that environmental variation has been reported as
one of the major factors underlying variation in learning and
memory retention (Mery, 2013; Smid and Vet, 2016). Future
studies should therefore be focused on investigating how to fine-
tune odour learning in natural enemies for long-term memory
consolidation to the benefit of their foraging success. However,
periodic releases of natural enemies trained on kairomones
during rearing could provide an efficient control of insect pests in
crop fields (Hare et al., 1997; Giunti et al., 2015; Kruidhof et al.,
2019).

Applying Volatile Kairomones Based on
Field Background Odour of Target Crop

Plant field background odour is one factor that could mask
the relevance of kairomone-based lures to natural enemies in
agricultural fields (Schroder and Hilker, 2008; Cai et al., 2017; Xu
etal.,2017b). Some HIPVs and OIPVs are common in the volatile
profiles of host plants, but they are often released in different
ratios between plant species. Plants therefore have different
potentials for shaping the attraction of natural enemies to field
applied synthetic HIPVs/OIPVs. Braasch et al. (2012) evaluated
the effects of target crop species on parasitoid attraction to MeSA
and found that more hymenopteran parasitoids were attracted to
MeSA-baited traps in field soybean plants than in corn plants.
Similarly, when (E)-B-farnesene and (E)-B-caryophyllene were
deployed in beet, bean, and wheat crops, predatory hoverflies
of the Syrphidae family were significantly attracted to (E)-B-
caryophyllene-baited traps only in beet crops, and to (E)-p-
farnesene-baited traps only in bean crops compared to unbaited
controls (Heuskin et al., 2012).

Field HIPV-based lures are usually applied in crops which also
release the HIPV of interest, and this may increase interference
with the successful location of lures by natural enemies. Flint
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et al. (1979) found that the attraction of the green predatory
lacewing, C. carnea, to synthetic caryophyllene applied on cotton
plants reduced as the plants grew and released the compound,
and detection of the lure thereby waned. Caryophyllene was,
however, not attractive to C. carnea in wheat plants (Dean and
Satasook, 1983) for which it is one of the most abundant volatile
compounds (Jiménez-Martinez et al., 2004). In such cases, the
use of concentrations beyond that of the target HIPV in the plant
field background odour or in specific blends could help pinpoint
the relevant concentration or blend composition that would best
attract natural enemies to kairomone-based lures (Szendrei and
Rodriguez-Saona, 2010; Xu et al., 2017b). Field application of a
synthetic volatile blend composed of ocimene, limonene, (Z)-3-
hexenol, and (Z)-3-hexenyl acetate attracted tea leathoppers in
autumn when the tea field background odour contained very
low quantity of these compounds, yet the blend was unattractive
to the insects in summer when the individual compounds were
present in much higher concentrations in the background odour
(Xu et al., 2017b).

An alternative strategy for reducing this interplay between the
kairomone-based lure and volatile emission by the target field
crops could be to use an attractant HIPV in crop fields where it
is not released or only released in very low quantity to enhance
the detection of the lure within the crop background odour.
Field traps baited with phenylacetaldehyde attracted 10-100-fold
more predator C. carnea than unbaited traps when deployed
in cherry and peach orchards (Téth et al., 2006). Interestingly,
the volatile profiles of cherry and peach plants contain minor
amounts or no phenylacetaldehyde (Najar-Rodriguez et al., 2013;
Bandeira-Reidel et al., 2017; Ye et al., 2017; Maatallah et al., 2020).
Therefore, unlike caryophyllene, it is likely that the predator
C. carnea would be attracted to phenylacetaldehyde on cotton
and wheat plants of which the headspace volatiles lack this
compound (Thompson et al., 1971; Rodriguez-Saona et al., 2001;
Jiménez-Martinez et al., 2004; Starr et al., 2015). Two synthetic
blends which differed in their benzaldehyde and ethyl benzoate
content attracted tea leafhoppers in the laboratory, but the results
differed when they were deployed in tea field plantations. The
blend that contained ethyl benzoate that was absent in the tea
field background odour attracted more tea leathoppers in field
experiments compared to a paraffin oil control solvent (Cai et al.,
2017). The blend that contained benzaldehyde, a compound
which dominated the tea background odour, was no longer
attractive to tea leafhoppers in crop fields (Cai et al., 2017).

Standardising Kairomone-Based Field
Implementation Design to Be Able to Draw

Generic Conclusions

Kairomones have been validated for the recruitment of natural
enemies in crop fields across diverse agro-ecosystems (James and
Price, 2004; T6th et al., 2009; Jones et al., 2016; Cai et al., 2017;
Penaflor, 2019). However, the approaches used in these studies
varied, and this may lead to some discrepancies. Although abiotic
factors are hardly standardised across landscapes (Almekinders
et al, 1995), a number of biotic factors and kairomone
implementation practises could be made uniform in studies to

strengthen the conclusions drawn from the findings of spatial and
temporal studies. There is a need to improve how kairomones
have been applied and assessed regarding their effectiveness with
the aim of enhancing biological control strategies.

Firstly, there is a need to optimise the concentrations,
compositions, and release rates of kairomones under field
conditions. Since natural enemies display concentration-
dependent responses in nature (James, 2006; Ferry et al., 2007;
Kaplan, 2012a), conclusions drawn from studies considering only
one concentration of the test kairomone are to be interpreted
with caution. Field studies have demonstrated that population
levels of attracted natural enemies differed according to the
kairomone concentrations (Tables 1, 2). Therefore, it is crucial
to test a range of concentrations to better assess the effectiveness
of kairomone-based lures and their possible optimisation for
field application. Using MeSA-baited yellow sticky cards in
vineyards, James (2006) recorded more than 2-fold increase in
green predatory lacewing Chrysopa oculata Say (Neuroptera:
Chrysopidae) populations in plots baited with 99% MeSA
compared to plots baited with 10 and 1% MeSA, while both
of the latter did not differ from the control. Similarly, field
application of different dimethyl disulfide concentrations (0.1,
1, 10, and 100% v/v dimethyl sulphide/paraffin oil) revealed
that a 10% dilution caught the highest number of predators,
Aleochara bipustulata (L.) and Aleochara bilineata Gyllenhal
(both Coleoptera: Staphilinidae). Whereas more predatory
carabid beetles were caught with a 1% concentration compared
with a 100% concentration and the control (Ferry et al., 2007). It
is also important that future studies focus on the use of odourant
mixtures as field attractants for the recruitment of natural
enemies. In a simulated model, Chan et al. (2018) showed that
odourant mixtures elicit faster olfactory processing responses
in insects (e.g., honeybees) and are more reliable for insect
olfaction than single odourants. Insects are likely to exploit
blend of odourants when foraging in nature (Thomas-Danguin
et al., 2014; Conchou et al., 2019). Jones et al. (2011) reported
high numbers of the predators C. nigricornis and C. oculata
in apple orchard plots with traps baited with the blend of
MeSA and iridodial compared to plots with traps baited with
either compound alone. The release rate of kairomone-based
lures should also be taken into consideration, as it can provide
insight on their diffusion and the frequency of lure replacement
during the study period. The solvent used to formulate the
lure, the dispenser used to deliver it, and some abiotic factors
(e.g., temperature and relative humidity) affect the release
rate of kairomone and consequently its long-lasting effect and
effectiveness in attracting natural enemies in crop fields (Jones
et al,, 2011; Heuskin et al., 2012; Kaplan, 2012a; Xu et al., 2017b).
James (2006) used a 99% MeSA lure replaced at weekly intervals
over a 5-week period and observed that the number of captured
C. oculata was 5-8-fold higher in MeSA-treated plots than in the
controls during the first 3 weeks, but then the captures declined
to a low level in the final 2 weeks. Likewise, more predatory
ladybeetle and hoverfly adults were recorded on wheat plants
when the applied pheromone (E)-p-farnesene-based lure was
formulated in paraffin oil compared with an alginate bead-based
formulation (Xu et al., 2017b). The observed difference was
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explained by the effect of the experimental conditions whereby
the diffusion of (E)-B-farnesene from alginate beads was limited
by the high relative humidity that prevailed, as reported by
Heuskin et al. (2012).

