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Résumé

Etudier I’aptitude d’insectes parasitoides a se reproduire dans de nouveaux hotes est important pour
comprendre les mécanismes d’adaptation dans un contexte de lutte biologique. Cotesia typhae est un
parasitoide africain spécialisé sur le lépidoptére Sesamia nonagrioides et est un agent de lutte
biologique potentiel contre ce ravageur du mais. C. typhae appartient a un groupe d’espéces possédant
un virus endosymbiotique injecté dans 1’hote lors de la ponte et contribuant & la virulence du
parasitoide. J’ai pu montrer que deux souches de C. typhae différent par leur nombre de descendants et
par leur virulence envers une population francaise de S. nonagrioides, représentant un nouvel hote.
Afin d’identifier les génes responsables de ces variations une recherche de QTL a été entreprise
(Quantitative Trait Loci). Nous avons établi une carte génétique de C. typhae, identifié quatre QTL et
dressé une liste de génes candidats. Pour expliquer la différence de virulence et du nombre de
descendants, les quantités d’ceufs et de virus injectés au cours de pontes successives ont été estimées.
Ces expériences ont montré 1/ que les deux souches ne répartissent pas leurs ceufs de la méme manicre
entre les hotes, 2/ que la quantité de virus injectés n’est pas corrélée a la virulence. Pour comprendre
I’origine évolutive de la différence de virulence, ce trait a été estimé sur les populations hotes
naturelles. Les résultats suggérent que 1’adaptation locale pourrait étre a I’origine de la pré-adaptation
d’une des souches a I’héte frangais. Ce travail a permis également de bien caractériser le succes

reproducteur de C. typhae, essentiel pour son utilisation en lutte biologique.




Abstract

Studying the ability of insect parasitoids to reproduce in novel hosts is important to understand
adaptive mechanisms at play when they are used for biological control. Cotesia typhae is an African
parasitoid specialized on the Lepidoptera Sesamia nonagrioides and it is a potential biological control
agent against this maize pest. C. typhae belongs to a group of species harboring a symbiotic virus
which is injected in the host during oviposition and which contributes to the parasitoid virulence. |
have found out that two strains of C. typhae differed in their offspring number and in their virulence
against a French population of S. nonagrioides, which represents a new host. A QTL analysis
(Quantitative Trait Loci) has been done to identify genes involved in these variations. We have built a
genetic map of C. typhae, identified four QTL and listed candidate genes. To explain the difference of
virulence and offspring number, numbers of eggs and viral particles injected during successive
ovipositions have been estimated. These experiments have shown that 1/ the two strains have different
patterns of egg allocation among the successive hosts parasitized, 2/ the quantity of injected viral
particles is not correlated to virulence. To understand to evolutionary origin of the virulence variation,
this trait has been estimated for the natural host populations. The results suggest that local adaptation
could explain the better pre-adaptation of one C. typhae strain to the French host population. This
work also allowed an in-depth characterization of the parasitoid reproductive success, essential for its
use in biological control.




Avant-propos

Ce manuscrit est structuré autour des trois articles que j’ai écrits lors de ma thése et qui présentent la
majorité des travaux que j’ai menés au cours de celle-ci. L’article n°1 est publié dans Genetica, le n°2
est actuellement a resoumettre a Journal of Insect Physiology apres réponse aux reviewers et le n°3 est
en cours de finalisation pour soumission, suite a la relecture des co-auteurs (la version présentée dans
ce manuscrit n’est donc pas deéfinitive) et sera soumis a Molecular Ecology. Afin d’éviter des
redondances et pour une question de lisibilité, les listes des références de ces articles en ont été retirées

et ont été incluses dans la partie bibliographie du manuscrit.

Sont présents en annexe trois articles auxquels j’ai participé au cours de ma thése. Les n°4 et 5
apportent des informations complémentaires sur le modéle d’étude et sont respectivement publiés dans
Genetica et ZooKeys. L’article n°6, publi¢ dans MethodsX est un article méthodologique portant sur un
systéme permettant de controler la température dans les incubateurs d’élevage et d’alerter en cas

d’anomalie.

Article n° 1: Benoist, R., Chantre, C., Capdevielle-Dulac, C., Bodet, M., Mougel, F., Calatayud,
P.A., Dupas, S., Huguet, E., Jeannette, R., Obonyo, J., Odorico, C., Silvain, J.F., Le Ru, B., Kaiser, L.,
2017. Relationship between oviposition, virulence gene expression and parasitism success in Cotesia
typhae nov. sp. parasitoid strains. Genetica. https://doi.org/10.1007/s10709-017-9987-5

Article n°2 : Benoist R., Paquet S., Decourcelle F., Guez J., Jeannette R., Calatayud P.-A., Le Ru B.,
Mougel F. and Kaiser L. Role of egg-laying behavior, virulence and local adaptation in a parasitoid’s
chances of reproducing in a new host. Journal of Insect Physiology (under review).

Article n°3 : Benoist R., Capdevielle-Dulac C., Chantre C., Jeannette R., Moreau L., Le Rouzic A.,
Calatayud P-A., Van Dijk E., Dupas S., Drezen J.-M., Le Ru B., Kaiser L., Mougel L. Quantitative
Trait Loci involved in the reproductive success of the parasitoid Cotesia typhae. Sera soumis a
Molecular Ecology.

Article n°4 : Kaiser, L., Dupas, S., Branca, A., Herniou, E.A., Clarke, C.W., Capdevielle Dulac, C.,
Obonyo, J., Benoist, R., Gauthier, J., Calatayud, P.A., Silvain, J.F., Le Ru, B.P., 2017a. The Cotesia
sesamiae story: insight into host-range evolution in a Hymenoptera parasitoid and implication for its
use in biological control programs. Genetica. https://doi.org/10.1007/s10709-017-9989-3

Article n°5 : Kaiser, L., Fernandez-Triana, J., Capdevielle-Dulac, C., Chantre, C., Bodet, M., Kaoula,
F., Benoist, R., Calatayud, P.-A., Dupas, S., Herniou, E.A., Jeannette, R., Obonyo, J., Silvain, J.-F.,
Le Ru, B., 2017b. Systematics and biology of Cotesia typhae sp. n. (Hymenoptera, Braconidae,
Microgastrinae), a potential biological control agent against the noctuid Mediterranean corn borer,
Sesamia nonagrioides. ZooKeys 682, 105-136. https://doi.org/10.3897/zookeys.682.13016

Avrticle n°6 : Rebaudo, F., Benoist, R., 2019. Low-cost automatic temperature monitoring system with
alerts for laboratory rearing units. MethodsX. https://doi.org/10.1016/].mex.2019.09.013
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Chapitre I — Introduction générale

I) Les parasitoides
a. Définition

Au sens large, un parasitoide est un organisme qui se développe au dépend d’un autre appelé héte et
qui le tue a un moment de son développement. De par leur mode de vie on peut considérer les
parasitoides comme des intermédiaires entre parasites et prédateurs. L’utilisation du terme parasitoide
a par le passé été soumise a débat. En effet, depuis son premier emploi par Reuter en 1913 (Reuter,
1913, d’aprés Godfray, 1994) le mot parasitoide est communément restreint aux insectes parasitant
d’autres d’arthropodes. Certains auteurs comme Eggleton et Gaston (1990) ont proposé de I’¢largir a
d’autres taxons mais dans ’usage le terme reste consacré aux insectes et c’est cette définition qui sera

utilisée dans la suite du texte.

On peut diviser le cycle de vie des parasitoides en deux phases. Une premiére phase « libre » au stade
adulte, dans le sens ou leur survie ne dépend pas directement d'un autre organisme, et une phase
« parasite » qui concerne les stades immatures. Au stade adulte, le seul réle des méles est de
s’accoupler avec les femelles qui elles devront également trouver un ou plusieurs hdtes pour y déposer
leurs ceufs. Apres éclosion des ceufs les larves vont se développer en consommant les tissus de I’hote
ce qui dans la plupart des cas, s’il n’est pas tué au moment de la ponte par la femelle, conduira a sa
mort (Godfray, 1994).

b. Diversité et classification des parasitoides

Les parasitoides forment un tres large groupe polyphylétique présent dans 6 des 30 ordres d’insectes :
Hymenoptera, Diptera, Coleoptera, Lepidoptera, Neuroptera, Trichopterea (Lecointre et al., 2017;
Quicke, 2014). La majorité des parasitoides appartient aux ordres des Dipteres et des Hyménopteres.
Au sein de ce dernier ordre le mode de vie parasitoide est le plus commun (Quicke, 2014). D’aprés
Eggleton et Belshaw (1992) dans les années 90 on comptait environ 87 000 espéces de parasitoides
décrites réparties de la fagon suivante : Hyménoptére 67 000 espéces, Diptére 15600 especes,
Coléoptére 4 000 espéces, Névroptere 50 espéces, Leépidoptére 10 espéces et Trichoptére 1 espece. En
se basant sur des estimations contemporaines du nombre d’espéces d’insectes décrits (Gaston, 1991),
les parasitoides représenteraient environ 10 % des espéces d’insectes. Méme si ces chiffres ne sont pas
forcément preécis et plus forcément encore a jour, ils révélent néanmoins I’immense richesse spécifique

des parasitoides.

La diversité des parasitoides se manifeste a de nombreux niveaux (Figure 1). Par exemple d’un point

de vue morphologique on compte chez les parasitoides des especes tres différentes allant de
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Chapitre I — Introduction générale

Dicopomorpha echmepterygis (Mymaridae), qui est la plus petite espéce d’insecte connue (le male fait
entre 139-240 uM de long), aux Ichneumonidae géants dont la taille de 1’ovipositeur peut atteindre 14
cm de long (Le Lannic et Nénon, 1999; Mockford, 1997). Cette diversité se retrouve également au
niveau de leurs hotes. Ceux-ci appartiennent majoritairement & la classe des insectes, on estime
d’ailleurs que toutes les grandes familles d’insectes peuvent étre la cible de parasitoides. Ils sont
essentiellement attaqués aux stades juvéniles (ceufs, larves, nymphes) mais peuvent également 1’étre
au stade adulte, a I’image de la punaise Nezara viridula parasitée par le diptere Trichopoda giacomelli
(Godfray, 1994; Porta, 1990). Cependant, certaines espéces s’attaquent aussi a d’autres arthropodes.
L’exemple le plus connu étant trés certainement les représentants de la famille des Pompilidés qui sont
des parasitoides spécialisés sur les araignées notamment de grandes tailles comme les mygales et les
tarentules (Costa et al., 2004). Certains modes de vie permettent de classer les parasitoides en

différentes catégories ce qui permet de mieux aborder leur diversité.

La distinction la plus courante est celle entre endo et ecto parasitoides. Les larves des endoparasitoides
se développent dans I’héte et le consomment de I’intérieur alors que celles des ectoparasitoides se

développent en restant fixées a I’extérieur de I’hote.

Une seconde distinction est souvent faite entre les parasitoides idiobiontes et koinobiontes. La
différence est basée sur le développement ou non de I’hote aprés parasitage. Chez les parasitoides
idiobiontes, la femelle tue ou arréte le développement de 1’héte au moment de la ponte. A I’inverse
chez les koinobiontes, I’héte va continuer de se développer aprés parasitage, au moins pendant une
partie du développement du parasitoide. Contrairement a la distinction endo/ecto, la distinction
koinobionte/idiobionte n’est pas toujours évidente notamment pour les parasitoides s’attaquant aux
stades immobiles (ceufs, chrysalide, pupe, etc.). La grande majorité des koinobiontes sont des
endoparasitoides, cependant les idiobiontes peuvent étre soit des endo soit des ecto parasitoides
(Quicke, 2014).

On peut également classer les parasitoides en solitaire ou grégaire en fonction du nombre de larves qui
vont compléter leur développement au dépend de 1’héte, une pour les solitaires et plusieurs pour les
grégaires. Il est important de noter que la classification en solitaire ou grégaire ne dépend pas du
nombre d’ceufs injectés dans 1’héte. Par exemple, chez les parasitoides poly-embryonnaires, qui sont
les parasitoides produisant le plus de descendants, la femelle peut pondre un seul ceuf qui va par
division cellulaire engendrer plusieurs embryons (Segoli et al., 2010). Le nombre de descendants
produits de cette maniére peut étre trés élevé, jusqu’a pres de 3000 descendants par hote a partir d’un
seul ceuf pour Copidosoma floridanum (Encyrtidae, Ode and Strand, 1995). Aussi chez de nombreuses
espéces de parasitoides solitaires, la femelle dépose plusieurs ceufs mais un seul adulte sera produit en
raison de la compétition, directe ou indirecte, entre larves. Contrairement aux larves de parasitoides

grégaires, celles des solitaires sont souvent équipées de mandibules leur permettant d’attaquer les
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Chapitre 1 — Introduction générale

autres compétiteurs (Godfray, 1994). Cela leur permet également de mieux se défendre en cas de
superparasitisme (I’hote est parasité plusieurs fois, soit par la méme femelle soit par plusieurs
individus de la méme espéce) ou de multiparasitisme (I’hote est parasité plusieurs fois par des

individus d’espéces différentes). La grande majorité des parasitoides sont solitaires (Godfray, 1994).

Une derniere distinction peut étre faite entre les parasitoides généralistes qui s’attaquent a une large
gamme d’hotes pouvant aller jusqu’a plusieurs dizaines d’espéces et les spécialistes qui ont une
gamme d’hdtes beaucoup plus réduite, tout un continuum existant entre les deux. Les espéces
koinobiontes sont généralement plus spécialisées que les espéces idiobiontes en raison du grand
nombre d’adaptations a I’hote nécessaires pour le maintenir en vie lors du développement du
parasitoide (Hawkins, 1994).

Figure 1 - Diversité des parasitoides. (A) Femelle Hyposoter ebeninus parasitant une chenille de stade L2 de
Piéride de la rave (Pieris rapae). (B) Femelle Aphidius colemani s’attaquant & un puceron vert. (C) Les femelles
Megarhyssa macrurus possedent un long ovipositeur leur permettant d’atteindre leurs hotes dans les tunnels
creusés dans le bois. (D) Femelle Nasonia vitripennis parasitant une pupe de mouche bleue (Calliphora
vomitoria). (E) Trichogramma dendrolimi femelle en train de pondre dans 'ccuf d'un Noctuidae. (F) Larves de
Cotesia congregata sortant d’une chenille Manduca sexta. (G) Larve d’un ectoparasitoide de la famille des
Pompilidae accrochée a une araignée. (H) Chenille Fausse-arpenteuse du chou (Trichoplusi ni) remplie de larves
d’un parasitoide polyembrionaire du genre Copidosoma. (1) Fossile datant du Paléogéne (23 & 66 millions
d'années) d’un endoparasitoide solitaire a I’intérieur d’une pupe observé aux rayons X. Crédits photo : A, Harvey
et al., 2010 ; B, Bioplanet ; C, Seney Natural History Association ; D, Danneels et al., 2010 ; E, Victor Fursov ;
F, Justin Bredlau ; H, MJ Hatfield ; I, van de Kamp et al., 2018.
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c. Succes reproducteur des parasitoides

Le succes reproducteur des parasitoides est directement lié & leur capacité a parasiter efficacement leur
hote. Pour cela un grand nombre d’adaptations vis-a-vis de I’hote a été sélectionné, d’autant que celui-
ci va également s’adapter de maniére a échapper au parasitisme. Dans le cadre de la relation hote-
parasitoide on a véritablement affaire a une coévolution de type courses aux armements telle que
représentée par la théorie de la reine rouge (Van Valen, 1973). Du fait de cette course aux armements
et de la dépendance des parasitoides envers leur hétes, les parasitoides sont soumis a une trés forte
pression de sélection qui peut expliquer leur immense diversité qui est la norme chez les espéces
parasites (Thompson, 2009). Le parasitisme peut étre décomposé en plusieurs étapes comprenant la
détection de I’héte, la ponte, le contournement de son systeme immunitaire et la manipulation de son
métabolisme au profit du parasitoide. Chacune de ces étapes peut &tre soumise a sélection et conduit
au développement de mécanismes comportementaux et physiologiques complexes chez les
parasitoides et également chez leurs hotes. Par exemple, I’ectoparasite Reclinervellus nielseni
(Ichneumonidae) modifie le comportement de son araignée hote Cyclosa argenteoalba de maniére a ce
qu’elle tisse sa toile en forme de cocon pour la protection du parasitoide lors de la nymphose
(Takasuka et al., 2015). Un exemple de pression exercée par les parasitoides se répercutant sur I’hote
mais aussi sur les especes avec lesquelles il interagit est le cas des especes de punaises comme
Caternaultiella rugosa qui produisent un miellat qui va servir a nourrir des fourmis qui en échange

leurs apporteront une défense contre leurs parasitoides (Gibernau and Dejean, 2001; Gross, 1993).

Dans cette partie du manuscrit je vais me focaliser sur plusieurs points liés au succes reproducteur, que
j’ai pu développer pendant ma thése et qui portent sur la stratégie de ponte, le déterminisme du sexe et
le sexe-ratio ainsi que sur les stratégies développées par les parasitoides pour contourner le systeme

immunitaire de 1’hote et ce majoritairement chez les hyménoptéres.

1. Stratégie de ponte

Une fois qu’un hoéte approprié est localisé par une femelle parasitoide, une série de décisions vont
devoir étre prises par cette derniere. La premiére est pondre ou non dans 1’héte. Ensuite si I’hote est
accepté, combien d’ceufs pondre et comment répartir les ceufs entre males et femelles. Ce dernier point

sera discuté dans la partie suivante.

La taille de la ponte est un sujet classique en écologie comportementale qui a été étudié en particulier
chez les oiseaux et les insectes. Historiquement les travaux fondateurs sur I’étude de la taille de la
ponte sont ceux réalisés dans les années 40 par Lack (1947) qui le premier postula que les oiseaux

pondent un nombre d’ceufs qui maximise leur descendance a chaque ponte. Ce postulat a servi de
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point de départ a de nombreuses études dans différents groupes notamment chez les parasitoides. Ces
derniers sont particuliérement intéressants pour 1I’étude de la taille de ponte du fait de la grande
diversité des comportements de ponte qu’ils présentent (synthése dans Godfray, 1994; Waage et
Greathead, 1986). La question de la taille de la ponte est importante chez ces espéces d’un point de
vue évolutif, notamment dans le cadre de 1’évolution du grégarisme, et aussi d’un point de vue

appliqué dans la perspective de leur utilisation en lutte biologique.