Secondly, there is need for an implementation design that
enables a uniform distribution of the attracted natural enemies
within the semiochemical-treated field. Studies investigating the
effects of semiochemical-based lures have been implemented
in diverse crop fields, but little attention has been paid to the
distribution of natural enemies within the target field, which
is nevertheless a key factor with regard to herbivorous insect
pest control (Rodriguez-Saona et al., 2011; Braasch and Kaplan,
2012; Lim and Mainali, 2013; Vidal and Murphy, 2018). A
simulated model conducted by Kaplan and Lewis (2014) revealed
that the size of the kairomone field had a marked effect on
the number and distribution of attracted predators, with more
predators attracted to small fields compared to large fields,
and with abundance of attracted predators within the target
field decreasing with increasing distance from the field edge. In
these scenarios, the core of the target field becomes an enemy-
free space, and therefore an unprotected zone where herbivore
outbreaks could occur. Apart from the field size, the density
of kairomone-release points and the distance over which the
formulated lure can be effective also affect also the distribution
of attracted natural enemies for successful control of insect pests.
By tracking the abundance of natural enemies over a gradient
of distances from the HIPV lure-releasing point, 90d Predalure
(AgBio Inc. Westminstewr, CO, USA), a commercially available
MeSA lure, was reported to be active over a small spatial scale
of 1.5 to 2.5m (i.e., increased abundance only in a localised area
surrounding the emission source) in soybean and cranberries
crop fields (Mallinger et al., 2011; Rodriguez-Saona et al., 2011).
A 40d Predalure was active over a broad spatial scale of 8-10 m
(i.e., increased abundance both at the immediate emission source
as well as in neighbouring areas) in tomato crop fields (Kelly
et al.,, 2014). Similarly, phenylethyl alcohol and an induced maize
volatile blend were also active at a broad spatial scale of 8-10 m
in soybean and maize crop fields (Ockroy et al., 2001; Braasch
and Kaplan, 2012). The bioactive attraction range of a formulated
kairomone could generate insight on the experimental field size
and the adequate lure density (i.e., number of lure sources per
unit area), both of which have a profound effect on the abundance
of natural enemies and the insect pest control level. For example,
over a transect distance of 36 m from pheromone releasing-
points, Lim and Mainali (2013) recorded high abundance of the
parasitoids Ooencyrtus nezarae Ishii (Hymenoptera: Encyrtidae)
and Gryon japonicum (Ashmead) (Hymenoptera: Scelionidae)
associated with a high parasitism rate up to 18 m in soybean
fields baited with the pheromone [blend of (E)-2-hexenyl (E)-
2-hexenoate and (E)-2-hexenyl (Z)-3-hexenoate] identified from
the host, Riptortus pedestris (Fab.) (Hemiptera: Alydidae). Using
MeSA in hop yards and vineyards, abundance of predators
increased with less lure density (James and Price, 2004), but such
relationship may depend on the attracted natural enemy species
and family (Gadino et al., 2012). Under field conditions, the
odour concentration decreases with increasing distance from its
source (Beyaert and Hilker, 2014). Therefore, when designing

a kairomone-based lure field experiment, it is also important
to create enough space between kairomone and kairomone-free
zones to prevent interference of odours and emigration of natural
enemies between both zones. Although there is no rule on how
to define the space of such interzone (buffer zone), we suggest a
minimum of 2-fold the distance over which the kairomone-based
lure is bioactive. However, future studies are needed to be able to
draw evidence-based recommendations.

Thirdly, when used to enhance conservation biological control
strategies, a kairomone should not only show effectiveness in
attracting natural enemies, but its application should also lead
to reduction in pest populations and crop damage through
increased parasitism and predation rates, and to an increase
in crop yields (Kaplan, 2012a; Salamanca et al., 2018). This
may require assessment of kairomone effectiveness shifting
from simply looking at natural enemy catches to direct field
observation when possible, or at least a combination of the
two methods. The field application of synthetic HIPVs is
known to prime HIPV production in neighbouring undamaged
plants, hence triggering indirect defences against herbivores
(Engelberth et al., 2004; von Mérey et al,, 2011). James and
Price (2004) reported that canopy shake samples from hop
yards resulted in a 7- and 57-fold increase in Orius tristicolor
(White) (Hemiptera: Anthocoridae) and Stethorus punctum
picipes (Casey) (Coleoptera: Coccinellidae), respectively, in
MeSA-baited compared to unbaited plots. Although it is widely
acknowledged that kairomones increase the abundance of natural
enemies in crop fields, it is debatable whether their increase
leads to a reduction in crop damage by pests, and a subsequent
increase in crop yields. In a 2-year study, Wang et al. (2011)
recorded an increase in the abundance of predatory lady beetles
(C. septempunctata, H. axyridis, and P. japonica) associated with
a reduced density of the grain aphid, Sitobion avenae (Fab.)
(Hemiptera: Aphididae), and increases in the parasitism rate and
wheat yield in MeSA-baited wheat plots compared to unbaited
plots. Although, Salamanca et al. (2018) reported an increased
abundance of biocontrol agents (Toxomerus sp. and O. insidiosus)
with a reduced spider mite damage to bean plants, the yield of
beans was not improved by the application of MeSA compared
to control plots. Application of MeSA also did not reduce pest
populations or increase strawberry and grapevine yields (Lee,
2010; Simpson et al,, 2011). We speculate that, in the latter
studies, the population levels of the attracted natural enemies
may not have been enough to cause a reduction of crop damage
to under the economic threshold level, or the attracted natural
enemies may not have been those of the primary insect pests of
the target crops. The application of kairomone-based lures may
sometimes lead to sex-biased recruitment of natural enemies,
whereby one sex (male or female) predominantly responds to
the lure, which affects the mating status and may influence
natural enemy population dynamics in the target field (Jones
et al, 2011; Kaplan, 2012a). One way of dealing with this
would be to combine sex-specific attractants to target both sexes
of natural enemies. Although the use of semiochemicals has
evolved as a novel tool for environmentally friendly pest control,
farmers who are the end-users continue to primarily rely on
the use of chemical insecticides for crop protection. We suggest
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that future studies investigate the effectiveness of applying
semiochemical-based lures vs. use of chemical insecticides in
terms of the reduction of herbivore populations and damage, the
improvement of crop yield, and cost-benefit analysis. Above all,
the use of semiochemical-based lures offers great potentials for
reducing crop damage by pests and improving crop productivity,
and the effectiveness of their application could be further
improved by taking into account the different aspects discussed
earlier in this section.

CONCLUDING REMARKS

Over the last two decades, application of kairomones in
crop fields has evolved as a novel approach to enhance
biological control strategies through the attraction and retention
of natural enemies on crops. To date, effective application
measures and more effective lures are needed to increase
kairomone implementation and boost its effectiveness under
field conditions. The efficiency of kairomone-based lures
under field conditions could be improved on the basis of
the formulation, concentration, ratio, and release rate of the
kairomone. Moreover, kairomone detection by natural enemies
could be facilitated by taking into consideration the kairomone
concentration and the crop field background odour. The control
of insect pests by natural enemies could be further enhanced
with the use of kairomone-based lures, the release of odour-based
experienced natural enemies, and the combination of kairomone
with reward plants set up in an appropriate spatial arrangement.
Several field experiments have tested the use of single kairomonal
compounds, and it is important that future studies assess the use
of compound blends in recruiting natural enemies in crop fields.
In addition to the attraction of natural enemies, future studies
should be focused on evaluating the reduction of pest populations
and crop damage when using kairomones compared to pesticide
application, as well as the increase in crop yields, so as to be
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Abstract The overall interest in environmentally safe pest
control methods and the rise of insecticide resistance in
pest populations have prompted medical and agricultural
entomology research on insect repellents in recent years.
However, conducting research on repellent is challenging
for several reasons: (1) the different repellent phenomena
are not well defined; (2) it is difficult to test for and
quantify repellent; (3) the physiological mechanisms are
poorly known; (4) the field efficacy appears to be highly
variable. Here, we identified five different types of repel-
lent: expellency, irritancy, deterrency, odor masking and
visual masking, and described behavioral bioassays to
differentiate between them. Although these categories are
currently defined by their behavioral response to different
stimuli, we suggest new definitions based on their mecha-
nism of action. We put forward three main hypotheses on
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the physiological mechanism: (1) a dose effect that modi-
fies the behavior, (2) a repellent mechanism with specific
receptors, or (3) inhibition of the transduction of neural
information.

Keywords Deterrent - Antifeeding - Odorant receptor -
Olfaction - Gustation - DEET - Pest management -
Vector control

Introduction

The plant kingdom produces several hundred thousand
chemical substances, which affect insect behavior (Fraenkel
1959). For instance, their secondary compounds are involved
in the recognition and acceptability of plants by insects. The
reception of host cues encompasses a wide variety of stimuli
(olfactory, visual, tactile and gustatory) (Thorsteinson
1960), and host selection is believed to proceed in a hierar-
chical manner. The first step, ‘choice’, involves seeking and
recognition of the host using olfactory and visual cues. It
generally takes place over a distance. The second step, ‘se-
lection’, is the acceptability of the host on the basis of
gustatory cues (Visser 1988) and it generally takes place
upon contact. A similar hierarchical sequence operates for
insects feeding on human or animal hosts.

The overall interest of environmentally safe pest control
methods and the increasing number of insecticide-resistant
pest populations have recently prompted research on insect
repellents in medical (including veterinary) and agricul-
tural entomology. Hence, for the past decade, research on
insect repellent increased steadily, with nearly 250 articles
published in 2015 on this topic (154 on insect repellents, 42
on insect antifeedants and 52 on insect deterrents)
according to the ISI “Web of Knowledge’.
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A repellent is currently defined as a behavioral response
to a stimulus (Miller et al. 2009) and the differences
between behavioral responses can be subjective. Histori-
cally, the word ‘repellent’ has indeed been used to
characterize many different phenomena. In addition,
comparisons of results from different studies worldwide are
difficult due to the variability in the methods used to assess
repellent, i.e., authors use different apparatuses and/or
conditions, variables and parameters.

The word repellent derives from the Latin verb repellere,
meaning ‘to reject’. Hence, strictly speaking, a substance
should only be considered as a repellent when it causes an
organism to make oriented movements away from its source
(Nordlund 1981). In this review, we use a broader definition
of repellent, i.e., a phenomenon that prevents a pest’s ability
to track, locate and/or recognize its host. Hence, a repellent
phenomenon can be a movement away from an odor source,
but also an inability to find the host. A mechanism that nul-
lifies the attraction of an insect to an odor source should also
be considered as a repellent (Ramirez et al. 2012).

Using this broad definition, we can identify five types of
repellent on the basis of the observed insect behavior: (1) true
repellent (also called expellent, spatial repellent), which
corresponds to an oriented movement of the insect away
from an odor source without direct contact, (2) odor masking
(also called attraction inhibition), which is either a reduction
in the attractiveness of the host or a disruption of the local-
ization of the host by the odor cue, (3) contact irritancy (also
called landing inhibition or excito-repellent), an oriented
movement of the insect away from a chemical after direct
contact, (4) deterrence (also called antifeeding, suppressant,
anorexigenic and anti-appetant), which corresponds to a
disruption of feeding activity by contact with or ingestion of
achemical and (5) visual masking, which defines a reduction
in the attractiveness of the host or a disruption of the local-
ization of the host by a visual cue (Fig. 1).

Here, we review these repellent phenomena by giving
each a precise definition and illustrating this with experi-
mental findings. Then, after summarizing the olfaction and
gustatory pathways, we discuss the potential action
mechanisms of repellents. To illustrate the potential of
repellent in insect management to protect humans or plants,
we review two examples of well-known strategies, i.e., the
use of impregnated bed nets for disease control and the
push—pull strategy for crop pest management.

Repellent phenomena
True repellent: expellent

A true repellent—sometimes named expellent in medical
entomology (Achee et al. 2012)—is a substance that
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causes oriented movement away from the odor source
(Matthews and Matthews 1978; Bernier et al. 2007; Nerio
et al. 2010). One example is the aphid alarm pheromone—
including (E)-B-farnesene which is the main, if not only,
component in most species—which induces the dispersion
of the aphids (Montgomery and Nault 1977). Movement
away from the odor source can be innate or acquired by
experience (White 2007). In pest management, the aim of
a true repellent is to create an odor barrier to prevent an
arthropod from entering a space occupied by a potential
host, as a ‘safe zone’ to reduce encounters between the
insect and the host (Brown and Hebert 1997). In the case
of a pathogen vector, the probability of pathogen trans-
mission could be reduced or even eliminated (Achee et al.
2012).

True repellent should be tested: (1) using a bioassay
that prevents contact between the insect and the stimulus
and (2) in the absence of the host, because it can have a
masking effect and/or disturb the tested insect. The
repellent can be studied with a tubular olfactometer
oriented vertically or horizontally with flowing or still
air (Deletre et al. 2013; Deletre et al. 2015; Abtew et al.
2015). A new tubular olfactometer system was recently
designed by Steck et al. (2012) for assaying Drosophila
melanogaster. Five tubes were aligned horizontally with
one insect inside. Using air flow, the insect was exposed
to repeated odor pulses. Its position was visually
tracked: repellent odors evoke decreased activity fol-
lowed by downwind movement, whereas attractive odor
elicits directed upwind movement. Using this system,
Steck et al. (2012) showed that benzaldehyde, a well-
known repellent compound, elicited a true repellent
response. Conversely, most other aversive compounds
elicited neither attraction nor aversion. The four-arm
olfactometer, first designed by Pettersson (1970), can
also be used to study attractive or repellent odor. One
arm delivers the test odor and the three other arms are
used as controls (Pettersson 1970; Vet et al. 1983;
Abdullah et al. 2014). The same scheme can be used for
testing a repellent (Bruce et al. 2015). It is hard to study
a repellent with a Y olfactometer, because the insect will
not go all the way to the choice zone if the compound is
a true repellent. To get around this issue, we can either
put the insect directly in the choice area or use a T-maze
(Stensmyr et al. 2012). For example, Grieco et al. (2005)
put Aedes aegypti mosquitoes in the central part of a
cylinder divided into three parts. The mosquitoes chose
between a treated (repellent odor) and a non-treated
chamber. Video recording technology (e.g., Ethovision®
software from Noldus) facilitates data collection in
behavioral assays for the repellent. This bioassay is now
recommended by the World Health Organization (WHO
2013).
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Odor masking: attraction inhibition

A masking odor interferes with the host detection/local-
ization or decreases the attractiveness of the host (Nolen
et al. 2002; Bernier et al. 2007; WHO 2013). Such com-
pounds are therefore not repellent alone. One example is
the N,N-diethyl-3-methylbenzamide (DEET) which inhi-
bits the lactic acid attraction of Aedes aegypti mosquitoes
(Dogan et al. 1999). Masking odors can also decrease the
host attractiveness by changing the host chemical, thereby
impeding an insect’s host-seeking activity. For instance,
DEET can reduce 3-octenol release, hence changing the
chemical host profile and disrupting host-seeking behavior
(Syed and Leal 2008). In pest management, the aim of an
odor-masking agent is to hide the host from the insect pest.

The masking effect should be evaluated: (1) using a
bioassay that prevents contact between the insect and the
stimulus and (2) with the host volatile. Y and four-arm
olfactometers can be used to assess masking effects (Togni
et al. 2010). For the Y-tube, one arm contains the host—
animal or plant—attractant odor and the other contains
both the host attractant odor and the tested product. This
test is currently recommended by WHO (2013). For the
four-arm olfactometer, all the arms contain the host odor

but one arm also contains the repellent odor (Irmisch et al.
2014). If the product seems to be a maskant, the best is to
test the product alone—i.e., in the absence of the host—to
eliminate a potential expellent property.

Irritability (excito-repellent, landing inhibition,
contact disengagement)

An irritant causes movement away from the stimulus after
the insect has physically contacted it (Grieco et al. 2005;
Miller et al. 2009). In medical entomology, this behavior is
also called landing inhibition (WHO 2013) or excito-re-
pellent for the pyrethroids, because they increase mosquito
activity after contact (White 2007). In pest management,
the aim of an irritant product is to break the physical
association between insects and hosts, hence reducing the
probability of feeding and the risk of pathogen transmis-
sion (Achee et al. 2012).