Du fait de la sélection naturelle, la taille de la ponte des parasitoides tend vers une certaine optimalité.
Cela se traduit par des variations interspécifiques de la taille de la ponte mais aussi par la capacité des
individus a ajuster la taille de leur ponte en fonction d’un grand nombre de facteurs
environnementaux. Ces facteurs influencent d’une part le nombre d’ceufs pondus dans un seul
organisme hote (un acte de ponte) et d’autre part le comportement d’allocation des ceufs entre

plusieurs hotes.

L’héte représente une ressource nutritive limitée, qui détermine le nombre de larves parasitoides
pouvant s’y développer. Ainsi déposer un nombre trop important d’ceufs engendre un risque de
compétition. Celle-ci peut entrainer une diminution du nombre de descendants ou de leur taille,
souvent associée a une diminution de fitness (Gao et al., 2016; Godfray, 1994). Dans le cas des
espéces grégaires la compétition entre larves est souvent limitée a la seule compétition par exploitation
(compétition pour la ressource). En revanche, chez les espéces solitaires, on observe également de la
compétition par interférence. Les larves de parasitoides solitaires sont généralement équipées de larges
mandibules leur permettant d’attaquer directement les autres compétiteurs et chez certaines especes
elles sont également capables de sécréter des toxines (Godfray, 1994; Mackauer, 1986; Salt, 1961).
Pour les especes solitaires, on pourrait imaginer, du fait qu’un seul individu se développe, que la
sélection aurait d0 favoriser la ponte d’un seul ceuf par hdte. Pour autant dans un grand nombre
d’espéces de parasitoides solitaires, on observe des pontes de plusieurs ceufs (Godfray, 1994). Ce
comportement peut étre favorisé dans plusieurs cas. Par exemple si le risque de super- ou de multi-
parasitisme est important, pondre plusieurs ceufs par hote peut augmenter les chances qu’un de ses
descendants remporte la compétition. Ce comportement peut aussi étre un moyen de saturer le systéme
immunitaire de 1’h6te afin d’assurer le développement d’au moins un descendant (Blumberg and Luck,
1990; Kapranas et al., 2012; Ode and Rosenheim, 1998; Rosenheim and Hongkham, 1996). Ce type de
comportement chez les especes solitaires pourrait étre une voie de transition vers le grégarisme, qui est
un caractére dérivé au sein des parasitoides, et est apparu de nombreuses fois au cours de leur
évolution (Mayhew, 1998; Pexton et al., 2009; Pexton and Mayhew, 2005; Rosenheim and
Hongkham, 1996).

La qualité de 1’hote est un facteur ayant un fort impact sur la taille de la ponte des parasitoides. En

effet, de trés nombreuse études montrent que les parasitoides sont capables d’évaluer la qualité de
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I’héte via une grande variété de stimuli (visuels, tactiles, olfactifs) et ainsi d’adapter leur ponte
(Godfray, 1994; Waage and Greathead, 1986). L’évaluation de la qualité de I’héte se fait sur plusieurs
critéres variables. Le plus étudié est la taille de 1’hote du fait qu’elle détermine la quantité de
ressources disponibles. Par exemple, Kapranas et al. (2008) ont montré chez cing especes de
parasitoides de la cochenille Coccus hesperidum, que la taille de la ponte est positivement corrélée a la
taille de I’hote. Le méme type de corrélation se retrouve chez de nombreuses especes (Godfray, 1994;
Klomp and Teerink, 1966; Le Masurier, 1987). Indépendamment de la taille de I’héte, I’espéce d’hote
et son age jouent également sur la taille de la ponte. En effet, chez I’ectoparasite Hyssopus pallidus
(Eulophidae) on obverse que les femelles déposent en moyenne le méme nombre d’ceufs sur des
chenilles de Cydia molesta que sur des chenilles plus grandes de Cydia pomonella (Hackermann et al.,
2007). Pour les espéces de Trichogramme qui parasitent des ceufS, la taille de la ponte diminue
généralement avec I’age de 1’hdte (Pak et al., 1986; Pak et Oatman, 1982). Le fait que 1’héte soit déja
parasité ou non au moment de la ponte influence également la taille celle-ci, généralement de maniére
négative méme s’il existe des contre-exemples (Rosenheim et Hongkham, 1996; van Alphen et Visser,
1990). Un dernier facteur que 1’on peut évoquer est la qualité de la nutrition de 1’héte. Ainsi, Cicero et
al. (2011) ont montré que le nombre d’ceufs déposés par plusieurs parasitoides dans Anastrepha ludens
(Tephritidae) varie en fonction du fruit sur lequel cette espéce est élevée.

Les femelles ne maximisent pas leur fitness en optimisant uniquement le nombre d’ceufs déposés dans
un seul héte. Les parasitoides ont généralement une fécondité élevée et distribuent leurs ceufs dans
plusieurs hétes. De ce fait, la taille de la ponte est également influencée par les facteurs jouant sur la
probabilité de parasiter plusieurs hotes. Par exemple, chez les hyménoptéres parasitoides grégaires
Cotesia glomerata et Mastrus ridibundus, le nombre d’ceufs déposé par héte diminue en fonction de la
fréquence de rencontre de I’hote (Bezemer and Mills, 2003; Ikawa and Okabe, 1985). Le risque de se
faire tuer au cours d’une ponte va également influencer la répartition des ceufs entre différents hotes.
En plus de ces contraintes liées a 1’hote, des contraintes intrinséques au parasitoide vont aussi
influencer la maniére dont il répartira ses ceufs. Ces contraintes comprennent notamment sa durée de
vie, sa fécondité, le fait que I’espéce soit proovogénique (la femelle nait avec un stock limité
d’ovocytes matures) ou synovogénique (la femelle produit de nouveaux ceufs matures tout au long de
sa vie) (Godfray, 1994). Ainsi une espéce n’étant pas limitée par son nombre d’ovocytes et ayant une
longue durée de vie associée a une faible mortalité aura une stratégie de ponte trés différente d’une
espéce ayant un stock d’ovocytes limité, une courte durée de vie et courant un fort risque de se faire

tuer lors de la ponte.

D’autres facteurs, comme le statut d’accouplement (Tagawa et al., 1987), peuvent également jouer sur
le nombre d’ceufs pondus ; il apparait toutefois difficile de dresser une liste exhaustive. Un cas qu’il
est intéressant de relever est celui de Leptopilina boulardi (Figitidae). En effet chez ce parasitoide

solitaire un virus infectieux nommé LbFV pouvant changer le comportement de ponte, a été mis en
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évidence. Ce virus induit un comportement non optimal chez les femelles infectées qui vont pondre

dans des hotes déja parasités, favorisant la transmission du virus (Varaldi, 2003; Varaldi et al., 2009).

Chez les parasitoides le comportement de ponte a été tres étudié au cours de la deuxieme moitié du
20°™ sigcle via de nombreuses approches de modélisation (voir notamment Charnov and Skinner,
1985; Godfray, 2004, 1987; Mangel, 1989; Skinner, 1985) et expérimentales (voir paragraphes
précedents). Bien que la diversité génétique soit a 1’origine de 1’évolution du comportement de ponte
(passage de solitaire a grégaire, aptitude des individus a ajuster leur comportement pour maximiser
leur fitness, etc.) il y a un manque évident de travaux sur les bases génétiques du comportement de
ponte. Ce manque d’intérét, peut sirement s’expliquer du fait qu’on s’attend a ce qu’un grand nombre
de génes soit impliqué compte-tenu du grand nombre de facteurs influencant le comportement de
ponte, ce qui rend complexe les approches de génétique.

2. Sexe-ratio et déterminisme du sexe

Chez les hyménopteres parasitoides, le sexe-ratio de la descendance est également déterminé au
moment de la ponte. En effet, les hyménoptéres sont pour la plupart caractérisés par un déterminisme
du sexe de type haplo-diploide ou les femelles sont diploides, issues d’ceufs fécondés et les méles
haploides, issus d’ceufs non fécondés. Chez ces especes, le déterminisme du sexe dépend donc de la
fécondation (sauf dans le cas des especes faisant de la parthénogénese thélytoque, voir plus loin). Le
sexe-ratio est lié a la probabilité et au succés de ’accouplement, et de nombreuses études suggerent
que le sexe-ratio est sous le contrdle de la femelle qui peut ajuster la fécondation de ses ovocytes au
moment de la ponte. Cela est possible car les spermatozoides sont stockés dans un organe appelé
spermathéque, qui s’ouvre dans 1’oviducte et permet donc la fécondation des ovocytes juste avant leur
ponte (Godfray, 1994; Quicke, 2014).

Ce type de déterminisme rend plus facile la production de sexe-ratios biaisés en faveur d’un sexe que
pour les especes diploides ou le déterminisme du sexe est principalement soumis a la ségrégation des
chromosomes (Godfray, 1994; Waage and Greathead, 1986). De nombreuses études montrent 1’ aspect
adaptatif et plastique du sexe-ratio. Par exemple chez beaucoup d’espéces de parasitoides, hotamment
grégaires, les accouplements se font dés 1I’émergence des adultes, sont consanguins et le sexe-ratio est
biaisé en faveur des femelles. Une explication de ce phénoméne est donnée par Hamilton via la théorie
de la « Local Mate Competition » selon laquelle la femelle réduit le nombre de fils dans sa
descendance de maniére a limiter la compétition entre eux pour ’accés aux femelles qui sont
limitantes (un male pouvant s’accoupler avec plusieurs femelles) (Godfray, 1994; Hamilton, 1967).
Un exemple de plasticité est illustré par Waage et Ming (1984) avec I’espéce de parasitoide oophage

Trichogramma evanescens. Chez cette espéce, une femelle qui s’attaque a un ceuf isolé pondra un
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male pour deux a trois femelles alors qu’une femelle s’attaquant a un patch d’ceufs produira plusieurs

descendances composées uniquement de femelles aprés avoir pondu un méle dans le premier ceuf.

Bien que le sexe-ratio soit tres étudié chez les hyménoptéres, les mécanismes moléculaires a I’origine

du déterminisme du sexe ne sont connus que dans un nombre trés limité d’espéces.

Le mécanisme le plus documenté est le sI-CSD (Single Locus Complementary Sex Determination) mis
en évidence pour la premiere fois chez le parasitoide Habrobracon hebetor (Whiting, 1943) et dont les
bases moléculaires ont été caractérisées chez 1’abeille domestique Apis mellifera (Heimpel et de Boer,
2008). Le sexe est déterminé par 1’état allélique au locus sexuel. Un individu possédant un seul alléle
se développera en méle alors qu’un individu avec deux copies différentes se développera en femelle.
D’autres espéces comme Cotesia vestalis (de Boer et al., 2008) possederaient un mécanisme proche,
appelé ml-CSD (Multi Locus Complementary Sex Determination) qui différe du précédent du fait qu’il
y a cette fois plusieurs locus sexuels indépendants (Heimpel et de Boer, 2008). Chez les especes
possédant un mécanisme de type CSD (sl ou ml), un individu haploide (issu d’un ovocyte non
fécondé) se développera en male mais il est également possible que des individus diploides se
développent en males (a partir d’ovocytes fécondés) en cas d’homozygotie au(x) locus sexuel(s). Une
conséquence du CSD est que les espéces sont trés sensibles a la consanguinité qui va entrainer une
augmentation de la production de males diploides. Dans la majorité des cas les males diploides sont
soit non-viables, soit stériles. Au sein des parasitoides, ce mécanisme n’a été mis en évidence que chez
guelques espéces appartenant a la superfamille des Ichneumonoidea (Boulton et al., 2015; Cook,
1993). Pour les nombreuses espéces qui conservent un sexe-ratio trés biaisé en faveur des femelles
malgré une forte consanguinité, un mécanisme de type CSD ne peut vraisemblablement pas expliquer

le déterminisme du sexe.

D’autres mécanismes ont été mis en évidence chez quelques rares espéces (Heimpel et de Boer, 2008).
Le plus documenté est de type empreinte génétique et a été identifié pour le moment uniquement chez
le parasitoide solitaire Nasonia vitripennis (Pteromalidae). Les femelles de N. vitripennis déposent une
empreinte génétique masculinisante sur leurs gamétes, qui inhibe 1’élément activateur du géne TRA,
nécessaire au développement en femelle. Ainsi, les ovocytes non fécondés donneront des males. Le
spermatozoide porte une copie fonctionnelle de ’activateur du géne TRA, induisant le développement

des ceufs fécondés en femelles (Beukeboom et Perrin, 2015; Verhulst et al., 2010).

Enfin il est intéressant de noter que de nombreuses espéces d’hyménoptéres parasitoides peuvent se
reproduire par parthénogénése thélytoque. Les femelles thélytoques produisent des ceufs diploides soit
par mitose, soit par fusion des gametes aprés la meiose, et vont ainsi générer des descendances
uniquement composées de femelles. Chez certaines espéces la parthénogénese thélytoque peut étre
induite pas des bactéries endosymbiotiques comme Wolbachia et Cardinium (Heimpel et de Boer,
2008; Leach et al., 2009).
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3. Contournement du systéeme immunitaire de I’héote

Afin d’assurer leur développement les parasitoides doivent faire face aux réponses immunitaires de
leurs hétes. La maniére dont les parasitoides sont confrontés au systeme immunitaire de leurs hotes
varie beaucoup en fonction des types de parasitoides (Quicke, 2014). En effet un endoparasitoide ne
rencontrera pas les mémes types de réponses immunitaires qu’un ectoparasitoide. De méme, un
parasitoide s’attaquant a des ceufs dont le systeme immunitaire est peu ou pas développé ne
rencontrera pas les mémes défenses qu’un parasitoide S’attaquant a un stade plus tardif avec un
systtme immunitaire mature. Dans cette partie je vais principalement m’intéresser aux
endoparasitoides car c’est chez ces derniers que les stratégies mises en place pour contourner le

systéme immunitaire de 1’hote sont les plus variées.

Chez les insectes la réponse immunitaire innée est subdivisée en deux catégories : la réponse humorale
et la réponse cellulaire. La premiére comprend des processus variés allant de la production de peptides
antimicrobiens ou de dérivés réactifs de I'oxygene, a la coagulation et la mélanisation de 1’hémolymphe.
La seconde correspond aux réponses faisant intervenir les cellules immunitaires appelées hémocytes
contenues dans I’hémolymphe, et comprend la phagocytose, la nodulation et 1’encapsulation (Lavine
and Strand, 2002). La principale réponse mise en ceuvre contre les corps étrangers de grosse taille
comme les ceufs et larves des parasitoides est I’encapsulation (Quicke, 2014; Salt, 1970). La réaction
d’encapsulation consiste en la formation d’une capsule constituée par le dépot de plusieurs couches
d’hémocytes autour du corps étranger. La capsule isole généralement les ceufs ou larves des
parasitoides dans I'némocoele de l'insecte hote, provoquant leur mort par suffocation, privation de

nourriture ou par la prévention physique de leur développement (Blumberg, 1997; Carton, 1977).

Le contournement du systéme immunitaire de 1’hdte peut se faire de maniere passive par exemple en
déposant les ceufs dans un tissu auquel les hémocytes n’ont pas acces (Moreau et al., 2003) ou en les
recouvrant d’une membrane empéchant leur encapsulation (Hu et al., 2003), mais également de
maniére active en entrainant son inactivation et en perturbant la physiologie de I’hote via des facteurs
de virulence. Cette derniére stratégie, que je vais développer ici, est la plus commune chez les

endoparasitoides (Beckage and Drezen, 2012).

Afin d’inactiver le systéme immunitaire de I’hote et de modifier sa physiologie, les parasitoides sont
dotés d’un large arsenal de facteurs de virulence qui vont varier en fonction des espéces. Parmi ceux-ci
on compte généralement le venin, les protéines ovariennes, les tératocytes, les polydnavirus et les

virus-like particles. Comme nous allons le voir ces facteurs ont des réles multiples et souvent redondants.

Le venin correspond au fluide produit par la glande éponyme. C’est le facteur de virulence le plus
commun du fait que la plupart, si ce ne sont toutes les especes de parasitoides possédent cette glande.

Elle est reliée au tractus génital femelle ce qui permet I’injection du venin lors de la ponte (Asgari,
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2012). L’étude de la composition du venin n’est qu’assez récente et a été permise par les progres des
méthodes de transcriptomique et protéomique. Sa composition est assez complexe du fait du grand
nombre de protéines le constituant. Par exemple chez Nasonia vitripennis pas moins de 79 peptides
différents ont pu étre identifiés (de Graaf et al., 2010). Bien que certaines protéines du venin soient
conservées, sa composition semble tres variable d une espéce a ’autre, et méme entre individus d’une
méme espéce (Colinet et al., 2013; Moreau and Asgari, 2015). Le venin des parasitoides est intéressant
car contrairement a celui des autres animaux venimeux, il n’est pas utilisé pour capturer une proie ou
pour se défendre mais pour permettre le développement de la descendance (Mrinalini and Werren,
2016). A I’image de sa composition, le r6le joué par le venin est trés variable. En général chez les
ectoparasitoides le venin est plutdt impliqué dans la paralysie de 1’hote alors que chez les
endoparasitoides il est plutot impliqué dans la perturbation du développement de 1’hdte et dans
I’inactivation de son systéme immunitaire. 1l peut agir en synergie avec d’autres facteurs comme les
polydnavirus (Moreau and Asgari, 2015; Tanaka, 1987). Bien que les r6les du venin soient bien

documentés, la fonction de la majorité des protéines le constituant est inconnue.

Rentrent dans la catégorie des protéines ovariennes, les protéines sécrétées par les ovaires et injectées
dans I’hote au moment de la ponte. De tous les facteurs de virulence, les protéines ovariennes sont tres
certainement les moins étudiées. A ma connaissance aucune étude ne faisant I’inventaire de ces
protéines n’est disponible si bien qu’il est difficile de donner un ordre de grandeur du nombre de
protéines ovariennes injectées lors de la ponte. Cependant leur implication dans le contournement du
systéme immunitaire de I’hote et notamment dans son inactivation a été montré chez de nombreuses

especes (Li et al., 2007; Webb and Luckhart, 1994).

Dans la famille des Braconidae et dans la super-famille des Platygastroidea les femelles de certaines
espéces pondent des ceufs qui vont produire des tératocytes. Ces dernieres sont des cellules géantes qui
dérivent de la membrane formée lors de 1’embryogenése autour de 1’embryon. Au moment de
I’éclosion de I’ceuf, les cellules de cette membrane se dissocient en tératocytes qui vont persister
jusqu’a plusieurs jours dans 1’hdte mais sans se diviser. Ces cellules sont capables de sécréter un grand
nombre de protéines et, a I’image des autres facteurs de virulence, sont impliquées dans de nombreux
mécanismes (Quicke, 2014; Strand, 2014). Par exemple chez Cotesia plutellae, elles ont un effet
immunosuppressif et sécrétent des protéines qui préviennent la métamorphose de 1’hote (Ali et al.,

2013; Andrew et al., 2006).