By definition, the irritant effect must be tested using an
experimental arena: (1) allowing contact between the insect
and the tested product and (2) in the absence of the host.
For crawling insects, Petri dish bioassays are common
(Jilani and Saxena 1990). A filter paper is divided into two
equal areas, one with the test stimulus and the other with
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solvent only. The insects are released at the center of the
Petri dish, and the number of insects found in the two areas
and/or the time spent on each area is compared (Nilsson
and Bengtsson 2004; Wang et al. 2006; Martin et al. 2013).
Because a stimulus could be toxic, the challenge is to work
at a sub-lethal concentration (Schrek 1977). For flying
insects, such as mosquitoes, a plastic cone where a treated
material is placed at the base of the cone is used. After a
short acclimation time, the mosquito lands on the treated
material and then the time before takeoff is recorded.
Another method involves the use of a cylinder divided into
two parts: a chamber lined with a treated paper and another
chamber lined with a non-treated paper separated by a
butterfly valve (Grieco et al. 2005; Deletre et al. 2013). The
mosquitoes are placed in the treated chamber, the valve is
opened and the number of mosquitoes in the non-treated
chamber is recorded 10 min later to characterize the irritant
effect. This should be compared to the effect with a grid
avoiding contact with treated paper using the same appa-
ratus to differentiate between compounds having only
irritant effect and compounds with irritant and expellent
effect.

Antifeeding (suppressant, deterrent, anorexigenic,
attraction antagonist, feeding inhibitor)

An antifeedant product prevents, interrupts or otherwise
disrupts feeding behavior (Koul 2008). This change in
feeding behavior either occurs after the insect contacts the
antifeedant or as postgustatory effects of the antifeedant.
Here, we focus on the first cause. Contrary to an irritant, an
antifeedant may not cause the insect to move away from
the product, but only inhibit its feeding behavior. A sup-
pressant inhibits the initiation of feeding, a deterrent
impedes the continuation of this behavior and an anorexi-
genic causes a loss of appetite (Warthen and Morgan
1990). For example, the tobacco hornworm, Manduca
sexta, approached the deterrent Grindella-treated diet but
rejected it within 6 s of initiating biting (Glendinning et al.
1998). In medical entomology, a product interfering with
feeding behavior is called a feeding inhibitor (WHO 2013),
a substance that interrupts the blood-feeding process is an
attraction antagonist (Bernier et al. 2007) and the term
deterrent is used in a broad context, i.e., prevention of
mosquitoes from bite or even entering a house (White
2007). In pest management, antifeedants reduce or stop
feeding behavior (Foster and Harris 1997).

To test the antifeeding effect, the insect must be (1) in
contact with the test compound and (2) the host simulta-
neously. For such studies, it is advisable to use both choice
and no-choice assays, because data are complementary and
often provide a clearer view of the response. For example,
Blaney et al. (1990) showed that compounds recorded as
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active antifeedants in the choice bioassay were not always
as active in the no-choice test. Response variables mea-
sured in antifeeding studies include the amount of diet
consumed (Abdelgaleil et al. 2002), weight gain of insects,
duration of feeding activity (Cameron et al. 2016) and
behavioral reflexes (Amrein and Thorne 2005).

Visual masking

A compound or an object can modify the shape or color of
a crop or hide the host, hence ensuring a visual masking
effect. In pest management, the aim is to disrupt host plant
recognition. The visual stimulant may be used as an
attractant stimulant combined with insecticides or glue to
trap them. For example, blue and black traps are used to
control or survey cattle flies, but it is possible that some
colors could be repelling (Gibson and Torr 1999). It seems
difficult to change the visual properties of a plant to
decrease its attractiveness but, for example, gibberellic acid
has been used to keep grapefruit green, which is less
attractive than yellow fruit to fruit flies (Foster and Harris
1997). The use of UV-absorbing plastics as greenhouse
covers may also reduce the spread of insect-borne virus
diseases (Raviv and Antignus 2004). This is because these
UV-absorbing plastics modify insect behavior: (1) in a high
UV reflectance environment, anthophilous thrips are
repelled from the surface of attractive colors, (2) in the
whitefly, B. tabaci, adult dispersion was hindered with UV
light filtration and (3) in an UV-deficient environment, the
flight activity of the aphid, Myzus persicae, was reduced.
Moreover, colored shade netting may be effective against
insect pests: whiteflies landed on yellow nets but did not
penetrate to reach the plant, and thrips were less likely to
penetrate through blue and yellow nets (Weintraub 2009).
Finally, maize is often used to dissimulate some crops to
their pests and can therefore be considered as a visual
masking plant (Smith and McSorley 2000). Studies of
visual effects should take care to eliminate or otherwise
control for effects of olfactory cues.

Potential action mechanisms

The sources of potential repellent products are diverse
(Foster and Harris 1997), but can be classified into three
categories: (1) plant sources, (2) insect sources and (3)
synthetic compounds. Repellents can originate from plants
for several reasons. First, several plants have specialized
organs to repel enemies: the nettle Urtica has trichomes,
lemon possesses o0il vacuoles in the peel, mint has extra-
cellular glands and pine has resin canals (Hossaert-McKey
and Bagnéres-Urbany 2012). Plants also emit volatile
organic compounds to attract pollinators, predators and
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parasitoids or to repel pests, e.g., tobacco plants release
herbivore-induced volatiles that are repellent for Heliothis
virescens female moths (De Moraes et al. 2001; Kessler
and Baldwin 2001; Unsicker et al. 2009). These induced
secondary metabolites of plants can be antidigestive and
antinutritive proteins (Baldwin et al. 2001). Finally, the
essential oils of the major plant families (Myrtaceae,
Lauraceae, Lamiaceae, and Asteraceae) may be irritants,
repellents, antifeedants, or maskants (Regnault-Roger
1997; Tawatsin et al. 2001; Isman 2006; Moore et al.
2007a; Regnault-Roger et al. 2012; Nerio et al. 2010).
Insects are another source of repellent products. Some of
them produce defense secretions such as alarm pheromones
(Pickett et al. 1992). Another famous example concerns ant
cues that affect landing behavior of fruit flies (Van Mele
et al. 2009). Synthetic compounds are the third source of
repellent products; these include DEET, IR3535, DEPA
(N,N-diethyl phenylacetamide), PMD (p-menthane-3,8-
diol), picaridin and some pyrethroids (Moore and Debboun
2007b). How do these repellent products, synthetic or
extracted from plants and animals, act on the insects?

Olfaction pathway

Insect olfactory organs, the antennae and maxillary/labial
palps, are covered with different types of sensilla. A sen-
sillum is a sensory structure housing one to four olfactory
receptor neurons (Dethier 1954). Each olfactory receptor
neuron expresses a unique combination of olfactory
receptors with olfactory co-receptors (Vosshall et al. 2000;
Krieger et al. 2003; Vosshall and Hansson 2011) and
projects axons into a single olfactory glomerulus in the
antennal lobe (Vassar et al. 1994). In the antennal lobe,
interneurons are located between glomeruli and projection
neurons (PNs) (Jefferis et al. 2001; Marin et al. 2002).
Projection neurons link the antennal lobe to higher-order
processing centers: mushroom bodies and the lateral horn
(Christensen and White 2000). Olfactory signal transduc-
tion is detailed in Fig. 2. Insects recognize their hosts by
their odors, characterized by: (1) blends of volatile com-
pounds, (2) their ratio and (3) their spatiotemporal
diffusion (Sachse and Galizia 2003; Bruce et al. 2005).
The first step in odor recognition is odorant receptor
activation (Suh et al. 2014). This could be due to the odor
alone or to the binding protein—odorant complex (Buck and
Axel 1991; Nakagawa et al. 2005; Leal 2013). Binding
proteins contribute to the overall odorant specificity and
sensitivity of the insect olfactory system (Vogt and Rid-
diford 1981; Leal 2013). Olfactory receptors play a
significant role in odorant sensitivity, because of the
available number, their specificity and affinity (Ha and
Smith 2009; Gomez-Martin et al. 2010). Olfactory co-re-
ceptors take part in signal transduction and assist in

receptor trafficking, targeting and tuning (Larsson et al.
2004; Hansson and Stensmyr 2011; Kaupp 2010). For
example, in Anopheles gambiae, De Genarro et al. (2013)
showed that Orco mutant mosquitoes were less attracted to
honey and did not respond to human scent in the absence of
CO,, because the spontaneous activity and odor responses
of the Orco mutant olfactory neurons were reduced.

All olfactory receptor neurons expressing the same
receptor converge onto one glomerulus (Laissue et al.
1999; Gomez-Martin et al. 2010). However, one olfactory
receptor can recognize multiple odors and one odor can be
recognized by multiple olfactory receptors. Consequently,
a blend of odors activates different combinations of
olfactory receptors (De Bruyne et al. 1999; De Bruyne
et al. 2001; Hallem and Carlson 2006). Odors can also
inhibit odorant receptors (De Bruyne et al. 1999; Hallem
and Carlson 2006) and elicit different temporal responses,
so temporal coding also enhances the insect ability to
recognize odors (Kaupp 2010). Odorant receptors have
different activation thresholds and glomeruli have different
levels of excitation (Hallem and Carlson 2006). Odor
information is therefore coded by the distribution of several
activated glomeruli, corresponding to activated olfactory
receptor neurons by the odorant molecule (Malnic et al.
1999; Séjourné et al. 2011). Odor information is treated by
local interneurons that are the link between olfactory
receptor neurons and projection neurons. They modulate,
by inhibition or activation, the glomeruli, thus improving
the signal from the initial noise that results from odor code
conveyed by the projection neurons (Jefferis et al. 2001;
Marin et al. 2002; Silbering and Galizia, 2007; Cunning-
ham, 2012). Cortical representations of odor information
created in the antennal lobe are not known (Touhara and
Vosshall, 2009). Mushroom bodies are probably sites for
olfactory learning and memory and experience-dependent
modulation of olfactory behavior, whereas the lateral horn
appears to be a site for innate, experience-independent
modulation of olfactory behavior (de Belle and Heisenberg
1994; Heisenberg 2003; Gomez-Martin et al. 2010).
Pheromone or general odor receptors differ with regard to
specificity and selectivity, while being narrowly or broadly
tuned and linked to specialist or generalist olfactory
receptor neurons, so the generating combinatory code in
the antennal lobe is different (Christensen and Hildebrand
2002; Hallem and Carlson 2006; Touhara and Vosshall
2009). An odor-like plant volatile can activate different
types of olfactory receptors in various neurons converging
on different glomeruli, contrary to pheromone receptors
which are very specialized (Touhara and Vosshall 2009;
Leal 2013). But some olfactory receptor neurons involved
in host volatiles can also be highly specialized, depending
on their concentration, number and ecological relevance
(Hansson and Stensmyr 2011). For example, scarab beetles
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have selective olfactory receptor neurons for specific host
volatiles that can elicit either repellent or no behavior. How
might a single compound acting on this olfactory system
result in a repellent? The molecular targets and signaling
pathways involved in sensing insect repellents as well as
antifeedants are poorly understood (Kim 2013).

Specific receptors or neurons?

Here, we hypothesize that the activation of specific olfac-
tory receptor neurons innervating one glomerulus can be
responsible for an innate repellent behavior. Accordingly,
Knaden et al. (2012) found some glomeruli that responded
discriminately to attractive and aversive odors: DA4 and
DC3 glomeruli were identified as ‘aversive specific’, both
at the input and output levels. For example, geosmin—a
compound produced by fungi and bacteria—is a repellent
for Drosophila melanogaster through an innate avoidance
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H Hypothethical feeding inhibitor mechanism

pathway (Stensmyr et al. 2012). The molecule activates
ab4B neurons which are specific only to geosmin and elicit
a response from only two PNs (Stensmyr et al. 2012).
Moreover, D. melanogaster exhibited strong avoidance to
odors (CO,) released by stressed flies, and CO, activated
only a single specific glomerulus in the antennal lobe (Suh
et al. 2004). Avoidance is lost when this specific
glomerulus is inhibited (Suh et al. 2004). Moreover, DEET
is detected by the sacculus (antennal structure) of D. mel-
anogaster innervated by axons of Ir40a-expressing neurons
(Kain et al. 2013). When synaptic transmission in these
neurons was blocked, DEET repellent was decreased for
these flies, suggesting that Ir40a neurons are required for
repellent triggering. Note that Ir40a is a highly conserved
receptor among insects, which could explain the effec-
tiveness of DEET in a wide variety of species.

As defined above, a true repellent (expellent) is a
compound that causes movement away from the odor
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«Fig. 2 Hypothetical mecanisms of the different kinds of repellents.
a Signal transduction through the olfaction pathway. Odorant molecules
pass through the sensilla pore tubule', diffuse into the endolymph by
means of binding proteins’ which carry the molecule to olfactory
receptors” (Leal 2013). Binding of the odorant to olfactory receptors
leads to the opening of* olfactory receptor-associated ion channels and
subsequent depolarization of olfactory receptor neurons* (Kaupp 2010).
In the antennal lobe, the activated glomeruli activate interneurons® that
modulate the activity of projection neurons® and depolarization in
projection neurons conveys information to mushroom bodies and the
lateral horn’ (Ache and Young 2005). ¢ Hypothetical expellent
mechanism. True repellents (expellents) remotely cause movement
away from the odor source independently of the context. An expellent
would activate specific olfactory receptor’ and the depolarization® of the
olfactory receptor neuron would activate a specific glomeruli® with
labeled lines. Then a projection neuron would convey the information®
that codes for a movement away. b Hypothetical maskant odor
mechanism. Maskant odor compounds decrease the attractiveness of
the host and are not repellent by themselves, but depend on the context.
This compound induces different behavior as a function of their
concentration and the presence of other molecules. When the concen-
tration is high, a higher number of olfactory receptors are recruited' so
the depolarization of olfactory neurons is more important’. There is a
different threshold activation for glomeruli3, which causes different
modulation by interneurons®. The odor code conveyed by projection
neurons” to the higher brain is different from the low concentration code,
resulting in different behavior. d Hypothetical attraction inhibitor
mechanism. Attraction inhibitors interfere with host detection and
localization. These compounds inhibit the olfactory receptor neuron
response1 by affecting the odorant?, binding proteins3 or olfactory
receptors’. There is no signal, so there is no behavior. e Signal
transduction through the gustatory pathway. Gustatory compounds pass
through the unipore’ and diffuse in the endolymph via the host binding
proteinz, which carries them to the gustatory receptor3 (Amrein and
Thorne 2005; Isono and Morita 2010). Gustatory receptor activation
results in opening the ion channel of gustatory receptors and then
depolarization of gustatory receptor neurons®; their axons project directly
without synapsing into the subesophageal ganglion (Schoonhoven and
Van Loon 2002). Finally, interneurons are activated® and taste
information is sent from the subesophageal ganglion to the mushroom
body and the lateral horn (Vosshall and Stocker 2007). f Hypothetical
antifeedant mechanism. Antifeedant compounds act on the feeding
behavior. Antifeedant compounds activate a specific gustatory receptor’
on mouthparts. Depolarization of gustatory receptor neurons~ conveys
information to the subesophagial ganglion, which gets the information
out to the higher brain® for a nonfeeding behavior. Moreover, these
compounds activate deterrent cells, inhibit the proboscis extension reflex
and thus the feeding activity, but they do not cause a movement away.
g Hypothetical irritant mechanism. Irritant compounds cause a move-
ment away from the source after physical contact with it. They would
activate a specific gustatory receptor' on tarses. Depolarization of
gustatory receptor neurons~ conveys the information to the subesophagial
ganglion, which gets the information out to the higher brain® for a
movement away. The difference between an expellent and an irritant is
that the movement away is a distance-mediated behavior through specific
olfactory receptors and contact-mediated behavior through specific
gustatory rceptors, respectively. h Hypothetical feeding inhibitor mech-
anism. Antifeedant compounds act on the feeding behavior. Feeding
inhibitors inhibit the gustatory receptor neuron response’ by affecting
odorants?, binding proteins® or gustatory receptors

source independently of the context. It could therefore be a
compound that has a specific olfactory receptor and glo-
meruli with labeled lines that code for a movement away
(Galizia and Rossler 2010) (Fig. 2).

A matter of concentration and/or ratio?