Le facteur de virulence sur lequel j’ai le plus travaillé lors de ma thése et que je vais plus développer
ici sont les PDV (PolyDnaViruses). Les PDV sont des virus endosymbiotiques domestiqués par des
parasitoides. Ces derniers sont injectés dans 1’héte au moment de la ponte sous la forme de particules
virales contenant des cercles d’ADN double-brin portant des genes de virulence. L’expression des

génes de virulence dans 1’héte perturbe son développement et inactive son systéme immunitaire pour
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permettre le développement du parasitoide (Beckage and Drezen, 2012; Drezen et al., 2017; Gauthier
et al., 2017). Ces virus sont présents chez des dizaines de milliers d’espéces d’hyménoptéres
parasitoides et sont regroupés dans la famille des Polydnaviridae comprenant deux genres distincts
(Figure 2) : Les Bracovirus (BV) associés a 6 sous-familles de Braconidae regroupées dans le
complexe monophylétique des microgastroides, et les Ichnovirus (1V) associés aux sous-familles des
Banchinae et des Campopleginae (Drezen et al., 2017; Herniou et al., 2013). Bien que regroupés dans
la méme famille de virus, BV et IV n’ont pas une origine commune et représentent un cas de
convergence évolutive. Les BV des microgastoides sont issus de I’intégration du génome chez
I’ancétre commun de ce complexe d’un betanudivirus, de larges virus a ADN infectant les arthropodes
et proches des baculovirus (Bézier et al., 2009a, 2009b; Burke and Strand, 2012). Les IV sont quant a

eux issus de la domestication d’un ou plusieurs virus d’origine inconnue (Béliveau et al., 2015;

Volkoff et al., 2010). Comme les IV sont présents dans deux sous-familles séparées

phylogénétiquement par des sous-familles ne produisant pas d’IV, cela pose la question du nombre
d’événements de domestication ayant eu lieu : une domestication ancestrale suivie de pertes, ou deux
domestications indépendantes. Cette question est pour le moment toujours en suspens (Drezen et al.,
2017). Dans la suite je vais me focaliser uniquement sur les BV, pour autant le fonctionnement des IV

est comparable a celui des BV.
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Figure 2- Symbioses avec des virus chez les Ichneumonoidea (Herniou et al, 2013)
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La majorité des connaissances sur 1’organisation des BV nous viennent des travaux menés sur
Microplitis demolitor et Cotesia congregata (Figure 3). Dans le génome, les BV sont organisés en
deux types de régions. La premiére correspond aux genes d’origine nudivirale, impliqués dans la
production des particules virales. Certains génes nudiviraux sont regroupés dans une région appelée
« nudiviral cluster » mais la majorité de ces génes est dispersée dans le génome (Beck et al., 2011;
Bézier et al., 2009a, 2009b). Le deuxiéme type de région correspond aux segments proviraux servant a
la production des cercles viraux contenus dans les particules virales et portant les genes de virulence.
Le nombre de cercles viraux produits varie en fonction des espéces, par exemple on en compte 26 pour
M. demolitor et 35 pour C. congregata (Bézier et al., 2013; Burke et al., 2014). Chez C. congregata
les 35 segments proviraux sont organisés en 9 loci proviraux (PL). Les deux tiers des segments sont
localisés dans la méme région génomique appelée macrolocus, qui regroupe les PL1 et 2, et les autres

sont dispersés dans le génome (Bézier et al., 2013).
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Figure 3- Cycle de vie C. congregata et de son bracovirus (Gauthier et al., 2017). Au sein des ovaires, dans
les noyaux des cellules du calice (i) les locus proviraux (en bleu) sont amplifiés, excisés et circularisés, (ii) les
génes nudiviraux (en rouge) sont exprimés pour produire les particules virales (iii) et les cercles viraux sont
encapsulés dans les particules virales de bracovirus qui acquiérent une enveloppe en sortant du noyau. (iv) Les
particules virales sont injectées dans la chenille de Manduca sexta au moment de la ponte avec les ceufs. (v) Les
particules virales rentrent dans les cellules de 1’hote ou les génes de virulence (en bleu) sont exprimés pour
produire des facteurs de virulence. (vii) Les facteurs de virulence induisent des modifications de la physiologie
de I’hote permettant le développement de la descendance du parasitoide jusqu’a moment ou les larves sortent de
I’hote.

25



Chapitre | — Introduction générale

Chez les parasitoides qui possedent un PDV, la production de particules virales n’a lieu que dans des
cellules spécialisées situées dans une région a la base des oviductes latéraux appelés calice (Marti,
2003; Wyler and Lanzrein, 2003). Les particules virales sont ensuite sécrétées dans les oviductes
latéraux 1a ou sont stockés les ceufs matures et forment le composant majeur du fluide ovarien injecté
dans I’hote lors de la ponte. Une fois injectées, les particules virales vont infecter les cellules de
différents tissus de 1’héte, ce qui permettra I’expression des génes de virulence présents sur les cercles
viraux. Du fait de I’absence de génes codant pour la réplication et la production de particules virales
dans les cercles viraux, les PDV ne se répliquent pas dans 1’hote, mais certains fragments peuvent
s’intégrer dans son génome (Gasmi et al., 2015). Pour une espéce donnée, le nombre de génes sur les
cercles viraux peut étre assez important : chez C. congregata les cercles viraux portent au total a
minima 229 génes (Chevignon et al., 2014). De plus, la nature des genes peut étre trés variable d’une
espéce a I’autre. Par exemple le BV du parasitoide oophage Chelonus inanitus possede des génes tres
différents de ceux des parasitoides s’attaquant a des larves, ce qui suggere que la nature des genes
varie en fonction des interactions hote-parasitoide (Gauthier et al., 2017; Weber et al., 2007).
L’implication des génes de virulence dans 1’évolution de la gamme d’hotes et dans la spéciation des
parasitoides a été étudiée notamment dans le genre Cotesia (Branca et al., 2011; Gauthier et al., 2018;
Jancek et al., 2013). L’exemple de C. sesamiae illustrant cette implication est développé dans la partie

Il de I’introduction.

Le dernier facteur de virulence correspond a des particules présentant une analogie avec des particules
virales et appelées VLP (Virus-Like Particles). Ces particules se distinguent des PDV car
contrairement a ces derniéres elles ne contiennent pas d’acides nucléiques mais des protéines de
virulences produites par le parasitoide (Gauthier et al., 2017). De plus alors que les PDV sont produits
exclusivement dans les ovaires, les VLP peuvent également étre produites dans la glande a venin
(Gatti et al., 2012). Les VLP ont été décrites chez une dizaine d’espéces appartenant aux familles des
Braconidae, Ichneumonidae et Figitidae (Burke, 2019; Dubuffet, 2006; Gatti et al., 2012). La question
de I’origine des VLP est soumise a débat chez de nombreuses espéces ; origine virale indépendante
des PDV, évolution de ces derniers avec perte de la capacité d’encapsuler les acides nucléiques, ou
aucun lien avec les virus ? Néanmoins, il a pu étre montré chez les Ichneumonidae Venturia canescens
et Fopius arisanus que leurs VVLP dérivent de nudivirus comme c’est le cas pour le bracovirus (Burke
et al., 2018; Pichon et al., 2015). Encore une fois, le réle des VLP est varié. Chez le parasitoide
Meteorus pulchricornis les VLP sont impliquées dans la suppression de I’immunité de 1’hote
Pseudaletia separata alors que chez V. canescens, elles sont impliquées dans la protection des ceufs

sur lesquels elles sont déposées (Gatti et al., 2012; Rotheram, 1967).
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d. Parasitoides et lutte biologigue

La lutte biologique peut étre définie comme 1’utilisation d’organismes vivants pour diminuer la densité
des populations d’autres organismes considérés comme nuisibles. M&me si tous les auteurs ne
s’accordent pas sur le nombre et la définition des types de lutte biologique, on en distingue
généralement trois: (i) La lutte biologique par acclimatation (souvent appelée lutte biologique
« classique »), dont le principe est 1’utilisation, contre un ravageur d’origine exotique, d’un ennemi
naturel importé de la zone de provenance du ravageur et visant son installation pérenne dans
I’environnement. (ii) La lutte biologique inondative, qui consiste a réaliser des lachers d’un ennemi
naturel de maniere a augmenter sa population. (iii) La lutte biologique par conservation, qui consiste
cette fois a modifier I’environnement dans le but de favoriser la multiplication d’un ennemi naturel
(Bale et al., 2008). La lutte biologique est souvent considérée comme la meilleure alternative aux
méthodes de lutte chimique notamment du fait que 1’apparition de résistances chez les ravageurs est
moins fréquente en lutte biologique, probablement en raison de la coévolution qui s’0pére entre agents

de lutte biologique et ravageurs (Holt and Hochberg, 1997).

Bien que I’impact des parasitoides sur certaines espéces soit limité, ils jouent souvent un rdle
important dans la régulation de la dynamique des populations de leurs hotes (Hawkins, 1994). En
témoigne 1’étude de Hawkins et al. (1997) réalisée sur 78 insectes holométaboles, qui montre que les
parasitoides sont le groupe d’espéces causant la plus forte mortalité loin devant les prédateurs et les
pathogenes. De ce fait ils font partie des organismes les plus utilisés en lutte biologique, d’autant
qu’ils sont généralement plus spécifiques que les prédateurs (Boivin, 2001). Un bon exemple
d’utilisation de parasitoides en lutte biologique est le cas de Cotesia flavipes. Cet endoparasitoide
originaire du sous-continent indien a été introduit dans au moins 40 pays depuis les années 50 pour
lutter contre des ravageurs des cultures appartenant aux genres Chilo et Diatraea (Polaszek, 1991). Au
Brésil (Figure 4), il est produit en masse (plus de 18 millions d’individus relachés par an) afin de
contréler les populations du ravageur de la canne a sucre Diatraea saccharalis sur plus de 3 millions
d’hectares de cultures (soit 1’équivalent de la surface totale de mais cultivé en France). Ceci en fait une

des especes les plus utilisées en terme de surface couverte (Parra, 2014; Vacari et al., 2012).

A I’image de cette thése, beaucoup de projets de recherche sur les parasitoides sont liés de prés ou de
loin a la lutte biologique. Afin de garantir le succés des programmes de lutte biologique utilisant des
parasitoides, il est nécessaire de bien connaitre leurs mécanismes d’adaptation a 1’hdte et a
I’environnement, de maniere a sélectionner les espéces et populations les plus efficaces et présentant

le moins de risques pour les espéces d’hotes non cibles.
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Geocomy

Figure 4- Utilisation de C. flavipes contre D. saccharalis en lutte biologique au Brésil. (A) Exemple de
dégats occasionnés par D. saccharalis sur une tige de cage a sucre. (B) Femelle C. flavipes parasitant une
chenille de D. saccharalis. (D) Usine de production de C. flavipes. La lutte biologique se fait par introduction de
masses de cocons de C. flavipes dans les parcelles par les agriculteurs (C) ou par drone (E). Crédits photos : A,
Vargas et al., 2015 ; B, Parra 2014 ; C et D, MCP Controle Bioldgico ; E, Geocom.
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I1) Modele biologique : Cotesia typhae — Sesamia nonagrioides

a. Les parasitoides du genre Cotesia

Le genre Cotesia appartient a la sous-famille des Microgastrinae qui est une des 6 sous-familles de
Braconidae possédant un bracovirus (Herniou et al., 2013). Comme 1’ensemble des Microgastrinae les
guépes du genre Cotesia sont des endoparasitoides koinobiontes de larves de Lépidoptéres (Whitfield
et al., 2018). Au sein de cette sous-famille, Cotesia est un des genres les plus diversifié (Whitfield,
1995). A ce jour pas moins de 400 espéces ont été décrites et selon les estimations il devrait y en avoir
tant que genre par Cameron au cours du 19°™ siécle mais il faudra attendre la grande reclassification
des Microgastrinae par Mason en 1981 pour qu’il soit définitivement différencié du genre Apanteles
dont les especes ont été reclassées dans 36 genres différents (Mason, 1981; Whitfield et al., 2002). En
dépit de I’importance du genre Cotesia (voir paragraphe ci-dessous), sa systématique n’est pas bien
connue. La phylogénie la plus compléte disponible a ce jour (Figure 6) est celle réalisée par Michel-
Salzat et Whitfield (2004) & partir de 35 especes, et qui a permis de distinguer 5 groupes d’espéces
différents.

Les espéces du genre Cotesia sont trés étudiées au sein des parasitoides et ce dans de trés nombreux
domaines : détection et reconnaissance de 1’hOte, évolution des mécanismes de la virulence,
apprentissage, comportement, lutte biologique, etc. (Bichang’a et al., 2018; Bredlau and Kester, 2019;
Godfray, 1994; Herniou et al., 2013; Kaiser et al., 2017a; Kester and Barbosa, 1991; Quicke, 2014).
La recherche sur les espéces du genre Cotesia s’articule globalement autour de 3 grands axes (Figure
5). Le plus important (en vert) porte majoritairement sur 1’é¢tude des facteurs de virulence des
parasitoides et de résistance des hétes notamment au niveau moléculaire. Le deuxiéme porte lui
principalement sur les interactions tri-trophiques (plantes-hdtes-parasitoides, en rouge). Enfin, le

dernier porte sur la lutte biologique (en bleu) avec Cotesia flavipes comme espéce modéle.

Figure 5 - Organisation des principaux mots-clefs relatifs au genre Cotesia. Les mots clefs ont été organisés
en fonction de leurs taux d’association a 1’aide du logiciel VOSviewer (van Eck and Waltman, 2014) a partir des
titres et abstract de I’ensemble des articles portants sur le genre Cotesia disponibles dans la base de données
MEDLINE (en date du 09/09/2019).

29



Chapitre 1 — Introduction générale

Microplitiz

Diolcogaster

— Apanfeles
63 outgroups
061

100 Glyptapanieles

Microgaster
100 79

1.00

Pholetesor

56 ——————————— Cotesia hyphantnae
1.00

Cotesia emprefiae

Cotesia karyar

0.84 [ Cotesia kazak
100 “kariyal” group

1.00 Coltesia cyaninds
a5
| 1.0

Cotesia flaviconchas

Cotesia rubecula

Cotesia schizurae

Cotesia congregata

Cotesia electrae “rubecula” group
Cotesia mamginiventns

Cofesia euchaetis

Cotesia obscuricormis

Cotesia glomerata

— ar
100 F— “glomerata” group

1.00|

Cotesia vestalis

Cotesia melanoscela

51

100 Cofesia sesamiae

“melanoscela” group

Tod Cotesia chilonis

0.1 —— Cofesia flavipes

Figure 6 - Phylogénie du genre Cotesia. La phylogénie est basée sur quatre génes (16S, ND1, 28S et LW opsin)
et a été obtenue par la méthode du maximum de vraisemblance (Michel-Salzat et Whitfield 2004).

b. De Cotesia sesamiae a Cotesia typhae

Afin de comprendre le contexte d’étude dans lequel s’insére cette thése portant sur Cotesia typhae il
est nécessaire de revenir sur I’histoire de sa découverte et de sa distinction de Cotesia sesamiae. Pour

un historique plus complet voir (Kaiser et al., 2017a) en annexe.
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Cotesia sesamiae est un parasitoide généraliste de chenilles de Iépidoptéres foreurs de tiges de
graminées. Il est retrouvé sur plus de 20 espéces d’hétes différentes. Son aire de répartition naturelle
s’étend sur une grande partie de 1’Afrique Sub-saharienne (Branca et al., 2011). Cette espece est
également présente @ Madagascar et a 1I’Ile Maurice ou elle a été introduite pour lutter contre les
populations de Sesamia calamistis et Chilo partellus, deux insectes ravageurs du mais (Polaszek and
Delvare, 2000). Elle appartient avec C. flavipes (sous-continent Indien) et C. chilonis (Asie de I’Est),
qui sont morphologiquement proches, au complexe d’espéces monophylétique flavipes (Kimani-Njogu
and Overholt, 1997; Michel-Salzat and Whitfield, 2004). A ce complexe initialement constitué de trois
especes se sont récemment ajoutées, C. nonagrioides (distingué de C. flavipes, endémique a
1’ Australie, Muirhead et al., 2008, 2012) et C. typhae distinguée de C. sesamiae (Kenya, Ethiopie et
Tanzanie, Kaiser et al., 2017b). De par leur distribution on peut imaginer que la plupart des espéces du
complexe ont évolué a partir d’événements de spéciations allopatriques. La difficulté & différencier
morphologiquement ces espéces illustre bien la notion de complexe d’espéces cryptiques trés présente
chez les parasitoides et la nécessité de compléter les approches morphologiques par des études

génétiques et écologiques pour pouvoir explorer leur diversité (Quicke, 2014).

Cotesia sesamiae est une espéce modele dans 1’étude de la variation intra-spécifique de la gamme
d’héte et du réle joué par le bracovirus dans cette derniére. Dans les années 90, Ngi-Song et al. (1995,
1998) ont mis en évidence que deux populations de C. sesamiae variaient dans leurs capacités a
parasiter Busseola fusca une noctuelle africaine du mais. En effet, les individus issus de la c6te du
Kenya, ou B. fusca est rare, n’arrivent pas a se développer dans cet hote contrairement aux individus
provenant de I’arriére-pays Kenyan, ou B. fusca est abondant. L’absence de développement dans le
premier cas s’explique par I’encapsulation des ceufs aprés parasitage. Plus tard, Mochiah et al. (2002)
ont montré qu’il était possible d’induire le développement des individus avirulents dans B. fusca en
injectant dans 1’héte le fluide du calice (principalement composé de particules virales) de femelles

virulentes, suggérant I’implication du bracovirus dans 1’adaptation a 1’héte.

Suite a ces travaux, plusieurs études se sont ensuite intéressées au role du bracovirus dans I’évolution
de la gamme d’hote chez C. sesamiae et notamment au réle du gene de virulence CrV1. Ce gene, alors
récemment identifié chez Cotesia rubecula et dont un homologue est présent chez C. sesamiae, code
pour une glycoprotéine impliquée dans la dépolymérisation des filaments d’actine des hémocytes de
I’hote entrainant 1’inactivation de son systéme immunitaire (Asgari et al., 1997, 1996; Whitfield,
2000). Il a ainsi pu étre montré que les deux populations de C. sesamiae précédemment identifiées
possédaient des alléles différents du géne CrV1 (nommés Coast et Inland d’aprés les régions
d’échantillonnage) et que la variation de virulence envers B. fusca était associée a I’expression ou non

de ce géne dans I’hote aprés parasitisme (Dupas et al., 2008; Gitau et al., 2007).
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Figure 7 - Phylogénie d’individus de C. sesamiae et C. typhae. La phylogénie est basée sur 3 génes
mitochondriaux (COI, 16S, NADH) et 3 génes nucléaires (2 génes viraux : EP2, Histone 4 et un non viral :
LWRH). Pour chaque individu (lignes horizontales) sont indiquées 1’espéce d’hote (colonne de gauche) et la
plante sur laquelle ils ont été échantillonnés (colonne de droite). Le groupe 2 correspond aux échantillons
identifiés par la suite comme C. typhae (Kaiser et al. 2015).