Here, we hypothesize that a compound could provoke
different behaviors as a function of its concentration and
the presence of other molecules. Depending on the con-
centration and molecule ratio, activated olfactory receptors,
and thus activated glomeruli, result in a different odor code
by a different type of interneuron modulation (Knaden
et al. 2012). This different odor codes conveyed by the PNs
to the higher brain result in different behaviors. Most
stimuli that are attractant at low concentration can become
repellent at high concentration (Foster and Harris 1997). At
high concentration, most fragrant molecules activate mul-
tiple receptors, whereas at low concentration fewer
receptors are activated (Malnic et al. 1999; Hallem and
Carlson 2006). The recruitment of additional glomeruli has
been proposed as a mechanism mediating this switch in
behavioral response. Hence, in D. melanogaster two glo-
meruli, DM1 and VA2, were identified as mediators of
attraction to vinegar at low concentration. At high con-
centration, vinegar became aversive and active on another
glomerulus, DM5, which mediates the decreased attraction
(Semmelhack and Wang 2009). Actually, odorant receptors
have different activation thresholds and glomeruli also
have different levels of excitation (Hallem and Carlson
2006). Individual odors activate distinct subsets of olfac-
tory receptors, resulting in the construction of a glomerular
activation pattern—odor map—but different concentrations
result in different patterns (Knaden et al. 2012). The dif-
ferent glomerular activation pattern initiates different
projection neuron responses via local interneuron activity
(Sachse and Galizia 2003; Knaden et al. 2012).The
response increased in amplitude and duration with
increasing odor concentration up to a saturated maximum
for input and output neurons. Interestingly, the behavioral
response did not depend only on the concentration of a
compound, but also on its ratio with other compounds.
Several volatiles which are attractant as a blend can be
each individually repellent. For instance, the black bean
aphid, Aphis fabae, is attracted by the volatile blend pro-
duced by Vicia faba (host cue), but when the volatiles were
presented alone they were not bioactive (Webster et al.
2010). A similar scenario is exhibited in the context of
masking odors, e.g., in the case of herbivore-induced plant
volatiles, an increase in some volatiles decreases the host
attractiveness (Turlings et al. 2002). Thus, the context
results in a different odor code by a different type of
interneuron modulation (Fig. 2). Insects can differentiate
between host and non-host plants, healthy vs stressed
plants and unripe vs ripe fruits, despite cues with over-
lapping patterns of odors, through the processing of odor
information by interneurons in antennal lobes (Cunning-
ham 2012). So, a repellent might not be due to only one
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compound and its concentration, i.e., the context and
presence of other compounds are also important.

Information blocker?

Repellent compounds could affect the olfactory receptor
function by modifying or blocking the response of olfac-
tory receptor neurons sensitive to attractants (Davis 1985).
For example, inhibitors of the mosquito CO, receptor can
mask attraction to human odors (Ray 2015). Bohbot et al.
(2011) showed that IR3535 and DEET inhibited the
response of a complex olfactory receptor (AaOr8+AaOr7)
of the mosquito Aedes aegypti to octenol, an attractant. In
this mosquito, DEET decreases the sensitivity of sensitive
olfactory receptor neurons to lactic acid, a compound in
human sweat (Davis and Sokolove, 1976). Tsitoura et al.
(2015) also showed that specific mosquito repellent such as
ethyl cinnamate inhibits odorant receptor function through
a functional blocking of olfactory co-receptors and Ditzen
et al. (2008) showed that DEET blocked the response of
olfactory neurons by decreasing the current mediated by
the olfactory receptor due to a change in ion permeability.

We have defined a masking odor as a compound that
interferes with host detection and localization and can
modify the host profile. It could therefore correspond to a
compound that inhibits the olfactory receptor neuron
response by affecting olfactory receptors, binding proteins
or by trapping the attractant (Fig. 2). Acting on the
attractant is actually another way to block the information.
For example, DEET decreases octenol release, lowering its
stimulation on specific olfactory receptors, which in turn
changes the chemical host profile and reduces the host
attractiveness. DEET might therefore be viewed as an
attractant trap (Syed and Leal 2008). But this mode of
action is controversial.

Gustatory pathway

Taste organs are distributed over multiple body parts:
mouthparts (maxillary palps, oral cavity and pharynx), legs
and wings (De Boer 2006; Vosshall and Stocker 2007).
Sensilla on these organs enable the insect to sample
potential food sources without consuming them (Sturcow
1959; Montell 2009). External gustatory sensilla are uni-
porous, contrary to olfactory sensilla, which are
multiporous (Altner and Prillinger 1980; Fig. 2). Gustatory
sensilla have two kinds of gustatory receptor neuron cells
responding to attractive tastants or aversive tastants, or four
kinds of gustatory receptor neuron cells responding to
sugar (S cells), tap water (W cells), low salt concentrations
(L1 cells), high salt concentrations and bitterness (L2 cells)
(Rodrigues and Siddiqi 1981). They include one
chemosensory neuron and several types of accessory cells
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(Amrein and Thorne 2005; Montell 2009). Odorant-bind-
ing proteins are also expressed in the lymph of gustatory
sensilla and have the same role as odorant-binding proteins
in the olfactory system (Amrein and Thorne 2005). Like
olfactory receptors, gustatory receptors form heterodimers
with other receptors as a common co-receptor such as
Gr64f (Isono and Morita 2010). Transduction of chemical
information occurs in the mouthparts via gustatory receptor
neurons when molecules make contact with taste receptor
cells composed of trans-membrane proteins (Isono and
Morita 2010). In the proboscis, taste receptor neuron axons
project directly without synapsing into the subesophageal
ganglion, which provides motor output to those mouthparts
(Schoonhoven and Van Loon 2002). The subesophageal
ganglion contains no morphologically apparent structural
subdivisions, such as glomeruli in the antenna lobe (Vos-
shall and Stocker 2007). But projections of gustatory
receptor neurons into the subesophageal ganglions termi-
nate in spatially segregated domains (Dunipace et al. 2001;
Thorne et al. 2004; Wang et al. 2004; Isono and Morita
2010). Gustatory afferents from the pharynx, labellum and
legs traveling through different nerves terminate in distinct
areas of the subesophageal ganglion, and some of these
spatially distinct afferents express the same receptors,
suggesting that a given tastant may trigger different
behaviors depending on the stimulation site (Vosshall and
Stocker 2007). Interneurons also link the subesophageal
ganglion to the mushroom body (Melcher and Pankratz
2005; Vosshall and Stocker 2007). Taste information is
sent to higher brain centers, while simple reflexes, such as
proboscis extension or food ingestion, may rely on local
circuitry with fairly limited processing.

Like the olfactory system, the gustatory system codes
quantitatively, qualitatively and by the compound’s ratio as
well as the compound’s presence in space and time
(Schoonhoven and Van Loon 2002; Koul 2008). For exam-
ple, glucose-sensitive cells in Manduca sexta responded
differently to sucrose or glucose. The differences could be
attributed to the topographical binding-site characteristic of
gustatory receptors (Lam and Frazier 1991). Many gustatory
receptors are co-expressed in the same gustatory receptor
neurons (Montell 2009). In contrast to one receptor = one
neuron in the olfactory system, different gustatory receptor
subsets are expressed in one taste neuron. Multiple receptor
expression may be able to expand the ligand spectrum, but
decrease the discrimination performance (Isono and Morita
2010). Finally, there are three types of sensory coding: (1)
each neuron conveys a specific message to the central ner-
vous system, (2) the global message is contained in a neural
activity pattern (input) transmitted by several receptors and
(3) the stimulus quality affects nerve impulse patterns (out-
put) and the adaptation rate, which may contain additional
information (Schoonhoven et al. 1992).
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How could a compound acting on this gustatory system
result in a repellent behavior? A first response is that
behavioral rejection is not due to the ingested product, but
to external receptors because there is no link between
feeding deterrence and internal toxicity (Koul 2008). Since
the gustatory system is quite similar to the olfactory sys-
tem, the same hypothesis regarding the mode of
physiological action could be put forward to explain the
repellent effects, such as antifeeding and irritancy.

A matter of concentration, ratio or time?

Drosophila spp. are attracted by low salt concentration.
Conversely, they are averted by high salt concentration.
Two categories of neurons respond to NaCl: Gr5a for low
concentrations and Gr66a for high concentrations (Thorne
et al. 2004; Wang et al. 2004; Marella et al. 2006). All
compounds activating Gr5a neurons are attractive to flies
and all those activating Gr66a neurons are aversive. But the
Gr66a neuron alone did not explain the salt aversion,
because its ablation did not significantly affect salt avoid-
ance (Yarmolinsky et al. 2009).

Host plant selection depends on the balance of phagos-
timulant (e.g., sugars) and deterrent (e.g., plant secondary
compounds) inputs, so the selection depends on the com-
pound’s concentration (Schoonhoven 1987; Chapman
2003). Actually, plant secondary compounds are usually,
deterrent but they also stimulate phagostimulatory cells.
For example, in the Colorado potato beetle, Leptinotarsa
decemlineata, epipharyngeal taste sensillum is innervated
by five neurons (one responds to water, one to sucrose and
three to two antifeedants (drimane, sinigrin), but sucrose-
sensitive cells are also strongly inhibited by drimane
(Messchendorp et al. 1998). One hypothesis is that elec-
trical signals from receptor cells sensitive to antifeedants
are subtracted algebraically to electrical signals from
receptor cells sensitive to feeding stimulants in the central
nervous system (Schoonhoven and Van Loon 1988).

The concentration, and particularly the exposure time
can play a key role in stimulation or inhibition of the
neuronal response. For example, taste cells in the butterfly
Pieris brassicae responding to phagostimulants showed a
gradual decrease in sensitivity to drimane (antifeedant) at
high dosage for periods up to 30 min (Schoonhoven and
Van Loon 2002).

Specific receptors or neurons?

All phytophagous insects have deterrent receptors which,
upon stimulation, reduce or fully stop feeding activity
(Schoonhoven and Van Loon 2002). Like the olfactory
system, the gustatory system could be modulated by
learning and memory (Vosshall and Stocker 2007).

Moreover, evolution has led to the selection of specific
receptors to deterrents. Deterrent cells generally show
greater latency in their response than phagostimulatory
cells (Schoonhoven and Van Loon 2002). For example, in
the labellum, bitter aversive compounds are primarily
detected via L2 cells and they also inhibit S and W cells
(Montell 2009). Moreover, at the labellum, pharynx and
subesophageal ganglion level, DEET can activate bitter-
sensing deterrent neurons in D. melanogaster, which could
explain its efficiency in repelling insects (Lee et al. 2010;
Sanford et al. 2013; Kain et al. 2013).

We defined an antifeedant as a peripheral-mediated
behavior-modifying substance resulting in feeding deter-
rence (Isman 1994). An antifeedant could be a compound
that has a specific gustatory receptor that codes for a non-
feeding behavior (Fig. 2). Actually, the compounds that
activate deterrent cells inhibit the proboscis extension
reflex and thus the feeding activity, without causing the
insect’s movement away from the stimulus.

Gamma aminobutyric acid (GABA) stimulates feeding
and triggers a taste cell response among herbivorous
insects, and the antagonists of GABA causes feeding
deterrence along with hyperexcitation of the central ner-
vous system and has an excitoirritant effect (Rattan 2010).
We have defined an irritant as a compound that causes a
movement away from the source after physical contact
with it. An irritant could therefore be a compound that has
a specific gustatory receptor coding for movement away
(Fig. 2). The difference between an expellent and an irri-
tant is that the movement away is a distance-mediated
behavior through specific olfactory receptors and a contact-
mediated behavior through specific gustatory receptors,
respectively. De Gennarro et al. (2013) showed that even in
the presence of DEET, Orco mutant female mosquitoes
were still attracted to human hosts, but were repelled upon
contact. This indicates that olfactory- and contact-mediated
effects of DEET are mechanistically distinct, thus sup-
porting our hypothesis that irritancy is coded by gustatory
receptors on the tarsus.

Information blocker?

We hypothesize that a compound can block the stimulant
taste receptor. According to Koul (2008), the sensory code
may be altered due to the stimulation of specialized
receptors and also to modulation of the activity of receptors
tuned to other compounds. Although antifeedant com-
pounds do not stimulate any neurons within a sensillum,
they may decrease the responsiveness of a cell responding
to a nutrient (Schoonhoven and Van Loon 2002). For
example, deterrents may inhibit S cells (Schoonhoven and
Van Loon 2002). In mouthparts of lepidopteran larvae,
terpenes block the stimulatory effects of glucose on
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chemosensory cells, thus inducing an antifeedant effect
(Rattan 2010). Azadirachtin, the main active compound of
neem oil, stimulates deterrent receptors in various insects
(Schoonhoven 1988), but also appears to inhibit sugar or
inositol receptors in other species (Schoonhoven 1988).
Sinigrin inhibits inositol cells in the moth Heliothis vir-
escens (Bernays and Chapman 2000).

We have defined an antifeedant as a compound acting
on feeding behavior. An antifeedant that we have called a
feeding inhibitor could therefore be a compound that
inhibits the gustatory receptor neuron response by affecting
gustatory receptors (Fig. 2).

As clearly outlined by Dickens and Bohbot (2013), the
mode of action of mosquito repellents has been widely
studied, particularly for DEET, the potential molecular
targets and their numerous neurophysiological pathways.
But it is still not clear which target initiates the repellent
phenomenon. We should also stress the plasticity of the
sensory system and the faculty of insects to adapt to rapid
environmental changes. The avoidance behavioral response
can actually be modulated by experience and memorized in
the short and long term (Séjourné et al. 2011). In the
mushroom body, MB-V2 neurons are specifically required
to retrieve aversive olfactory memory. Aversive odor
represses their activity and the reduced response could lead
to enhanced avoidance to the aversive odor, resulting in
lower inhibition of olfactory signaling mediated by the
lateral horn. Other neurons provide the output for appeti-
tive memory, but the process could be the same.

Receptor types other than olfactory and gustatory
receptors could be involved in repellent phenomena.
Transient receptor potential (TRP) channels are non-se-
lective ion channels and participate in the detection of pain,
hot temperature, gravity sensation, sound sensation, visual
transduction and chemosensation (Kim 2013). For exam-
ple, TRPA1 is required for avoiding the volatile insect
repellent citronellal (Kim 2013). In Drosophila, citronellal
interacts with TRPA1, modifying the activity of the Ca2™"-
activated potassium channel, but TRPAI is directly acti-
vated by citronellal in An. gambiae (Kwon et al. 2010).

Two examples of repellent use
Advantages/disadvantages of repellent use

One advantage of using repellents is the durability of their
efficacy over time (Achee et al. 2012). The selection
pressure from contact-mediated toxicity, like chemical
insecticides, is generally high and rapidly selects for
resistance (REX Consortium 2013), while the selection
pressure from a repellent that modifies behavior may be
lower. This is because repellents concomitantly increase
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the predation risk and the energy expenditure, but also
allows the insects to find an alternative host (Achee et al.
2012). The lower risk of resistance could be also explained
by higher fitness costs associated with resistance to repel-
lents. For these reasons and because repellents are currently
underutilized in public health and domestic hygiene, no
case of resistance to these products has been documented.
On the contrary, data suggest that changes occur in the
efficiency of repellents on insecticide-resistant populations.
For instance, Anopheles gambiae-, kdr- and acel-resistant
populations were less irritated by pyrethroids, but more
irritated by repellents than the susceptible reference strain
(Chandre et al. 2000; Deletre et al. 2016). Populations of
the German cockroach have rapidly evolved an adaptive
behavioral aversion to glucose, the phagostimulatory
component of baits (Wada-Katsumata et al. 2013). In both
wild-type and glucose-averse cockroaches, p-fructose and
D-glucose stimulated sugar-gustatory receptor neurons,
whereas the deterrent caffeine stimulated bitter-gustatory
receptor neurons (Wada-Katsumata et al. 2013). In con-
trast, in glucose-averse cockroaches, D-glucose also
stimulated bitter-gustatory receptor neurons and suppressed
the responses of sugar-gustatory receptor neurons.

One disadvantage of using repellents is that insects can
lose their sensitivity to them or they can change their mode
of feeding after repeated and prolonged exposure to these
products, especially to antifeedants (Jermy 1990; Foster
and Harris 1997). For example, when rice plants were
treated with neem extracts, Nephotetettix virescens fed on
xylem instead on phloem (Saxena and Khan 1985). Several
possible mechanisms could explain the behavioral changes,
including sensory adaptation, motor fatigue and habituation
(Akhtar et al. 2003). Habituation is a learning or temporal
desensitization phenomenon, whereas sensory adaptation
can be a persistent synaptic change in specific neural
pathway (Bernays and Chapman 2000, Koul 2008).
Glendinning et al. (2001) showed that the adapted aversive
response (exposure-induced adaptation) to caffeine of the
moth Manduca sexta is directly mediated by desensitized
taste cells.

The push—pull strategy in crop protection

The push—pull strategy developed by Pike et al. (1987) is a
concept that uses attractive and repellent stimuli simulta-
neously to modify the abundance and distribution of insect
pests or beneficial insects (Cook et al. 2007). This method
repels the insects away from the resource (by making it
hard to locate, unattractive or unsuitable) while simulta-
neously attracting the insects to another area (Ratnadass
et al. 2012). The source (push) depends on the management
tactics on visual and/or chemical cues both at short (e.g.,
through antifeedants, oviposition deterrents, deterring
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pheromones) and long range (through synthetic repellents,
non-host volatiles, host volatiles and anti-aggregation, sex
or alarm pheromones). The stimulus is generally a plant-
produced compound(s), but it can also be a synthetic blend
(Cook et al. 2007).