Afin de tester I’hypothése selon laquelle il pourrait y avoir d’autres populations adaptées a différents
hotes au sein de C. sesamiae, Branca et al. (2011) ont réalisé un tres large échantillonnage en Afrique.
Pour chaque échantillon le géne CrV1 a été séquencé et différent paramétres biotiques (espéce d’hote,
plante de I’insecte hote, souche de Wolbachia infectant C. sesamiae) et abiotiques (altitude et 19

parametres climatiques) ont été mesurés. Ces travaux ont montré I’existence de 5 nouveaux alléles du
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géne CrV1 et conclu que I’espece d’hote était le facteur expliquant le mieux la variation allélique,
suggérant 1I’implication du bracovirus dans la spécialisation a 1’hote. Parmi les différents alléles
identifiés, 1’alléle CsNona se distinguait par une divergence importante par rapport aux autres alléles.
De plus, les individus échantillonnés portant cet alléle étaient systématiquement retrouvés sur un seul
hote, Sesamia nonagrioides presque exclusivement associé a une espece de plante, Typha
domingensis ; S. nonagrioides est rarement parasité par des C. sesamiae ne portant pas 1’all¢le
CsNona. Kaiser et al. (2015) ont réalisé ensuite une phylogénie basée sur 3 génes mitochondriaux et 3
genes nucléaires sur un sous-échantillonnage des individus analysés dans Branca et al. (2011) ainsi
gue sur de nouveaux échantillons issus du terrain (Figure 7). lls ont ainsi mis en évidence 3 lignées au
sein de C. sesamiae, dont une rassemblant les individus portant 1’alléles CsNona. En réalisant des
croisements ils ont montré un isolement reproducteur entre ces individus et ceux des deux autres
lignées et ont proposé le statut d’espéce a part entiere pour la lignée CsNona. Ce statut fut par la suite
confirmé par identification morphologique (Kaiser et al., 2017b, en annexe) et le nom de C. typhae a

été donné a cette nouvelle espéce.

Sachant que S. nonagrioides est I’espéce d’héte la plus abondante dans les localités ou C. typhae a été
retrouvée, le phénoméne de spéciation de C. typhae peut étre interprété comme une conséquence de

I’adaptation locale a cet hote potentiellement médiée par le bracovirus.

c. C.typhae

Cotesia typhae (Fernandez-Triana) (Hymenoptera, Braconidae) est un endoparasitoide koinobionte
grégaire s’attaquant uniquement au foreur S. nonagrioides. Ce parasitoide a pour le moment été
retrouvé au Kenya, en Ethiopie et en Tanzanie (Branca et al., 2011; Kaiser et al., 2015). Son cycle de

vie est détaillé Figure 8.

Au stade adulte les femelles du genre Cotesia sont attirées a distance par 1’émission de volatiles des
plantes attaquées par les chenilles hétes (Ngi-Song et al., 1996). Elles vont ensuite pénétrer dans la
galerie creusée par les chenilles et les parasiter a I’intérieur de la plante. Chez C. sesamiae et C.
flavipes, on sait que les femelles sont attirées de maniére non spécifique par les graminées infestées
par des foreurs de tige et que c’est au contact de la chenille qu’elles I’identifient a partir de ses
sécrétions et qu’elles décident ou non d’y pondre (Bichang’a et al., 2018; Ngi-Song et al., 1996;
Obonyo et al., 2010a). Lorsque la femelle pénétre dans la galerie il existe un fort risque qu’elle n’en
ressorte pas vivante, estimé a 30-40% par Potting et al. (1997) chez C. flavipes. En effet la chenille
hote peut se défendre, notamment avec ses mandibules, et tuer la femelle parasitoide. Du fait du mode
de vie similaire et de la proximité génétique, il est vraisemblable que ces caractéristiques s’appliquent

a C. typhae.
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hote

Sortie de I'héte
et formation des
cocons de
nymphose
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adultes

Développement
dans les cocons

Figure 8 - Cycle de vie de C. typhae.

Chez C. typhae, la ponte est rapide et dure en moyenne 9 secondes. Au cours de celle-ci la femelle va
injecter plusieurs dizaine d’ceufs & la fois dans 1’h6te. Sur le terrain le pourcentage de chenilles
parasitées par C. typhae est trés variable en fonction des localités d’échantillonnage et des périodes de
I’année ou ont été faites les collectes. En effet, ce pourcentage peut aller de 3% a 72% (Kaiser et al.,
2017b, en annexe). En conditions naturelles on ne sait pas combien de fois les femelles pondent en
moyenne. Cependant comme leur durée de vie est tres courte et que la mortalité a I’intérieur des
galeries est élevée on peut imaginer que la probabilité de pondre plus de deux fois est trés limitée. Le

superparasitisme chez C. typhae est probable sur le terrain sachant qu’il est possible en laboratoire.

Les ceufs de C. typhae éclosent quelques jours aprés avoir été injectés et les larves vont ensuite se
nourrir de I’hémolymphe de I’hote. Au terme du développement larvaire qui comprend trois stades, les
larves vont perforer I’épiderme de 1’hote pour sortir et tisser leur cocon de nymphose dans lequel elles
vont finir leur développement. Toutes les larves sortent de 1’hodte et tissent leur cocon dans la galerie
de maniére synchrone formant ainsi une masse de cocons compacte maintenue par des fils de soie. La
chenille meure généralement quelques jours aprés la sortie des larves de C. typhae. Dans nos
conditions de laboratoire (voir chapitre suivant), le développement dure en moyenne 20 jours: 14
jours a I’intérieur de la chenille et 6 jours a I’intérieur du cocon de nymphose. La sortie de 1’hote et le

tissage des cocons se font en quelques heures.

34



Chapitre 1 — Introduction générale

L’émergence des adultes est également plus ou moins synchrone au sein de la masse de cocons. Les
males émergent un peu avant les femelles et attendent leur émergence pour s’accoupler. Chez C.
flavipes et C. sesamiae il a ainsi été montré que les accouplements sont consanguins dans la majorité
des cas (Arakaki and Ganaha, 1986; Ullyett, 1935). Cependant I’impact de la dépression de
consanguinité est largement limité du fait de I’haplodiploidie qui induit vraisemblablement une purge
des alléles délétéres via les males haploides. Les femelles accouplées engendrent des descendances
avec un sexe-ratio généralement biaisé en faveur des femelles. Les femelles non-accouplées acceptent
également de pondre mais donneront des descendances uniquement composées de males (mais voir
chapitre 1V).

En présence d’eau et d’une source de nourriture sucrée les adultes vivent en moyenne 3 jours a 21°C,
les males vivant sensiblement plus longtemps. Ces derniers peuvent étre différenciés visuellement des
femelles car ils ont des antennes environ deux fois plus longues et n’ont pas d’ovipositeur (voir Figure

8 et Kaiser et al., 2017b en annexe).

Le tractus génital femelle est détaillé sur la Figure 9. Les femelles adultes émergent avec la majorité
de leur stock d’ovocytes matures constitué (dans les oviductes latéraux) et peuvent pondre donc
immédiatement apres 1’émergence. C. typhae peut étre qualifiée d’espéce prosynovogénique
(intermédiaire entre pro- et synovogénique) car les femelles vont méturer quelques ceufs (dans les

réservoirs) a 1’age adulte.

O yariole

-4
¢ ———— Réservoirs

Oviducte commun

C—— O\ DOSitEUr

0,2 mm

Figure 9 - Tractus génital femelle de C. typhae. Les ovocytes sont produits dans les ovarioles débouchant sur
les réservoirs ou ils seront stockés jusqu’a maturation compléte. Les ovocytes matures sont ensuite stockés dans
les oviductes latéraux jusqu’au moment de la ponte.
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d. S. nonagrioides

Sesamia nonagrioides (Lefébvre) (Lepidoptera, Noctuidae), également appelée sésamie du mais, est
une noctuelle dont les larves se développent en forant les tiges de graminées. Comparée a d’autres
espéces de foreurs c’est une espéce polyphage qui a été retrouvée sur une quarantaine d’espéces de

plantes de trois familles différentes : Cyperaceae, Poaceae et Typhaceae (Le R et al., 2006).

Elle est présente en Afrique sub-saharienne de 1’ouest de la Cote d’Ivoire a I’est du Kenya et jusqu’au
Botswana au sud. Dans la région paléarctique on la retrouve tout autour du bassin méditerranéen
notamment en Europe et également au Moyen-Orient jusqu’en Iran (Cheraghali et al., 2015; Moyal et
al., 2011). Des études de génétique des populations réalisées sur toute cette aire de présence ont
montré que S. nonagrioides est structurée en 4 grandes populations distinctes : ouest-africaine ; centre-
africaine ; est-africaine et paléarctique. Selon le scénario le plus probable 1’espéce serait originaire du
centre de I’ Afrique et la colonisation de la région paléarctique serait issue de la migration d’individus
de la population est-Africaine il y a environ 178 000 ans (Kergoat et al., 2015; Moyal et al., 2011).
Une certaine structuration génétique semble également exister au sein de la population européenne
allant de I’Espagne a la Gréce. Cependant, en fonction des études réalisées, les niveaux de différenciation
sont variables, la seule constante étant une proximité entre les populations du sud de la France et du nord de
I’Espagne (Bues et al., 1996; de la Poza et al., 2008; Kourti, 2006; Margaritopoulos et al., 2007).

Les adultes ont une activité nocturne. Les femelles pondent leurs ceufs en « grappe » sous la gaine
foliaire de la plante hote assurant leur protection. Chaque ponte est constituée de plusieurs dizaines
d’ceufs. Rapidement apres éclosion des ceufs, les chenilles s’alimentent & partir du parenchyme de la
gaine foliaire. Elles adoptent dans un premier temps un comportement grégaire et coopérent pour
pénétrer a I’intérieur de la tige. A partir du 3°™ stade larvaire elles se dispersent et vont forer d’autres

plantes ce qui minimise la compétition pour la ressource (Eizaguirre et al., 2004). Les différents stades

de développement sont présentés Figure 10.
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Figure 10 — Les différents stades de développement de S. nonagrioides. Males et femelles sont discernables
au stade adulte grace a leurs antennes (Q antennes lisses, & antennes bipectinées) et au stade chrysalide a partir
de leur orifice génitale (9 une valve, & deux valves). Bufs déposés en grappes sur un épis de mais. Chenille au
dernier stade larvaire. Crédits photos : Philippe Mothiron, Laure Kaiser-Arnauld.
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Le nombre de générations par an est variable selon les zones géographiques : 2 a 3 en France, Espagne
et au Portugal, 3a 4 en Gréce, 4 a5 en Iran, 5 & 6 en Afrique (Eizaguirre and Fantinou, 2012; Polaszek
and Delvare, 2000). En Europe, la sésamie passe 1’hiver sous forme de chenille en diapause, celle-Ci
étant induite par la diminution de la durée du jour (Galichet et al., 1982).

La sésamie du mais est un ravageur des cultures de mais dans de nombreux pays d’Europe et
d’Afrique de I’ouest, et de la canne a sucre en Iran (Buadu et al., 2002; Cheraghali et al., 2015;
Eizaguirre and Fantinou, 2012). De maniére intéressante, elle n’est pas un ravageur du mais en
Afrique de I’Est. Dans cette région on la retrouve principalement sur des plantes sauvages dans des
zones humides et les dégats causés sur les cultures semblent limités a de récentes attaques reportées
sur des cultures de canne a sucre (Goftishu et al., 2019; Moyal et al., 2011).

Les méthodes de lutte sont multiples : broyage des résidus de mais ou les sésamies passent 1’hiver ;
insecticides ; mais Bt ; pieéges a phéromones (Albajes et al., 2002; Castafiera et al., 2016; Rousseau,
2009). Cependant leur efficacité semble limitée et/ou leur utilisation soumise & controverse,
notamment pour le mais Bt et les pesticides. En France la population de sésamie du mais est en
expansion vers le nord (Rousseau, 2009). A I’heure actuelle il n’existe pas en Europe d’agent de lutte
biologique contre la sésamie du mais bien que ’utilisation du parasitoide Telenomus busseolae ait été
envisagée dans les années 90 (Colazza and Rosi, 2001). De par sa spécificité envers la sésamie du
mais, C. typhae est un agent de lutte biologique potentiellement intéressant pour lutter contre ce

ravageur en Europe.
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I11) Contexte et objectifs de la thése

Ce travail de these s’inscrit dans la continuité des travaux de 1’équipe sur les mécanismes d’adaptation
a I’hote dans le complexe C. flavipes et dans la perspective d’une utilisation de C. typhae en lutte

biologique en France.

Aprés que C. typhae ait été différenciée de C. sesamiae, il a été entrepris d’étudier son potentiel de
parasitisme contre une population francaise de S. nonagrioides (nouvel héte pour C. typhae qui est
originaire d’Afrique). Ainsi, le succés reproducteur de quatre souches kenyanes de C. typhae sur la
sésamie francaise a été mesuré par le biais de ’analyse de traits d’histoire de vie. Ces travaux,
présentés dans la premiére partie de I’article n°1, ont permis de mettre en évidence des variations
importantes du succés reproducteur entre les souches de C. typhae sur ce nouvel hote. Parmi les
souches testées, les souches Kobodo et Makindu étant les plus contrastées, nous les avons retenues
pour notre étude (voir Figure 11). Les différences initialement mises en évidence entre ces deux
souches portent sur la probabilité que leur ponte se développe dans la chenille héte (succés de
parasitisme) et sur leur nombre de descendants (quand il y a développement). En effet la souche
Makindu est caractérisée par un succes de parasitisme plus faible sur la souche frangaise et par un
nombre de descendants moins important que la souche Kobodo.

L’objectif de ma thése était d’identifier les mécanismes a I’origine de cette différence du succes
reproducteur entre les souches Kobodo et Makindu afin d’améliorer notre compréhension des
mécanismes d’adaptation a 1’hote chez les parasitoides. Dans cette optique j’ai développé une
approche intégrative portant sur les bases comportementales, physiologiques et génétiques du succes

reproducteur de C. typhae.

Les résultats obtenus sont présentés dans les trois chapitres suivants. Le chapitre Il sur les bases
comportementales et physiologiques comprend I’identification des souches de C. typhae et porte
principalement sur I’étude du comportement de ponte et sur ses potentielles répercussions sur le succes
de parasitisme et le nombre de descendants. Dans ce chapitre nous avons caractérisé la dynamique de
répartition des ceufs injectés dans 1’hote par les femelles Kobodo et Makindu. Sachant que les
particules virales sont injectées en méme temps que les ceufs nous avons cherché a savoir s’il y avait
un lien entre la quantité d’ceufs injectés, la quantité de particules virales injectées, 1’expression des
génes viraux et le succés de parasitisme afin d’expliquer la différence observée entre les deux souches.
Le chapitre III porte quant a lui sur 1’étude des bases génétiques du succes reproducteur. Afin de
chercher des genes impliqués dans la variation du succes de parasitisme et du nombre de descendants,
des croisements ont été entrepris entre les souches Kobodo et Makindu et une recherche de QTL

(Quantitative Trait Loci) a été mise en place. Enfin, I’analyse d’un grand nombre de descendances a
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permis de mettre en lumiéere des anomalies dans la détermination du sexe chez C. typhae. Une analyse
préliminaire a été menée sur ce sujet et est présentée brievement dans le chapitre 1V.

Sud-Soudan b Ethiopie

A

' Ouganda

Tanzanie

Figure 11 - Localités d'échantillonnage des souches de C. typhae. (A) Vue satellite centrée sur le Kenya
(source : Google Earth). Les localités d’échantillonnage des souches de C. typhae sont séparées par la vallée du
rift africain. (B) Photo prise dans le parc de Nairobi avec un peuplement de Typhae typique des régions de
moyenne altitude (x 1100 m) comme on peut en retrouver & Kobodo. (C) Photo d’un peuplement de Typhae a
coté de Kibwezi a 20 Km au sud-est de Makindu. Crédit photos : B et C, Bruno Le Ru.

39



40



Chapitre Il — Bases
comportementales et
physiologiques du succes

reproducteur de C. typhae

41



Chapitre Il — Bases comportementales et physiologiques du succes reproducteur de C. typhae

I) Article n°1: Relationship between oviposition, virulence gene
expression and parasitism success in Cotesia typhae nov. sp.

parasitoid strains

Ce premier article contient les résultats a 1’origine de mon travail de thése. Les expérimentations ont
été réalisées en amont de cette derniére par les membres de 1’équipe et par moi-méme a I’occasion de
mon stage de Master 2. J’ai réalisé I’analyse compléte des résultats et la rédaction de ’article au début
de ma these. Afin d’étudier les mécanismes de 1’adaptation a un nouvel hote, il était initialement prévu
de lancer un programme de sélection bidirectionnelle sur C. typhae pour générer des souches
présentant un fort et un faible potentiel de parasitisme, en terme de succés de parasitisme (probabilité
de se développer dans 1’hote) et de nombre de descendants produits par hote, sur une population
allopatrigue de S. nonagrioides originaire de France. Cependant en caractérisant les quatre souches de
C. typhae qui devaient étre utilisées pour la sélection (résultats présentés dans la premiere partie de
I’article), nous avons mis en évidence que deux de ces souches présentaient déja des contrastes

importants dans leur potentiel de parasitisme.

Nous avons donc décidé de nous focaliser sur ces souches appelées Kobodo et Makindu (d’apres leur
localité d’origine) qui sont respectivement celle avec le plus fort et celle avec le plus faible potentiel
de parasitisme sur la population frangaise de S. nonagrioides. Afin d’expliquer la différence de
nombre de descendants observée entre les deux souches nous avons estimé la fécondité et le nombre
d’ceufs injectés au moment de la ponte. Nous avons ainsi pu montrer que bien que les femelles des
deux souches possédent un stock d’ovocyte équivalent, elles n’injectent pas la méme quantité d’ceufs
dans le premier hote rencontré ce qui suggére un comportement de ponte différent et explique 1’écart
observé entre leur nombre de descendants. Aussi nous avons pu montrer que les femelles de la souche
Kobodo induisent une plus forte expression dans 1’hote de deux genes de virulence (CrV1 et Cystatin)
portés par le Bracovirus que celles de la souche Makindu, ce qui pourrait expliquer leur plus fort
succes de parasitisme. La caractérisation des hybrides obtenus en croisant les deux souches suggeérent

une dominance des alléles Kobodo pour ces traits.