The most famous example of a push—pull strategy is the
control of stem borers in maize and sorghum (Khan and
Pickett 2004). The push stimulus involves intercropping
with a repellent non-host plant such as Desmodium unci-
natum, Desmodium intortum or Melinis minutiflora, while
the pull stimulus is an attractant trap plant such as Sorghum
vulgare sudanense or Pennisetum purpureum (Khan et al.
1997a). Intercropping is based on the odor masking offered
by plants with the aim of decreasing the attractiveness of
the host crop or hiding this crop to the insect pests via
another crop (Cook et al. 2007). For instance, the repellent
molasses volatile (E)-B-ocimene and (E)-4,8-dimethyl-
1,3,7-nonatriene produced by plants damaged by phy-
tophagous insects (Kimani et al. 2000) reduces stem borer
infestation and increases parasitism of these borers by the
wasp Cotesia sesamiae (Khan et al. 1997b). The inter-
cropping principle and efficiency have been questioned by
Finch and Collier (2012). At a few meters from the source,
specialist insects respond only to volatile chemicals
released by their host plants, even when emitted in small
quantities. Tosh and Brogan (2014) suggested that gener-
alist insects such as Bemisia tabaci with a super-abundance
of volatiles by intercropping could have a confusion effect.
Another example is the control of L. decemlineata in potato
(Solanum tuberosum) crops (Martel et al. 2005a). The push
stimulus involves the use of neem-based antifeedants on
the crop (Martel et al. 2005a), while the pull stimulus is
ensured by combining attractants (Z)-3-hexenyl acetate,
(R,S)-linalool and methyl salicylate on the potato crop,
with insecticide applications (Martel et al. 2005b). To
improve this system, the beetle aggregation pheromone (S-
3,7-dimethyl-2-oxo0-6-octene-1,3- diol) could be used to
concentrate the beetle in the trap crop (Dickens et al. 2002;
Dickens 2006).

The push—pull strategy is used in horticulture (Miller
and Cowles 1990), forestry (Borden 1997) and for control
of veterinary and medical pests (Nalyana et al. 2000). This
strategy maximizes the control efficacy, sustainability and
yield and minimizes negative environmental impacts
(Miller and Cowles 1990; Cook et al. 2007). The combined
effect between the pull and push stimuli increases the
efficiency of some stimuli, like antifeedants (Jermy 1990).
Another advantage of this strategy is that resistance man-
agement is facilitated (Foster et al. 2005). Unfortunately,
this strategy is often not as effective as the use of a broad-
spectrum chemical insecticide at reducing pest numbers
(Cook et al. 2007). This lower efficacy in pest control is
therefore not always economically profitable, especially for

crops with low economic incomes. Indeed, this strategy is
operationally complex, requiring monitoring and decision
systems and thus induces higher operational costs than
conventional systems. The lack of general knowledge
about insect/plant interactions is also a factor limiting its
adoption by small farmers (Ratnadass et al. 2012).

The use of pyrethroids in human health protection

Pyrethroids were originally derived from natural pyrethrin
extracted from Chrysanthemum cinerariaefolium (Elliott
et al. 1978). Since then, many other pyrethroids have been
synthesized, such as permethrin, bifenthrin, deltamethrin,
lambda-cyhalothrin and alpha-cypermethrin. These insec-
ticides are very toxic against most insects due to a
modification of the gating kinetics of the voltage-depen-
dent sodium channel (Narahashi 1971). Moreover, they are
odorless, resistant to degradation by UV, heat and
hydrolysis, and displayed a low toxicity for mammals. All
these properties make pyrethroids a powerful and suit-
able means of pest control in a wide variety of situations.

For instance, bed nets, clothes (e.g., battle dress) and
hammocks can be treated by pyrethroids, thus avoiding
mosquito bites (Pennetier et al. 2010; Hougard et al. 2007;
McCain and Leach 2007). Treated bed nets are recom-
mended by WHO (WHO 2002) against malaria vectors,
especially endophagic species responsible for indoor
transmission such as Anopheles gambiae and Anopheles
funestus. Martin et al. (2013, 2014) recently documented
the effect of pyrethroid-treated nettings in agriculture to
protect cabbage and tomato crops against aphids and
whiteflies. These insecticides are indeed irritating (exci-
torepellent) for the several insects, which therefore avoid
landing on the treated surfaces. If insects alight many times
on treated areas, they are either knocked down or killed.
The knockdown effect involves rapid incapacitation,
sometimes with metabolic recovery (White 2007).

In field experiments, the number of mosquitoes entering
huts with treated nets was usually lower compared to huts
with untreated nets (Adeogun et al. 2012), indicating an
expellent or masking effect. The observed withdrawal of
female mosquitoes could be explained by the loss of response
to host cues rather than repellent (Siegert et al. 2009). Apart
from transfluthrin and metofluthrin, most pyrethroids lack
the volatility to function as expellents at concentration nec-
essary to be active against mosquitoes under ambient
conditions (Achee et al. 2009; Deletre et al. 2013). However,
these compounds can still be heated or aerosolized in a room
to obtain a sufficient gaseous or suspended concentration to
result in expellency (Chadwick and Lord 1977).

Unfortunately, vector management by pyrethroids is
jeopardized by the selection of resistance mechanisms. In
An. gambiae, pyrethroid resistance can be due to a
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mutation in the sodium channel sequence (Hemingway
et al. 2004), which decreases the irritant effects of these
molecules (Chandre et al. 2000). Through this mutation or
other resistance mechanisms, An. gambiae resistance to
pyrethroids has been reported in 27 countries in sub-Sa-
haran Africa, thus underscoring the urgent need to find
alternatives to these insecticides (Zaim et al. 2000; WHO
2011; Ranson et al. 2011; Temu et al. 2013). The priori-
tization of toxic actions over spatial repellent and contact
irritant actions should be balanced with the higher risk of
rapid selection for resistance to the active compounds
(Achee et al. 2009). Moreover, pyrethroids are commonly
used to protect crop fields adjacent to An. gambiae habitats,
thus contributing to the selection of resistant mosquitoes
(Yadouleton et al. 2011).

Conclusion and perspectives

(1) In this paper, we define insect repellent as a phe-
nomenon that prevents a pest’s ability to track, locate
and/or recognize its host. We also subdivide repellent
into five phenomena: true repellent, odor masking,

irritability, antifeeding and visual masking.
(2) The greatest problem with repellent research is the

use of bioassays that do not adequately discriminate
between these five types of repellents. Consideration
of the stimulus that produces these reactions may
facilitate this discrimination. For example, Junker
et al. (2015) summarized the mode of action and
DEET and performed different kinds of bioassays to
discriminate the different modes of action. Under-
standing the mode of action of insect repellents and
the ways by which they modulate receptor activity
will allow us to design potent formulations aimed at
interfering with insect sensory signaling and, ulti-
mately, disrupt their cognitive processes (Dickens and
Bohbot 2013).

(3) Insect repellents exert their effects through interac-
tions with olfactory (antennae and maxillary palps)
and gustatory (maxillary palps, mouthparts, tarsi and
wind) receptors. With greater knowledge on neural
mechanisms, the repellent definitions could be based
on their modes of action rather than behavioral
responses, as highlighted in Fig. 1.

(4) Many potential repellents are available, but their use
is still limited. A better understanding of the chemical
ecology of pests would be helpful for identifying
candidate semiochemicals that could then be used in
attractant and repellent formulations (Dickens and
Bohbot 2013). The development of repellents might
however remain impeded by the economic costs that
must be paid to identify those molecules and to
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perform analyses to ensure that they can safely be
used in health and agriculture (Kain et al. 2013).
Nevertheless, the discovery and design of new
repellents could be achieved more rapidly and at
lower costs by molecular-based chemical prospecting
(Leal 2007) and by computer-aided molecular mod-
eling (Gupta and Bhattacharjee 2007; Tauxe et al.
2013) confirmed by behavioral assays. In this vein,
Kain et al. (2013) developed a high-throughput
chemical informatics screen using a structure—activity
approach to discover new repellents. Using this
technique, they identified a new repellent that
activated the same chemosensory pathways as DEET.
The need to preserve our environment and to provide
efficient and sustainable tools for IPM could strongly
foster future prospects on repellent. Chemosensory-
based insect control like repellent/antifeedant, trap
and the mating disruption strategies might become the
most used insect pest management strategies in the
near future.
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