Sachant que les particules virales sont injectées dans 1’hote avec les ceufs, nous avons émis
I’hypothese que les femelles Kobodo devraient injecter plus de particules virales dans 1’héte que les
femelles Makindu car elles injectent plus d’ceufs. Une plus forte quantité de particules virales injectées
pourrait expliquer la plus forte expression des genes de virulence et le meilleur succés de parasitisme
de cette souche. Pour tester cette hypothése nous avons interrompu la ponte des femelles Kobodo de
maniere a diminuer le nombre d’ceufs injectés et regarder ’effet de cette interruption sur 1’expression des
génes de virulence et le succes de parasitisme. Les résultats montrent que 1’interruption de la ponte induit

une diminution de I’expression des génes mais pas forcément une diminution du succes de parasitisme.
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Abstract

Studying mechanisms that drive host adaptation in parasitoids is crucial for the efficient use of
parasitoids in biocontrol programs. Cotesia typhae nov. sp. (Fernandez-Triana) (Hymenoptera:
Braconidae) is a newly described parasitoid of the Mediterranean corn borer Sesamia nonagrioides
(Lefebvre) (Lepidoptera: Noctuidae). Braconidae are known for their domesticated bracovirus, which
is injected with eggs in the host larva to overcome its resistance. In this context, we compared
reproductive success traits of four Kenyan strains of C. typhae on a French and a Kenyan populations
of its host. Differences were found between the four strains and the two most contrasted ones were
studied more thoroughly on the French host population. Parasitoid offspring size was correlated with
parasitism success and the expression of bracovirus virulence genes (CrV1 and Cystatin) in the host
larva after parasitism. Hybrids between these two parasitoid strains showed phenotype and gene
expression profiles similar to the most successful parental strain, suggesting the involvement of
dominant alleles in the reproductive traits. Ovary dissections revealed that the most successful strain
injected more eggs in a single host larva than the less successful one, despite an equal initial ovocyte
number in ovaries. It can be expected that the amount of viral particles increases with the number of
eggs injected. The ability to bypass the resistance of the allopatric host may in consequence be
related to the oviposition behaviour (eggs allocation). The influence of the number of injected eggs
on parasitism success and on virulence gene expression was evaluated by oviposition interruption
experiments.
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Introduction

Insect parasitoids are organisms that require only one host to complete development. They are often
considered as intermediate between predators and parasites because they finally kill their host
(Godfray, 1994). Parasitoid species are under strong selective pressure due to the arms race process
that occurs with their host. The resulting co-evolutionary process is responsible for the high
specialisation and species richness that can be observed in parasitoids (Smith et al., 2008). Indeed
various estimates suggest that 10 % to 20 % of all insects are parasitoids, the majority belonging to
the Hymenoptera order (Godfray, 1994; Quicke, 1997). Parasitism is made up of several steps,
including recognition of the host, oviposition behaviour and inactivation of its immune response.
Because each step is directly linked to parasitoid fitness, elaborate behavioural and physiological
mechanisms can often be observed ensuring parasitism success (Wajnberg et al., 2008)

One of the most remarkable examples of such a mechanism is the domestication within the
hymenoptera order of two unrelated viruses by the Braconidae and Ichneumonidae wasp families.
The viruses associated with these two families respectively belong to the Bracovirus and the
Ichnovirus genera, that form the Polydnavirus (PDV) family (Herniou et al., 2013). PDVs are
integrated into the genomes of their wasps and therefore vertically transmitted (Fleming and
Summers, 1991). PDV particle production occurs only in particular cells located in wasp ovaries, the
calyx cells (Webb, 1998). PDV viral particles are secreted into the oviduct and forming the main
components of the calyx fluid. During oviposition, they are injected along with the wasp eggs into the
host where they will infest host tissues. The expression of PDV virulence genes in the host will
inactivate its immune response by preventing the encapsulation of the parasitoids eggs and larvae
(Edson et al., 1981; Glatz et al., 2004). Later, viral expression can disturb host development and
prevent pupation (Soller and Lanzrein, 1996).

Cotesia typhae nov. sp. (Fernandez-Triana) (Hymenoptera: Braconidae) is a newly described
parasitoid wasp (Kaiser et al., submitted). Until recently, this species was considered as a population
of the generalist African species Cotesia sesamiae (Cameron) composed of several populations more
or less specialised on different lepidopteran hosts. These populations were identified by their
different alleles of the PDV virulence gene CrV1 (Branca et al., 2011; Dupas et al., 2008), known to be
involved in the inactivation of the host immune response (Asgari and Schmidt, 2002). Kaiser et al.
(2015)performed a phylogenetic analysis of 74 individuals from different populations of C. sesamiae
based on six mitochondrial as well as nuclear genes and revealed the existence of three distinct
lineages. The authors identified one of these lineages, corresponding to C. typhae, as a cryptic
species. This species was shown to be reproductively isolated from the two other lineages and was
the only one to be specialised on Sesamia nonagrioides (Lefebvre) (Lepidoptera, Noctuidae). The
speciation of C. typhae was therefore interpreted as a consequence of a divergent selection due to a
local adaptation to S. nonagrioides, the most abundant host in the localities where C. typhae
individuals were sampled. The distinct species status of C. typhae was confirmed by morphological
identification (Kaiser et al., submitted). Thus, it be considered as the fifth species of the Cotesia
flavipes monophyletic complex, formerly composed of four allopatric sister species: C. flavipes
(Cameron, 1891), C. chilonis (Munakata, 1912), C. nonagriae (Olliff, 1893) and C. sesamiae (Cameron,
1906) (Muirhead et al., 2012). All species of the complex are gregarious endoparasitoids of
lepidopteran stem borers and are major biocontrol agents of cereal and sugarcane stem borer pests
in various countries (Kfir et al., 2002; Polaszek, 1991; Trevisan et al., 2016).

S. nonagrioides is an important pest of maize in the Mediterranean region (Cordero et al., 1998;
Eizaguirre and Fantinou, 2012) and in the north it had progressed to the Loire valley in France
(Rousseau, 2009). At present, the only efficient way to prevent its proliferation in Europe seems to
be the use of highly controversial Bt transgenic maize (Castafiera et al., 2016). The alternative of
using egg parasitoid Telenomus busseolae to control S. nonagrioides was explored in the 90’s but
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without success (Colazza and Rosi, 2001) and presently no promising biological agent is actually
available in Europe. C. typhae presents several interesting properties making it a good candidate to
be used in a biological control programs against S. nonagrioides. It appears to be strictly specialised
on this single host, so risks for non-target hosts are low (Kaiser et al., 2015). Furthermore, C. typhae
is known to be able to develop in European populations of S. nonagrioides (Kaiser et al., 2017b)
which are genetically differentiated from African ones (Kergoat et al., 2015) and represent thus a
new host population.

The success of biological control programs depends on the understanding of adaptive mechanisms
that occur between target pests and biological control agents. In, this context, the purpose of this
study was therefore to explore the ability of C. typhae to reproduce in a new host population. We
compared the reproductive success of four Kenyan strains of C. typhae on a French and a Kenyan
population of S. nonagrioides, and found differences between these strains on the following traits:
parasitism success (proportion of hosts successfully parasitized), viable offspring number, sex ratio
and pupal mortality. To explain these differences, we focused on the two most contrasting strains
using the French host and characterized the previous traits in F1 hybrids. We performed ovarian
dissections and measured by RT-gPCR the expression levels of two highly expressed bracovirus
genes, CrV1 and Cystatin, in the fat body of parasitized larvae. Both are involved in immune response
inactivation (Asgari and Schmidt, 2002; Serbielle et al., 2008) and are known to be under adaptive
selection in the Cotesia genius (Jancek et al., 2013). We found that the parasitism success in the
French host was associated with both expression of virulence genes and viable offspring number. We
hypothesised that the strain that produced more offspring had also oviposited more eggs in a single
host larva, together with a higher number of viral particles, thereby inducing higher expression of
virulence genes. To test this hypothesis, we artificially reduced the number of eggs laid by the most
prolific strain by interrupting the oviposition behaviour and measured both parasitism success and
expression of bracovirus genes in the parasitized host.
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Materials and Methods

Biological Material

The C. typhae laboratory strains are named after the locations in Kenya from where they originate:
Kisumu-Rabuor (0.110S, 34.775E); Kobodo (0.679S, 34.412E); Luanda (0.483S, 34,297E); Makindu
(2.278S, 37,825E). A strain was established from each locality at the International Centre of Insect
Physiology and Ecology (icipe, Nairobi) from adults emerged from naturally parasitized S.
nonagrioides caterpillars collected in the field during 2011-2013. The number of founder females was
7 for Luanda strain, 3 for Kobodo strain, 4 for Kisumu-Rabuor strain and 10 for Makindu strain. These
strains were also reared at the laboratory Evolution, GEnome, Comportement et Ecologie (EGCE, Gif-
sur-Yvette) and provided all wasps used in this study.

A French and a Kenyan strain of S. nonagrioides, were used for the experiments. The French strain
originated from Haute-Garonne (maize fields in the Longage-Berat area, 43.368N, 1.192E and within
a 10 km distance) whereas the Kenyan strain was collected at Makindu. To prevent any selection
process that may occur during parasitoids reared on a new host (French strain), only the Kenyan host
strain was used for C. typhae rearing.

Insects rearing and parasitism

The host caterpillars were fed on an artificial diet (adapted from Overholt et al. 1994) at 26°C, c.a.
60% RH under a photoperiod of 16:8 (L:D). Host larvae for parasitism were taken from maintenance
rearing three weeks post-hatching when most were in their 5™ larval stage; smaller larvae as well as
pre-pupae were discarded. The larvae were placed on fresh pieces of maize stem at least 24 h before
parasitism to ensure acceptance by the parasitoid. They were parasitized individually by a single one-
day old C. typhae female, a duration allowing for mating in the emergence cages. However, mating
was not observed. Two methods of exposure were performed (i) Host in maize stem, whereby one
female wasp was placed in a petri dish with one host larva in a piece of bored maize stem, where
parasitism could not be observed, (ii) Naked larva where the larva was removed from the maize stem
and placed under a small plastic top with one female wasp until ovipositor insertion took place.

Depending on the treatment, parasitized larvae were kept individually in their piece of maize in a
Petri dish together with the female parasitoid or placed in a Petri dish with artificial diet under
rearing conditions until observation of either (i) the formation of parasitoid cocoons, (ii) death of the
host larvae, without cocoon formation, or (iii) formation of host pupa.

For the experiment of oviposition interruption, a timer was triggered when sting was observed and
the female wasp was carefully removed from the larva with forceps 1-2 or 3-4 seconds after the
ovipositor was inserted (referred in what follow as 1 second and 3 seconds respectively). In this
experiment, the control condition corresponded to females which oviposited without interruption.

Under our laboratory conditions, the average duration of C. typhae development is 21 days, i.e. 14
days of endoparasitic larval development and 7 days of nymphal development. Each cocoon mass
was placed in an emergence cage made of a disposable plastic box (500 ml) at 26°C and c.a. 60% RH
under a photoperiod of 16:8 (L:D). Emerging adults were provided with honey droplets and water
imbibed cotton wool that increased the relative humidity to 80% inside cages.

For crosses between individuals from Kobodo and Makindu strains, cocoons were isolated when
turning grey and the blackish adults became visible through the cocoon silk. They were placed in 2 ml
perforated eppendorf tubes with cotton wool imbibed with water and honey droplets under the
same conditions as in the emergence cages. At emergence, each couple was enclose in a small plastic
vial (1 cm diameter 2 cm height) until mating was observed. Mated females were kept in the
eppendorf tube for 24 h before used the experiments.
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The proportion of exposed/stung larvae that produced cocoons, pupated or died prior to parasitoid
emergence was recorded for each treatment. The proportion of larvae that produced cocoons was
considerate as estimators of the parasitism success. For each cocoon mass, the number of viable
offspring, the number of parasitoids that died inside cocoons and the sex ratio when females were
present was recorded (progenies composed only of males were discarded because they likely
stemmed from unmated females). The pupal mortality was calculated as the number of parasitoids
that died inside cocoons divided by the number of viable offspring plus number of parasitoids that
died inside the cocoons. The sex ratio was calculated as the number of females divided by the viable
offspring number.

Ovaries dissection

C. typhae females from Kobodo and Makindu strains were dissected either before or after having
they had oviposited once in the French host. Alive females where placed at -20°C and stored until
dissection. Their abdomen was separated from the thorax and placed in a drop of phosphate
buffered saline (PBS). Thereafter the cuticle was removed to free the ovaries. Both ovaries were
dissected because the number of ovocytes varies between ovaries. To individualise the ovocytes and
facilitate their counting, the ovaries were dissected in a detergent solution of 5% Triton X100 diluted
in PBS. For each parasitoid strain the number of eggs injected was estimated by calculating the
difference between the mean number of eggs in the ovaries of females which had not oviposited and
the mean number of eggs in the ovaries of females which had oviposited once.

Comparison of CrV1 and Cystatin gene expression in host after parasitism

The quantification cycle (Cq) values were determined based on the single threshold mode. All
negative controls had a Cq of 0. The mean Cq standard deviation observed between duplicates was
0.080. The stability of the reference genes was checked with Bestkeeper software (Pfaffl et al., 2004).
The differences between the CrV1 and Cystatin transcript concentrations were determined using the
AACq method [ABI User Bulletin #2 (11-15)].

Data analysis

The experiments were conducted using a completely randomized design. For each treatment each
parasitized caterpillar was considered as a replicate. The number of viable offspring, the pupal
mortality, the sex ratio, the number of ovocytes in ovaries and gene expression were compared using
one or two-way ANOVA followed by Student-Newman-Keul’s (SNK) multiple range test when P-value
was significant (P < 0.05). Before analysis the pupal mortality and sex ratio data were arc-sine square
root transformed. The proportion of larvae that produced cocoons, pupated or died were compared
using a chi-square test or fisher-exact test (when sample size are less than 5) followed by multiple
comparison test with BH (Benjamini—Hochberg) correction when P-value was significant (P < 0.05). All
statistical analysis where performed using R Software (R Core Team, 2016) with fifer, NCStats,
dunn.test and agricolae additional packages.
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Results
Experiment one: Larvae exposed in maize
Parasitism success

Parasitism success, estimated as the percentage of host larvae that produced a cocoon mass, ranged
from 55 to 76% without significant difference between parasitoid strains and host strains (Table 1). A
slight but not significant effect of the parasitoid strain was observed in the French host strain, in
which Kobodo and Makindu parasitoid strains exhibited respectively the highest and the lowest
success, although they had equivalent success on the Kenyan host (Table 1).

Table 1: Proportion of exposed larvae in which C. typhae cocoons developed. n = number of
exposed larvae.

. Host strain
C. typhae strain
French Kenyan
Kisumu-Rabuor 74 % n=38 59 % n=37
Kobodo 76 % n=38 73 % n=37
Luanda 64 % n=50 74 % n=50
Makindu 55 % n=69 74 % n=58
Pearson's x2 Pearson's 2
X%3df = 6.4 ; P =0.09 X%3qr = 2.95; P =0.40

Offspring traits

A first analysis across all parasitoid and host strains revealed that the number of viable offspring
varied significantly between mated and unmated females (Wilcoxon sign & rank, P < 0.001), with
unmated females (i.e. 0 to 17% of the females tested) producing more offspring (100.1 + 9.0) than
mated ones (63.1 £ 1.8). Thus, to prevent bias, only offspring from mated females were considered in
the following analyses. Pupal mortalities were below 15% in each treatment. Viable offspring
numbers ranged from about 50 to 75 individuals and were female-biased in most cases (Table2).
These three traits varied significantly with C. typhae strains but not among host strains. Therefore,
for each parasitoid strain, the data from both host strains were pooled for pairwise comparisons. For
viable offspring number and sex ratio, pairwise comparisons between C. typhae strains (regardless of
host strains) showed that the Kobodo strain differed significantly from the other ones; it yielded the
highest viable offspring number and the lowest sex ratio (Table 2).
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Table 2: Pupal mortality, viable offspring number and sex ratio of four C. typhae strains on the
French and on the Kenyan host. Means within a column followed by the same letter are not
significantly different at P < 0.05 (Student-Newman-Keul’s test). n = number of cocoon mass.

viable offspring

I tality (9 ti
C. typhae strain Host strain n pupal mortality (%) number sexratio
(mean + SE) (mean + SE)
(mean + SE)
French 25 7.8%2.0 57.6+5.2 0.78 £ 0.03
Kisumu-Rabuor ab b a
Kenyan 21 12.0+3.3 49.7+4.3 0.77 £0.03
French 23 40+1.1 73.0+3.7 0.69 + 0.05
Kobodo b a b
Kenyan 21 5.8+0.9 75.4+5.7 0.68 £ 0.06
French 30 6.3+1.5 70.0+4.6 0.82 £0.02
Luanda ab b a
Kenyan 29 11.9+2.38 57.0+4.4 0.75+0.04
French 34 129+25 65.1+5.5 0.82£0.02
Makindu a b a
Kenyan 41 13.4+24 59.0+4.2 0.78 £0.03
C. typhae strain : C. typhae strain : C. typhae strain :
F3,216 = 3.640 F3,216 =4.315 F3,216 =3.220
P =0.003** P =0.006** P =0.024*
Host strain : Host strain : Host strain :
Two-Way ANOVA F1,216 = 4.782 F1,216 = 3.358 F1,216 =1.581
P =0.058 P =0.068 P=0.210
interaction : interaction : interaction :
F3,216=0.335 F3,216 =0.693 F3,216 =0.294
P=0.614 P =0.557 P =0.830

In this experiment, parasitic wasps were individually placed in the presence of one host larva.
Because parasitism was not monitored, some females may have performed more than one
oviposition or may have not oviposited, which introduced uncontrolled variability. To avoid this,
wasps were allowed only a single oviposition in the next experiment. With the aim of developing a
biological control program in France, we were primarily interested in the factors of reproductive
success on the French host. We therefore focused on the C. typhae strains differing the most on this
host over the four studied traits (Tables 1, 2), i.e. those from Kobodo and Makindu. To initiate a
genetic study of inheritance of these factors we crossed these two strains.

Experiment two: Larvae exposed “naked”
Parasitism success

The proportion of hosts successfully parasitized differed significantly between Kobodo and Makindu
strains, with 79 and 36% parasitism, respectively. In the Makindu strain more than 50% of the
parasitized hosts pupated. Hybrids strains whatever the cross direction, had a phenotype similar to
Kobodo parental strain with a high parasitism success (~80%) (Fig. 1).
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Fig. 1: Fate of the French host exposed to Makindu, Kobodo and hybrids strains. Cocoons, Chrysalis
and Dead corresponded to the proportion of hosts that produced cocoons, pupated or died after
parasitism. Conditions with the same letter are not significantly different at P < 0.05 (Fisher’s
multiple comparison test). n = number of exposed larvae.

Offspring traits

Like in the first experiment, only mated females were kept to estimate and analyse offspring traits
because a significant difference in viable offspring number was found between mated and unmated
females (Wilcoxon sign & rank, P < 0.002, unmated females representing 0 to 14 % of the samples).
Pupal mortality was rather low, ranging from 4 to 11% of cocoons within a mass. No significant
difference was observed between C. typhae strains when compared pairwise, although the ANOVA
indicated a significant in the overall comparison (Table 3). Kobodo mothers produced about twice
more viable offspring than Makindu ones. The numbers of viable offspring did not differ between
Kobodo and hybrids with a Makindu mother but it differed significantly between Kobodo and hybrids
with a Kobodo mother. There was a significant difference in viable offspring number between the
two hybrids strains. A female biased sex ratio was observed for Kobodo, Makindu, and hybrids with a
Kobodo mother but not for hybrids with a Makindu mother, for which sex ratio was balanced. A
single significant difference was only found between Makindu and hybrid with a Makindu mother
(Table 3).
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Table 3: Pupal mortality, viable offspring number and sex ratio of Makindu, Kobodo and hybrids
strains in the French host. Means within a column followed by the same letter are not significantly
different at P < 0.05 (SNK test). n = number of cocoon masses.

upal mortality (%) viable offspring sex ratio
C. typhae strain  Host strain n pup yiso number (mean % SE)
(mean +* SE)
(mean + SE)

Kobodo French 71 40+1.1 a 68.7+2.8 b 0.69+0.02 ab
Makindu French 21 11.0+3.0 a 33.1+33 ¢ 0.75+0.04 a
Hybrid (2K x gM) French 24 6.3+25 a 933154 a 064+0.07 ab
Hybrid (M x gK) French 25 4.4+0.8 a 76.0+4.0 b 0.50+0.08 b

F3,137= 2.695 F3,137: 25.18 F3,137 =3.287

One-Way ANOVA P =0.048* P <0.001*** P =0.023*

With the exception of the viable offspring number for the Makindu strain, observations of parental
offspring traits were similar in this experiment and the previous one. However, the differences in
pupal mortality and sex ratio were not significant. To attempt to understand the differences in
parasitism success and viable offspring number between Kobodo and Makindu strains, females which
had or not oviposited were dissected and virulence gene expression in host after parasitism was
assessed.

Ovocytes in ovaries

The initial number of ovocytes in the ovaries before oviposition was not significantly different
between Kobodo and Makindu strains (Table 4). However, a significant difference was observed after
oviposition, with Kobodo females having fewer eggs remaining in their ovaries than Makindu
females. Based on these results, the predicted number of eggs injected by Kobodo females was more
than four times higher than that of Makindu females (Table 4).

Table 4: Number of ovocytes in ovaries before and after oviposition in the French host. Means
followed by the same letter are not significantly different at P < 0.05 (SNK test). n = number of
females dissected.

. predicted
. S number of ovocytes in
C. typhae strain oviposition n ) number of
ovaries (mean % SE) o
eggs injected

no 40 2059+4.2a

Kobodo 139.2
yes 20 66.7+7.0c
. no 43 213.3+6.7a
Makindu 31.3
yes 18 182.0+4.0b

C. typhae strain : F1117 = 182.42 ; P < 0.001***
Two-Way ANOVA oviposition : F1,117=45.91; P < 0.001***
interaction : Fy,117 = 67.63 ; P < 0.001%**
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Virulence genes expression

The C. typhae strain had a significant effect on Cystatin (P < 0.001***) and CrV1 (P = 0.007*%*)
expression levels in the host larva, 24h after parasitism. A similar pattern was observed for both
genes. Kobodo CrV1 and Cystatin expressions levels were about 3.5-fold and 13.5-fold higher
respectively than observed for Makindu. CrV1 and Cystatin expression levels induced by hybrid
females, whatever the cross direction, were similar to those induced by Kobodo females and
significantly different from those induced by Makindu (Fig. 2a, b).

The higher expression of both virulence genes after parasitism by Kobodo and hybrid wasps matched
their higher chances of larval development and their larger viable offspring numbers as a result of a
higher number of eggs injected compared to the Makindu strain suggesting that all these traits could
be correlated. To test this hypothesis, the egg laying was artificially reduced in the Kobodo strain in
order to decrease the progeny size and study its effect on the other traits.
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Fig. 2: Expression of CrV1 (a) and Cystatin (b) virulence genes in the French host fat body 24h post-
parasitization. For each gene, values were normalized to the Makindu value. Conditions with the
same letter are not significantly different at P < 0.05 (SNK test).
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Experiment three: Interruption of oviposition

The 7 to 20 % of unmated females were not considered in the analyses. The interruptions of
oviposition after 1 or 3 seconds decreased significantly the viable offspring number by half, but there
no significant differences between the 1 and 3 seconds treatment (Fig. 3a) A similar pattern was
observed for the expression of CrV1 and Cystatin genes in the host (Fig. 3c, d). By contrast, parasitism
success significantly decreased only in the 1 second treatment (Fig. 3b).
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Fig. 3: Effects of oviposition interruption on the viable offspring number (a), the parasitism success
(b), the expression of CrV1 gene (c) and of Cystatin gene (d) in the French host after parasitism.
Ctrl, 1s and 3s corresponded to females which oviposited without interruption or which oviposited
with interruption after 1 or 3 seconds. Conditions with the same letter are not significantly different
at P < 0.05 (SNK test).
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Discussion

The object of this study was to investigate the ability of C. typhae to reproduce in a French
population of S. nonagrioides, which represents a new host population. All C. typhae strains used
were able to reproduce in this new host population. Among these strains, the Kobodo and Makindu
ones showed significant variations for several life history traits and were therefore selected for
ongoing study.

Both the parasitism success and the virulence gene expression profiles were similar between hybrids
and Kobodo, whatever the cross direction. This strongly suggests the dominance of Kobodo alleles.
The determinism seems more complex for the viable offspring number as one hybrid (Makindu
mother) was similar to Kobodo strain while the other one (Kobodo mother) shows the highest mean
number. This may have been the result of both maternal effects and of dominance or
superdominance. These relationships have to be confirmed with larger sample sizes. Moreover, the
genetic transmissions of these traits have to be more thoroughly analysed in future experiments
through the segregation of F2 progeny.

Focusing on parental strain divergences, two hypotheses are put forward to explain the differences
in viable offspring number observed between Kobodo and Makindu strains: (i) Kobodo females
injected more eggs in the host than Makindu females and/or (ii) Makindu larvae poorly survived in
the host compared to Kobodo. Ovary dissections indicated that Kobodo females injected four times
more eggs than Makindu females. Survival percentage estimated by dividing viable offspring
numbers by the predicted number of eggs injected was 49.4 % for Kobodo and 105.8% for Makindu.
Thus, the difference of viable offspring number does not result from lowest survival rate of Makindu
larvae but rather from a lower number of eggs injected in the host by the Makindu strain.

The Makindu survival percentage, slightly superior to 100% was probably the result of an
overestimation of the viable offspring number. If a minimal number of eggs laid is required to ensure
parasitism success, then only females laying enough eggs would be considered for the estimation of
viable offspring number, whereas any females have been considered to estimate the number of eggs
laid.

The low survival rate of the Kobodo strain suggests that competition between larvae occurred in
hosts parasitized by Kobodo females due to a limitation of the available resources. Conversely, this
phenomenon seems to be absent in hosts parasitized by Makindu females, which lay far fewer eggs.
It can thus be concluded that a larger number of eggs injected induce a higher competition and
therefore a lower survival rate. The progeny size appears therefore to be limited by the carrying
capacity of the host, which was, strongly exceeded with the Kobodo strain. Experiments of
oviposition interruption are particularly interesting in that perspective: if fewer eggs are injected
then a lower competition between larvae is expected. Parasitoids are good models for the study of
competition because larvae develop only in/on a single host, which represents a resource of limited
size. To date, there are few studies examining the intraspecific competition between gregarious
parasitoid species. The majority of studies focus on interspecific competition, especially between
solitary parasitoid larvae. Unlike solitary larvae, gregarious parasitoid larvae do not possess fighting
mandibles so competition is normally restricted to exploitation of host resources (Godfray, 1994). In
that sense, Pexton et al. (2009) dissected hosts double-stung by C. flavipes and they did not find
wounded or destroyed larvae although competition had been proven to occur. This kind of
competition is therefore expected for C. typhae.

The number of viable offspring was higher for unmated females than for mated ones, which has
never been observed for a Cotesia genus. In parasitic wasps, females open their spermatheca during
oviposition to fertilize their egg (Godfray, 1994). Thus, unmated females could inject eggs
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immediately as they do not have to control fecundation. On the other hand, different larval
mortalities between sexes were observed in various gregarious parasitoid species (Van Baaren et al.,
1999), which supports potential difference in survival rate in C. typhae. Unfortunately, with the
experiment used it cannot be determined if the higher number of offspring was due to a higher
number of eggs injected or higher survival, and, moreover, the mating status of dissected females
was not known.

Since C. typhae is a pro-ovigenic species, no ovocytes are produced after the emergence and the
ovarian egg-load represents the total potential fecundity. Both Kobodo and Makindu females
produced around 210 ovocytes. This is consistent with the potential fecundity found for other
species of the C. flavipes complex, which ranged from 150-200 for C. flavipes (Potting et al., 1997;
Sallam et al., 2002) and C. nonagriae (Muirhead et al., 2010), but only from 120-140 for C. sesamiae
(Sallam et al., 2002) and C. chilonis (Okech and Overholt, 1996). For pro-ovogenic species, increasing
the ovocyte production would divert resources from other important life-history traits. So for these
species it is important to optimise ovocyte production to ensure that most of the eggs produced will
be laid (Gandon et al., 2009). Despite having the same potential fecundity, the number of eggs
injected by Kobodo and Makindu females in the host was very different. Makindu females injected
only ~30 eggs compared to ~140 eggs by Kobodo females, which represent, respectively 15 % and
68% of their potential fecundity. To realise their potential fecundity Makindu females should perform
at least seven ovipositions, assuming that the number of eggs allocated for each oviposition is
constant. Conversely Kobodo females cannot perform a second oviposition equivalent to the first
one. This suggests that Kobodo and Makindu strains should have different oviposition strategies.
Whereby Makindu females would distribute their eggs more or less equally in several hosts Kobodo
females inject the majority of their eggs in the first host encountered. By comparison, C. nonagriae
lays more than half of its eggs in the first host (Muirhead et al., 2010), just like Kobodo females, while
C. flavipes allocate 20-25 % of its eggs in each host (Potting et al., 1997). This suggests that the
oviposition behaviour evolved differently between the species in the C. flavipes complex.
Environmental pressure may explain such differences through selective divergence. Indeed, if the
probability to meet several hosts is low, females should benefit by laying most of their eggs in the
first host encountered. By contrast, if local host availability is high, eggs distribution among several
hosts should maximise female reproductive success, especially if larval competition is high. Many
factors such as host density, adult dispersion and lifespan can limit the number of hosts encountered.
It will be interesting to identify the selective pressures responsible for the difference in oviposition
behaviour between Kobodo and Makindu females.

On the French host, the comparison of the two C. typhae strains and their hybrids showed that the
expression levels of two virulence genes, CrV1 and Cystatin, varied with parasitism success, which is
in agreement with the known involvement of these genes in the inactivation of the host immune
response (Edson et al., 1981; Glatz et al., 2004). The low parasitism success of Makindu strain in this
new host could be explained by an insufficient induction of virulence gene expression. The French
host appears to be more resistant to parasitism than the Kenyan one as demonstrated by the
differences in parasitism success on the two hosts.

This strain has been shown to inject more eggs in a single oviposition than Makindu. It may also inject
more viral particles, which would explain its higher virulence gene expression and hence its higher
parasitism success in the French host. Indeed, in Braconidae wasps mature eggs are stored in the
calyx fluid which consists mostly of PDV viral particles. During oviposition, calyx fluid and eggs are
introduced through the ovipositor into the body of host insects (Webb, 1998; Wyler and Lanzrein,
2003). Thus it can be expected that the number of viral particles injected is correlated with the
number of eggs. If true, it is expected that a minimal number of eggs laid is required to inactivate the
host immune system and to ensure parasitism success. In addition, all virulence genes must be more
expressed in host after parasitism by Kobodo females than by Makindu females.
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The viable offspring number and the expression level of virulence genes in the host increased with
the duration of oviposition. Despite the viable offspring number is not the direct measure of the
number of injected eggs, both variables are linked. Therefore, this observation supports our
assumption that the amount viral particles increased with the number of eggs injected. However, the
relationship is not that clear with parasitism success. While it was obviously reduced when
oviposition was interrupted after 1 second, no reduction was observed between the control and 3
seconds treatment. Thus other factors then virulence gene expression play a role to ensure
successful parasitism. Venom and teratocytes for example have been shown to also inactivate the
host immune response (Asgari and Rivers, 2011; Strand, 2014). Although the expression levels of
CrV1 and Cystatin did not vary between 1 and 3 seconds, the quantity of venom injected may be
different and could explain the difference of parasitism success.

Conclusion

This study shows that a differentiation of life history traits occurred between geographical different
strains of C. typhae and particularly between two of them, from Kobodo and Makindu Kenyan
locations. This differentiation confers to Kobodo strain a higher parasitism success on a new host
population, linked to a higher number of eggs injected and a higher expression of virulence genes in
the host. Identification of genes responsible for this differentiation is ongoing, with a quantitative
trait loci (QTL) analysis. Furthermore, the assessment of the factors involved in reproductive success
is being pursed. A better understanding of mechanisms that drive host adaptation will help to select
strains of C. typhae for their use in biological control programs.
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I1) Article n°2: Role of egg-laying behavior, virulence and local
adaptation in a parasitoid’s chances of reproducing in a new

host

Dans le premier article, nous avons mis en évidence que les femelles C. typhae Kobodo injectent plus
d’ceufs dans le premier hote rencontré que les femelles Makindu, et émis 1’hypothése que la différence
de succes de parasitisme observée entre ces souches sur la population francaise de S. nonagrioides
pourrait s’expliquer par cette différence. Cette hypothese repose sur 1’idée que la quantité de particules
virales serait corrélée a la quantité d’ceufs injectés, du fait que les deux sont injectés en méme temps
dans I’hote lors de la ponte. Ainsi les femelles Kobodo devraient injecter plus de particules virales, ce
qui expliquerait la plus forte expression des deux genes viraux mesurés et la différence de succés de

parasitisme.

Pour tester cette hypothése nous avons cette fois-ci mesuré la quantité d’ceufs et de particules virales
injectés dans I’hote par les deux souches et également leur succes de parasitisme lors de pontes
successives. Nos résultats montrent que contrairement a I’hypothése émise précédemment la quantité
de particules virales injectées n’explique pas la différence de succés de parasitisme et n’est pas
directement proportionnelle a la quantité d’ceufs injectés. Au cours de ces expériences de pontes
successives, nous avons pu mieux caractériser la stratégie de ponte des deux souches et mesurer
d’autres traits d’histoire de vie impliqués dans le succes reproducteur (nombre de descendants et sexe-
ratio). Contrairement aux femelles de la souche Kobodo qui injectent la majorité de leurs ceufs dans le
premier hote rencontré, les femelles de la souche Makindu les distribuent plus équitablement entre

différents hotes.

Afin de comprendre pourquoi d’un point de vue évolutif les femelles de la souche Kobodo arrivent a
parasiter efficacement la population francaise de S. nonagrioides alors que celles de la souche
Makindu n’y arrivent que trés partiellement, nous avons également mesuré le succés de parasitisme
des deux souches sur leurs hotes naturels. Ces données indiquent que les femelles de la souche
Kobodo parasitent efficacement tous les hétes présentés (S. nonagrioides francaise, de Kobodo et de
Makindu) alors que les femelles de la souche Makindu parasitent efficacement uniquement leur hote
local. Ce résultat suggére que la préadaptation de la souche Kobodo a la population francaise de S.
nonagrioides pourrait étre due a son adaptation a son hote local potentiellement plus résistant que

celui de Makindu.
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Abstract

Understanding the ability of parasitoid insects to succeed in new host populations is a relevant
guestion for biological control and adaptive mechanisms. Cotesia typhae is an African parasitoid
specialized on the moth Sesamiae nonagrioides, also called the Mediterranean corn borer. Two
Kenyan strains of C. typhae differ in their virulence against a new host population from France. We
explored behavioral and physiological hypotheses about this differentiation. Cotesia genus belongs
to a group of Hymenoptera in which females inject a domesticated virus in their host to overcome its
resistance. Since viral particles are injected along with eggs and since the strain with the higher
virulence injects more eggs, we hypothesized that virulence could be explained by the quantity of
virus injected. To test this assumption, we measured the injected quantities of eggs and viral
particles (estimated by viral DNA circles) of each parasitoid strain along several ovipositions, to vary
these quantities. Unexpectedly, results showed that virulence against the French host was not
correlated to the injected quantities of eggs or viral circles, indicating that virulence differentiation is
explained by other causes. The virulence against the respective natural hosts of the two C. typhae
strains was also measured, and results suggest that local adaptation to a more resistant natural host
may explain the pre-adaptation of one strain to the new host population. We also identified a
differentiation of oviposition strategy and subsequent offspring number between the parasitoid
strains, which is important in a biocontrol perspective.

Keywords: Parasitoid, Cotesia typhae, polydnavirus, oviposition behavior, virulence, biocontrol
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1. Introduction

Co-evolution, which occurs when species have a reciprocal effect on each other's evolution, is one of
the major processes explaining biodiversity (Thompson, 1999). According to Thompson, 1994,
parasites have a special place in the study of co-evolution because theirs is the most prevalent
lifestyle and they exhibit the most extreme degree of specialization to other species. Among
parasites, parasitoids are particular. Indeed, parasitoid females lay their eggs in or on another
arthropod to ensure the development of their progeny, which results in the death of the host,
whereas most parasites do not kill their host. Hence parasitoids are considered as intermediate
between parasites and predators (Godfray, 1994).

Parasitoid reproductive success lies on a wide spectrum of adaptations to their host. Notably, it
depends on many traits, including virulence, which indicates the ability of the parasitoid to overcome
host immune response. In endoparasitoids, which inject their eggs in their host haemocoele, the
main host immune defense with which they must comply is the cellular response called
encapsulation (Lavine and Strand, 2002; Salt, 1968). To avoid or suppress encapsulation, parasitoids
have developed a large arsenal of weapons. The most studied are venoms produced by eponymous
glands, teratocytes formed from the membranes that envelop parasitoid eggs and polydnavirus
(Asgari and Rivers, 2011; Beckage and Drezen, 2012; Strand, 2014). The latter is a nice example of
mutualistic viruses. The polydnaviridae family groups viruses from multiple origins which were
domesticated and integrated in several lineages of Ichneumonoidea. Due to their integration into
parasitoid genomes, polydnavirus are vertically transmitted (Fleming and Summers, 1991). They are
produced in the form of viral particles containing double-stranded DNA circles, in specialized cells of
the calyx, a tissue located at the basis of the lateral oviducts (Marti, 2003; Wyler and Lanzrein, 2003).
These particles are secreted into the lumen of the lateral oviducts and thus injected in the host with
the eggs. After oviposition, viral particles infect host cells where virulence genes carried by DNA circle
are expressed. Translated virulence proteins disturb host development and suppress its immune
responses, allowing the growth of parasitoid eggs (Beckage and Gelman, 2004; Glatz et al., 2004).
Polydnavirus differentiation is involved in the evolution of host range (Herniou et al., 2013), as shown
in the Cotesia genus member of the Microgastrinae family (Braconidae), which harbors the
polydnavirus called Bracovirus (Branca et al., 2017, 2011; Jancek et al., 2013).

Like virulence, oviposition strategy can evolve in response to constraints in developmental resources.
This is well illustrated by clutch size evolution, a classical topic in ecology, notably in birds (Lack,
1947). Its study is especially relevant in the case of host-parasitoid interactions where host resource
is often variable. Many factors such as host size, host quality, host availability, host previous
parasitism, parasitoid egg load or experience can influence clutch size, suggesting that females are
able to combine information to adjust it (Godfray, 1994; lkawa and Okabe, 1985; Pexton and
Mayhew, 2005; Quicke, 1997; Rosenheim and Rosen, 1991). Beyond the plasticity of this trait, large
numbers of injected eggs could also be adaptive, allowing the parasitoid to overcome host resistance
by saturating its immune system (Blumberg and Luck, 1990; Kapranas et al., 2012; Rosenheim and
Hongkham, 1996; Salt, 1968). The impact of the number of eggs injected on virulence may be
addressed. For that purpose, species showing variation in clutch size among individuals is necessary.
Such variation was described for Cotesia typhae (Fernandez-Triana) (Hymenoptera, Braconidae)
between two strains from different geographic origins (Benoist et al., 2017).

C. typhae is a gregarious endoparasitoid specialized on caterpillars of Sesamia nonagrioides
(Lefebvre) (Lepidoptera, Noctuidae) and was found in Kenya, Tanzania and Ethiopia (Kaiser et al.,
2015). This species is proovigenic, which means that females emerge with an ovarian egg-load
corresponding to their total potential fecundity and do not produce any more eggs at the adult stage.
Thanks to molecular, ecological and morphological analyses, C. typhae was recently distinguished
from Cotesia sesamiae, a generalist species composed of several populations with different host
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ranges. Local adaptation to S. nonagrioides appears to be the main factor responsible for the
speciation of C. typhae (Branca et al., 2011; Kaiser et al., 2015, 2017a, 2017b).

In the context of biological control, it is necessary to understand the factors that drive the adaptation
of the natural enemy to the targeted host. C. typhae is one of the sister species of Cotesia flavipes
(Cameron), which is used worldwide for biological control against maize and sugarcane Lepidoptera
stemborers (Postali Parra and Coelho, 2019). The strict specificity of C. typhae for S. nonagrioides
makes it a good potential biocontrol agent against this important crop pest (Cordero et al., 1998;
Eizaguirre and Fantinou, 2012), currently in expansion in France (Rousseau, 2009).

In Benoist et al., 2017, the reproductive success of several strains of C. typhae from Kenya in a French
population of S. nonagrioides was investigated. Among the strains used, those from Kobodo and
Makindu localities were respectively the most and the least virulent against this new host population.
Females from the Kobodo strain injected more eggs, despite an equal initial egg load, and induced a
higher expression of two virulence genes in the first host encountered, in comparison to Makindu
females. Given that viral particles are injected along with eggs and that Kobodo females inject more
eggs at a time, it was hypothesized that they may also inject more viral particles in the host, which
may explain the difference of virulence genes expression and thus the difference of virulence.

The first objective of the present work is thus to test if the difference in parasitism success results
from a difference in the number of viral particles injected, and if this number varies together with the
number of eggs injected. More globally, the second objective is to characterize the reproductive
potential of the parasitoid strains in a biocontrol perspective. The last objective is to investigate if the
better pre-adaptation of the Kobodo strain to the French host may come from local adaptation to a
more resistant host population.

For these purposes, Kobodo and Makindu parasitoid females were allowed to oviposit in three
successive hosts of the French population. At each oviposition rank, host acceptance, number of eggs
injected, parasitism success (used as an estimate of the parasitoid virulence), offspring number and
sex-ratio were measured. The relative quantity of viral circles injected was measured at the two first
ovipositions (parasitism success collapsed at the third oviposition). Finally, egg-laying behavior,
parasitism success and offspring traits of both parasitoid strains were measured on their African
sympatric and allopatric host populations.
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2. Materials and Methods

2.1 Biological Material

The C. typhae strains were established from individuals emerging from parasitized larvae collected in
two Kenyan field localities: Kobodo (0.679S, 34.412E; West Kenya; collected in 2013) and Makindu
(2.278S, 37.825E; South-East Kenya; collected in 2010-2011), which were used to name the strains.
They were reared as isofemale lines at the Evolution, GEnome, Comportement et Ecologie (EGCE, Gif-
sur-Yvette) laboratory from 2015.

Three strains of S. nonagrioides were used as host, one from southwest France and two from Kenya.
The founder individuals of the two Kenyan strains originated from Kobodo and Makindu, and the
founder individuals of the French strain originated from 3 localities in southwest France: Cudos
(44.3897N, -2.2183W), Biarotte (43.5640N, 1.2550W) and Longage (43.3680N, 1.1926E).

2.2 Insect rearing and parasitism

The larvae of S. nonagrioides were reared on an artificial diet (adapted from Overholt et al., 1994) at
26°C, ca. 60% relative humidity (RH) under a photoperiod of 16:8 (Light:Dark). Three week old larvae
from the Makindu host strain were used for the rearing of C. typhae, as both parasitoid strains
showed similar high reproductive success on this host population. Larvae intended to be parasitized
were retrieved and fed for at least 24 hours with fresh maize stems before parasitism to increase
their acceptance by the C. typhae female. On the day of parasitism, the host larvae were placed
individually under a 2 cm diameter plastic top with one C. typhae female until the ovipositor insertion
was observed, insuring that each larva was parasitized only once. Parasitized larvae were then placed
in a Petri dish with artificial diet at 27°C under rearing condition. Once the parasitoid larvae had
emerged from the host and spun their cocoons, each parasitoid cocoon mass, corresponding to one
progeny, was placed in a disposable plastic box (500 ml) with honey droplets and a water imbibed
cotton wool ball under the same rearing conditions. When adults emerged, temperature was
decreased to 24°C and the photoperiod changed to 12:12 to lengthen their life expectancy. In the
plastic boxes, siblings were free to mate (mating was not controlled). Females were used for
parasitism 1 day after emergence to allow time for mating.

Experiments were conducted in the same conditions as parasitoid rearing. When successive
ovipositions were performed, each C. typhae female was offered one host larva once a day. This was
repeated three times at most (the mean life expectancy of C. typhae females is 3 days). Females
were one-day old when offered their first host. They were kept individually in a plastic tube (height:
9.5cm, diameter: 2cm) with honey droplets and a piece of water-imbibed cotton wool at 21°C
between each host exposure (temperature was decreased to lengthen parasitoid life expectancy).

2.3 Phenotypic traits measure

Several phenotypic traits were measured: host acceptance, number of eggs injected, parasitism
success, offspring number, sex-ratio, and the quantity of viral circles injected (see next section for
this last trait).

Host acceptance is the proportion of females that accepted to oviposit within 3 minutes of host
exposure. In order to avoid counting females twice, a female was not considered for further
oviposition if it refused to oviposit once. Parasitism success corresponds to the proportion of stung
larvae from which parasitoid larvae emerge. The number of eggs injected at each oviposition rank
was deduced from the difference between the mean numbers of eggs in the ovaries of females which
had not oviposited or oviposited one, two or three times. The ovaries dissection protocol is available
in Benoist et al., 2017. The offspring number corresponds to the total number of parasitoid larvae
that emerged from one host larva (one progeny). The mean offspring number was estimated only
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from mixed-sex progenies. Indeed, in haplo-diploid insects like Cotesia, unmated females give all-
male progeny and in C. typhae offspring number varied significantly between mated and unmated
females (Benoist et al., 2017). Similarly, sex-ratio was estimated only on mixed-sex progenies. The
sex-ratio of C. typhae can be determined only at adult stage, so progenies with more than 20 % of
larval mortality (cases where larvae died inside cocoons due to rearing conditions) were not taken
into account for the estimation of sex-ratio.

2.4 Comparison of the quantity of viral circles injected in the host

To compare the quantity of viral circles injected in the French host between each treatment (C
typhae strain x oviposition rank) we developed a relative qPCR assay. The S. nonagrioides larvae were
weighed before parasitism. Only larvae with a weight comprised between 260 and 290 mg were kept
to ensure that the quantities of hemolymph retrieved were homogeneous between samples. The
larvae were dissected 2h post-parasitism. They were anesthetized by cold exposure (-20°C) for 20
minutes. Pro and true legs were cut to collect as much hemolymph as possible. Hemolymph samples
were stored at -20°C until DNA extraction. Before DNA extraction, PBS (Phosphate-Buffered Saline)
was added to samples to a final volume of 200 ul. DNA extractions were performed with the
NucleoSpin Tissue kit (Macherey-Nagel) following the manufacturer protocol. A RNase (DNase free,
Roche) treatment (20 min, 37°C) was included.

In Cotesia congregata and Cotesia vestalis, the bracovirus is organized in 35 viral circles (Jancek et al.,
2013). A similar number is expected in C. typhae. We decided to quantify 15 viral circles, representing
about half the putative circle number. The circle-specific primer pairs were designed for gPCR, based
on the sequence of C. sesamiae Kitale bracovirus segments published in Jancek et al.,, 2013 and
available in GenBank (accession numbers: HF562906 to HF562931). The S. nonagrioides ribosomal
protein gene rps3 and mitochondrial gene col were used as references for normalization. The
primers’ efficiencies were calculated using a calibration curve with four 5-fold successive dilution
points using a pool of DNA samples and were close to 100%. The primer sequences are presented in
Table 1. PCR reactions were run on a CFX96 (Bio-Rad) in 10 ul comprising: 2.4 pl of water, 5 pl of 2X
FastStart Universal SYBR Green Master (Roche), 0.3 uM of each primer, and 2 ul of sample DNA (3
pg/ul). A negative control was included for each primer pair and all samples were amplified in
duplicate. The amplification protocol was the same for all primer pairs: 10 min of denaturation at
95°C, followed by 45 cycles of 10 sec of denaturation at 95°C and 30 sec of annealing/elongation at
60°C followed by a melting curve step.

For each primer pair a single peak was observed for all melting curves, indicating specificity and
homogeneity of the amplifications. A single threshold mode was used to determine the
quantification cycle (Cq) values. If the maximum Cq standard deviation observed between duplicates
was higher than 0.4 then the samples were removed. Relative quantities of viral circles were
compared using the AAC, method [ABI User Bulletin #2 (11-15)].

2.5 Data analysis

All statistical analyses were performed using R Software (R Core Team, 2018) with agricolae, fifer and
emmeans additional packages. The significance threshold was set at 0.05 p-value. Except for the viral
circles’ relative quantities, all phenotypic traits were analysed using generalized linear model (GLM)
to test the effect of each factor (C. typhae strain, oviposition/presentation rank, S. nonagrioides
strain). The error family used in GLM was: binomial for the acceptation and the parasitism success;
quasi-poisson for the number of eggs remaining in ovaries and the offspring number; quasi-binomial
for the sex-ratio. When a significant effect was observed, a multiple comparison using Tukey’s HSD
test was performed on the GLM data. The viral circles’ relative quantities were analysed using the
Kruskal-Wallis test, followed by multiple comparison with Holm correction.
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Table 1: Sequence of the circle-specific and reference genes primers used for gPCR. The circle
numbers correspond to those from Cotesia sesamiae Kitale in Jancek et al., 2013.

Target Orientation Sequence
Circle 1 Forward 5'-ACGGAAGCACAGAAAGAACCT-3'
Reverse 5'-ACCGAAGCTTTCAGGACACA-3'
Circle 2 Forward 5'-GTTTCGGGTGCGTTTCTGTC-3'
Reverse 5'-ACTTTGCCATCACGCGTTTG-3'
Circle 4 Forward 5'-TCCGCTGCTGTCTCACTTTT-3'
Reverse 5'-GCCGGGTCCAATTGTTGTTC-3'
Circle 13 Forward 5'-AGAACCGATTTGCTCCCGTT-3'
Reverse 5'-ACTGCTTTCTAGGTGCTTCAGA-3'
Circle 14 Forward 5'-AGCGTAGTTGATGGCGTTCA-3'
Reverse 5'-TGCTTCTGAATATGGGCGC-3'
Circle 24 Forward 5'-TCGTCGTCAAGCTTTCGGAA-3'
Reverse 5'-CCGATCTCACTTGCGAACCT-3'
Circle 26 Forward 5'-TTGATGAGGGAGACGGGGAT-3'
Reverse 5'-CCCAGGTGTCTTCTATCGGC-3'
Circle 28 Forward 5'-CGCAGGGTATGAAGAGTCCG-3'
Reverse 5'-ACAACAGAGAGTCGACCAGC-3'
Circle 30 Forward 5'-CCAGGCTGCTGAACCAAAAC-3'
Reverse 5'-AGCGTCCTGTGGCATAGAAA-3'
Circle 32 Forward 5'-GCGATTTAGCGTGCCAAGAC-3'
Reverse 5'-TGACGTCAAGCAGCGAAAAG-3'
Circle 33 Forward 5'-CCCACACTCATTTCACCTCCA-3'
Reverse 5'-GTTCTTACCAGTCGAGCCGG-3'
Circle 35 Forward 5'-TGTACGTCCCAGTAGCACCT-3'
Reverse 5'-GGAGTGGAAGAATCTGCCCC-3'
ol Forward 5'-GGAGCCCCAGATATAGCATTTCC-3'
Reverse 5'-TCATCCTGTTCCAGCCCCAT-3'
RPS3 Forward 5'-GGGAGCTTGCTGAAGATGGC-3'
Reverse 5'-AGACTGCTCGGGGATGTTGA-3'
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3. Results

3.1 Reproductive success in new host population and correlation between oviposition behavior
and virulence

To study the reproductive strategy and the mechanisms behind the parasitism success, females from
Kobodo and Makindu C. typhae strains were allowed to oviposit several times in the French host.
Different phenotypic traits were measured at each oviposition rank.

3.1.1 Host acceptation

Overall, host acceptation varied significantly with the presentation rank (p-value = 5.947 x 10%) but
not between C. typhae strains (p-value = 0.085). Almost all females (>90%) accepted to oviposit at
the first host presentation (Table 2). At the second host presentation, the acceptation dropped
significantly to around 65 % for both strains. At the third host presentation a significant difference
was observed between the two strains. Indeed, while the host acceptation by Kobodo parasitoid did
not differ between second and third presentations, host acceptation by Makindu females increased
to 78.5 %.

Table 2: French host acceptation by C. typhae parasitoid strains. n = number of C. typhae tested
females. Conditions with the same letter are not significantly different (p-value > 0.05, Tukey’s HSD
test following binomial GLM).

. . Host acceptation
Presentation rank C. typhae strain .
% accepted n Statistical test

) Kobodo 91.10 123 ab
First host .
Makindu 94.60 111 a
Kobodo 64.00 114 c
Second host .
Makindu 66.10 115 c
. Kobodo 62.30 61 C
Third host .
Makindu 78.46 65 b

3.1.2 Number of eggs injected

Fecundities of the two C. typhae strains were not significantly different: females from Kobodo and
Makindu strains produced around 200 ovocytes (Table 3). However, the parasitoid strain had a
significant effect on the dynamic of egg depletion (p-values = 0.027). At the first oviposition Kobodo
females injected around 110 eggs, when Makindu females injected around 72 eggs representing
respectively 56% and 34 % of their egg load (Fig. 1). At the second oviposition, the number of eggs
injected was reduced by more than half for Kobodo females, whereas only an 11% decrease was
observed for Makindu ones. Hence, the number of eggs injected was almost similar for the two
strains, around 50-65 eggs. At the third oviposition, Makindu females injected three times more eggs
(around 26) than Kobodo ones. This highlighted a difference of oviposition behavior between Kobodo
and Makindu females, Kobodo females injecting most eggs in the first host while Makindu females
allocated their eggs more equitably along successive ovipositions (Table 3, Figure 1). Despite these
different allocation dynamics, the cumulated predicted number of eggs injected was similar between
Kobodo and Makindu: Kobodo=167.87; Makindu=162.36.

65



Chapitre Il — Bases comportementales et physiologiques du succes reproducteur de C. typhae

Table 3: Number of remaining ovocytes in ovaries after each oviposition rank of C. typhae
parasitoid strains in the French host. n = number of females dissected; se = standard error.
Conditions with the same letter are not significantly different (p-value > 0.05, Tukey’s HSD test
following quasi-poisson GLM).

. . Number of ovocytes in ovaries
Oviposition rank  C. typhae strain

mean se n  Statistical test
o Kobodo 194.57 +3.17 116 a
No oviposition .
Makindu 212.27 +6.58 44 a
. . Kobodo 8491 +43 46 c
First oviposition .
Makindu 139.85 +4.18 71 b
o Kobodo 349 +248 52 e
Second oviposition .
Makindu 75.67 505 36 c
. L Kobodo 26,7 +2.36 38 e
Third oviposition )
Makindu 4991 +297 47 d
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Figure 1: Predicted number of eggs injected at each oviposition rank by C. typhae parasitoid strains
in the French host. The number of eggs injected is deduced from the difference between the mean
numbers of eggs in the ovaries before oviposition or after one, two or three ovipositions (Table 3).
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3.1.3 Parasitism success

Cotesia strain and oviposition rank had a significant effect on the parasitism success (respectively p-
value < 2 x 10 and p-value = 6.744 x 10°®). A similar pattern was observed at the first and the second
oviposition rank: Makindu females had low parasitism success (<30%), while it was high for Kobodo
ones (~90%) (Figure 2). The parasitism success decreased significantly at the third oviposition, to a
level of 50% for Kobodo females and to less than 5% for Makindu ones. Globally, the parasitism
success decreased along oviposition rank, and the Makindu strain is characterized by its low
parasitism success whatever the oviposition rank. Comparison of these results with those from Figure
1 showed that the difference of parasitism success between Kobodo and Makindu parasitoids in the
French host could not be explained by a difference in the number of eggs they injected: Despite both
strains injecting similar number of eggs at the second oviposition rank, their parasitism success is
markedly different.

100% -
90% -
80% -
70% A
60% - C. typhae strain
50% - b W Kobodo

40% O Makindu

Parasitism success

30% A
20% A d
10% - n=90 n=71 n=40

0% T T 1
1st oviposition 2nd oviposition 3rd oviposition

Figure 2: Parasitism success at each oviposition rank of C. typhae parasitoid strains in the French
host. Parasitism success corresponds to the proportion of stung larvae from which parasitoid larvae
emerged. n = number of host parasitized. Conditions with the same letter are not significantly
different (p-value > 0.05, Tukey’s HSD test following binomial GLM).

3.1.4 Offspring number

The offspring number decreased significantly along the oviposition rank (p-value < 2 x 107) (Figure
3). It followed more or less the same dynamic as the number of injected eggs, with again a significant
effect of C. typhae strain (p-value = 7.629 x 10'1). At the first oviposition, Kobodo females had a
higher offspring number than Makindu females. The two strains had a similar offspring number, near
40, at the second oviposition. At the third oviposition the offspring number of Kobodo females was
low, and that of Makindu could not be estimated due to the lack of progeny development, despite a
high rate of host acceptation for oviposition (the only progeny observed in Figure 2 was discarded
because only composed of males).
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Figure 3: Offspring number at each oviposition rank of C. typhae parasitoid strains on the French
host. n = number of progenies; error bar = standard error; NA = No progeny in this case. Conditions
with the same letter are not significantly different (p-value > 0.05, Tukey’s HSD test following
negative binomial GLM).

3.1.5 Sex-ratio

The sex-ratio did not vary significantly with the C. typhae strains, while a significant effect of
oviposition rank was detected (p-value = 0.037 x 107°): The proportion of females in the progeny
decreased significantly along ovipositions. The sex-ratios of the progeny were female-biased at the
two first ovipositions with about two-thirds to three-quarters being females (Table 4). It notably
decreased at the third oviposition rank for Kobodo females, for which a balanced sex-ratio was
observed. However, pairwise comparisons were not significant, which was explained by the low
number of replicates.

Table 4: Sex-ratio at each oviposition rank of C. typhae parasitoid strains in the French host. n =
number of progenies; se = standard error. Conditions with the same letter are not significantly
different (p-value > 0.05, Tukey’s HSD test following quasi-binomial GLM).

S . Sex-ratio (%females)
Oviposition rank  C. typhae strain

mean % se n Statistical test
) L Kobodo 6841 +2.15 70 a
First oviposition .
Makindu 76.01 £3.24 16 a
Kobodo 62.66 +3.03 43 a
Second oviposition .
Makindu 6291 +871 8 a
. . Kobodo 4574 +681 8 a
Third oviposition . o
Makindu No progeny is this case
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3.1.6 Viral circle quantification

Given that the number of eggs injected in the host caterpillars did not explain the difference of
parasitism success between Kobodo and Makindu parasitoids in the French host, a relative
guantification of viral DNA circles injected was performed on several circles to see if it could explain
this difference.

First of all, as injected quantities of all 15 circles showed a similar pattern (Figure 4), we may assume
that it is also the case for the other non-quantified circles. For the two C. typhae strains, the quantity
of each viral circle injected decreased significantly by a factor of 2 to 3 between the first and at the
second ovipositions. Regarding the difference between the parasitoid strains, it appeared that it was
not significant when analysing circles independently, except for the viral circle 17. However, when
analysing all circles together, it appeared that during the first oviposition, Kobodo females injected
significantly more circles than Makindu females.

To investigate the relation between the quantity of viral circles and the number of eggs injected, we
normalized these estimates to the values obtained for Kobodo during the first oviposition (Table 5).
Both quantities varied similarly according to parasitoid strain and oviposition rank, but with different
amplitude. At the first oviposition, Makindu estimates were lower than Kobodo ones, but viral circles
decreased by only 1/5 while the number of eggs injected decreased by 1/3. From the first to the
second oviposition, the number of circles injected decreased more than the number of eggs; for
instance, eggs injected by Kobodo were reduced by 1/2, whereas viral circles were reduced by 2/3.

Table 5: Comparison of the injected quantities of circles and eggs in the French host between C.
typhae parasitoid strains. For both traits, the medians are given relatively to the Kobodo-First
oviposition condition.

Oviposition rank C. typhae Relative quantity of circles Number of ovocytes injected
P strain injected (standardized median) (standardized median)
. R Kobodo 1 1
First oviposition .
Makindu 0.789 0.652
Second Kobodo 0.359 0.506
oviposition Makindu 0.313 0.562

Most importantly, on average, Makindu females injected more viral circles at the first oviposition
than Kobodo females at the second oviposition but parasitism success of Makindu females was lower
(Figure 2, Figure 4). Hence, neither the viral circles quantity nor the number of eggs injected in the
host explained by itself the difference of parasitism success between Kobodo and Makindu females
in the French host.
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Figure 4: Relative quantification of the viral DNA circles in the French host hemolymph two hours
post-parasitism by C. typhae parasitoid strains. K = Kobodo; M = Makindu; n = number of host

dissected. “All circles” corresponds to data of all circles pooled. For all boxplots the Kobodo-First
oviposition condition is used as reference. Conditions with the same letter are not significantly
different (p-value > 0.05, Multiple comparison with Holm correction following the Kruskal-Wallis

test). Statistical tests were performed independently for each circle, and for the pool of all circles.
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3.2 Reproductive success in the natural hosts

In all previous experimentations parasitism was studied in the French host. Higher success of Kobodo
parasitoids in this host may originate from adaptation to a local host with a resistance level
comparable to the French host. To test this hypothesis, the parasitism success of the two C. typhae
strains was measured in their natural hosts from their native localities: Kobodo and Makindu (Table
6). The number of eggs injected, the offspring number and the sex-ratio were also estimated on
these hosts.

Kobodo females parasitized all the exposed host strains with a high rate of success (~90%), whereas
Makindu ones parasitized only their natural host strain with a high success (Table 6). The parasitism
success of Makindu females in the Kobodo host corresponded to that observed in the French one.
These two S. nonagrioides strains displayed a higher resistance to parasitism by the Makindu
parasitoid strain than the S. nonagrioides strain from Makindu. Unlike females from the Kobodo
strain, females from the Makindu strain had a different offspring number depending on the host
strain parasitized. Indeed, they had around 63 offspring in the two Kenyan hosts, while their
offspring number was around 40 in the French host. The comparison of the number of eggs injected
confirmed that Kobodo females laid more eggs in the first host encountered than Makindu ones
whatever the host strain considered. The two parasitoid strains injected fewer eggs in the host from
Kobodo than in the other ones. The sex-ratio was neither impacted significantly by the parasitoid
strain nor by the host strain and varied from 68.41 + 2.15 to 76.01 £ 3.24 percent of females.

Table 6: Comparison of phenotypic traits between C. typhae parasitoid strains in the sympatric and
allopatric host populations. n = sample size; + = standard error. Conditions in the natural host are in
bold. Data in the French host correspond to those presented in previous experiments. Conditions
with the same letter are not significantly different (p-value > 0.05, Tukey’s HSD test following
binomial GLM (Parasitism success) or quasi-poisson GLM (Offspring number)).

Phenotypic trait C. typhae strain S. nonagrioides strain n
Kobodo 92.77% 83 a
Kobodo Makindu 88.24% 119 a
Parasitism success French 24.44% 90 a
Kobodo 30.12% 83 b
Makindu Makindu 93.91% 115 a
French 30.00% 90 b
Kobodo 75.96+2.17 70 a
Kobodo Makindu 68.91+1.68 88 a
) French 71.85+183 75 a
Offspring number
Kobodo 65.79+4.86 24 ab
Makindu Makindu 60.54+1.83 83 b
French 39.36+3.87 22 <
Kobodo 87.66
Kobodo Makindu 108.87
) o French 109.66
Predicted number of eggs injected obodo 68.1
Makindu Makindu 78.48
French 72.42
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4, Discussion

Using the host specific C. typhae Braconidae as a biological model, the main objectives of this article
were to explore the potential link between parasitoid oviposition behavior and virulence against the
host, to investigate if higher parasitism success of one parasitoid strain on a new host originated
from its local adaptation to a more resistant host, and to characterize the parasitic potential of two
parasitoid strains on the new host population targeted for biological control.

Regarding the link between oviposition behavior and virulence, a previous study on the same species
reported differences in the number of eggs injected and in the parasitism success in the French host
between Kobodo and Makindu parasitoid strains, when ovipositing once (Benoist et al., 2017). The
study showed that the expression of Cystatin and Crv1, two virulence genes known to inactivate the
host immune response (Edson et al., 1981; Glatz et al., 2004), was higher after parasitism by Kobodo,
which injected more eggs at a time. Because C. typhae females inject eggs and viral particles at the
same time in the host, we expected that the quantities of viral circles injected by Kobodo females
would be higher than those injected by Makindu ones, which would explain the higher gene
expression and thus higher parasitism success.

However, the present study refutes part of this hypothesis. Indeed, although results showed that the
injected quantities of viral circles and eggs varied in the same direction (but not proportionally, Table
5), they showed that the quantity of viral particles injected does not explain the level of virulence
because at the second oviposition Kobodo had a much higher success than Makindu despite the
similar quantities of eggs and viral circles injected (Figures 2 & 4).

To explain the difference of virulence between Kobodo and Makindu we assumed a difference of
virulence gene expressions (Benoist et al. 2017). This hypothesis cannot be either validated or
rejected as yet. If true, it would imply that the virulence gene expression and the quantity of viral
circles injected are not correlated, because we showed that Kobodo females have a higher parasitism
success at the second oviposition than Makindu females at the first one (Figure 2), although Kobodo
females inject fewer viral circles in this case (Figure 4). This absence of correlation between the
quantity of viral circles injected and virulence gene expression was reported for instance in
Microplitis demolitor and Cotesia plutellae (Beck et al., 2007; Kim and Kumar, 2018) and so is likely in
our case. As an alternative to the gene expression hypothesis, the difference of virulence between
Kobodo and Makindu strains may result from the efficiency of their virulence proteins, due to
possible mutations in the coding sequence. Experiments of gene expression on a higher gene number
in larvae parasitized at the second rank, and sequencing of virulence genes of both strains will help
validate the right hypothesis.

Viral particle production is initiated in wasp ovaries during late pupal development and can continue
throughout the adult stage (Beckage and Drezen, 2012; Marti, 2003; Pasquier-Barre et al., 2002). In
several solitary parasitoid species the amount of virus present at adult emergence seems to be
enough for all ovipositions during female adult life (Beck et al., 2007; Kim and Sanghoon, 2007; Marti,
2003). To our knowledge the quantity of viral circles injected has never been measured along
successive ovipositions in a gregarious parasitoid before this work. For both Kobodo and Makindu
females the quantity of viral circles injected decreased at the second oviposition, suggesting a
depletion of particle stock (Figure 4). So in C. typhae viral circles production appears to be insufficient
to afford an equal amount of virus for multiple ovipositions, so we can expect that this amount
decreases at each new oviposition. At the third oviposition, parasitism success decreased in each
experimental combination (Figure 2). The same phenomenon was observed for the very close species
C. flavipes that parasites Diatraea saccharalis (Scaglia et al., 2005). Even if our results show no
correlation between the quantity of viral circles injected and parasitism success, a minimum amount
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of virus could be necessary to allow successful parasitism, and such a threshold would not be
reached at the third oviposition of C. typhae due to stock depletion.

Inactivating the host immune system is not the only way parasitoids have to ensure the development
of their offspring (reviews in Pennacchio and Strand, 2006; Salt, 1968; Vinson, 1990). For example, in
the facultative gregarious endoparasitoid Metaphycus flavus, laying multiple eggs decreased the
encapsulation rate of the host Coccus hesperidum and so increased parasitoid larval survival
(Kapranas et al., 2012). Since the number of eggs injected differed between Kobodo and Makindu
females (Benoist et al., 2017), an alternative hypothesis to explain the difference of parasitism
success in the French host, irrespective of the quantity of viral circles, could be that Kobodo females
exhausted the host immune system by laying a large amount of eggs. However, successive
ovipositions did not support this assumption because the parasitism success of Kobodo females was
higher than that of Makindu ones even with fewer eggs injected (Figures 1&2).

Our results also indicated that inactivating the host immune system is not an all or nothing process.
Indeed, at the first oviposition, Makindu females got one third less offspring from the French than
from its natural host, although they laid almost as many eggs in both hosts. This reveals a lower egg-
larval survival rate in the French host. So the difference in offspring number may come from higher
encapsulation rate of the eggs and larvae. We observed capsules in this condition, like those
described by Gitau et al., 2007, in another noctuid host species parasitized by the sister species C.
sesamiae, but too few could be observed for reliable counting, due to probable embedding in the
host fat body with the same whitish appearance. Thus, even when host larvae allow parasitic
development, their immune response is not totally inactivated.

Regarding C. typhae behavior, host acceptation by both strains exceeds 90% at the first host
exposition, decreases significantly at the second but not at the third (Table 2). Egg load was shown to
be an important stimulus for ovipositional activity in several parasitoid species (Collins and Dixon,
1986; Donaldson and Walter, 1988). So, we expected that host acceptation would decrease along
ovipositions due to egg depletion. However, no decrease was observed at the third oviposition,
suggesting that either the relationship is not linear or other factors drive the motivation to oviposit.

In Benoist et al., 2017 the number of eggs injected was measured only at the first oviposition. On the
basis of the observed difference, it was supposed that Kobodo females would inject the majority of
their eggs in the first host encountered, while Makindu ones would distribute them more equally.
Here, results confirm this hypothesis. Kobodo females lay more than half their eggs in the first host
encountered, about 30% in the second and 5 % in the third. In Makindu females, the proportions of
egg injected in the first and the second host are close (near 30%) and, unlike Kobodo ones, the
proportion at the third oviposition remains high (almost 15%). Finally, after the third oviposition,
Makindu females have around two times more remaining eggs in their ovaries (more than 40 eggs)
than Kobodo ones (Table 3), suggesting that the behavioral strain difference would also appear upon
a fourth oviposition. Thus, the oviposition behavior of Kobodo females differs from that of Makindu
ones, despite close initial fecundities. This difference in egg-laying behavior was not an artifact due to
the use of a new host population. Indeed, for all hosts tested Kobodo females injected more eggs at
the first oviposition rank than Makindu ones (Table 6). Estimating the number of opportunities to
oviposit in the field could give information about the causes of this differentiation of oviposition
behavior. Indeed, the egg allocation strategy of Makindu females will increase their fitness only if
they can oviposit multiple times. Thus, we expect that in the field Makindu females have more
opportunities to oviposit than Kobodo, which could have resulted in the differentiation of the
oviposition behavior by selection. This is in accordance with accessibility to host resource in their
natural habitat.
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Indeed, Makindu and Kobodo are located in ecologically contrasted regions (Le Ru et al., 2006). The
Makindu field location consists in a well limited and dense settlement of Typha domingensis localized
on the banks of a small stream (B. Le Ru personal communication) and surrounded by dry habitat
(Somalia-Masai Acacia-Commiphora deciduous bushland and thicket vegetation mosaic, White,
1983). In this habitat T. domingensis hosts S. nonagrioides as an almost exclusive stemborer (Kaiser
et al., 2015). In contrast, the Kobodo region consists of a continuum of wetland located in the mosaic
of East African evergreen bushland and secondary Acacia wooded grassland vegetation mosaic,
White, 1983), with diversified plant-stemborer species associations (B. Le Ru personal
communication). So S. nonagrioides larvae should be more difficult for the parasitoid to find at the
Kobodo locality. Since C. typhae are short-lived and thus time-limited, constraints on the probability
of finding a host may have favored a higher reproductive investment in the first encountered host.

The reciprocal comparison of the parasitism success of Kobodo and Makindu females in their natural
host populations gives information on local host adaptation. While Kobodo females have a high
success on both hosts from Kobodo and Makindu, the parasitism success of Makindu females is high
only in its sympatric host (Figure 2 & Table 6). Like the French host, the host from Kobodo resists C.
typhae females from Makindu but does not resist the local C. typhae. This suggests that the French
host population has a level of resistance equal to that of the Kobodo Kenyan host population. Thus,
local adaptation may explain the ability of Kobodo females to parasite the French host successfully:
the higher resistance of the Kobodo host population could have exerted a higher selective pressure
on C. typhae virulence, which might pre-adapt Kobodo females to the French host.

In southern Europe, S. nonagrioides and Ostrinia nubilalis are the major pests of maize. Unlike O.
nubilalis against which Trichogramma brassicae are used, no biocontrol agent is available for S.
nonagrioides. Regarding the potential use of C. typhae as a biocontrol agent of S. nonagrioides in
Europe, this work confirms that Kobodo locality offers an efficient strain against this pest. The
performances of this C. typhae strain are comparable, for instance, to those of C. flavipes, which is
used massively in Brazil against the sugarcane pest Diatraea saccharalis (Trevisan et al., 2016; Vacari
et al.,, 2012) and are promising for the control of S. nonagrioides. The current work shows that
Kobodo females could parasite more than one larvae efficiently. Such data are important for mass
rearing and for adjusting parasitoid densities for field release.

5. Conclusions

The C. typhae / S. nonagrioides system is an attractive system for documenting the mechanisms of
adaptation to a host population because it offers differentiation of several reproductive traits
between parasitoid strains, and differentiation of resistance between host populations. We
addressed mechanisms causing pre-adaptation of a geographical parasitoid strain to an allopatric
host pest population targeted for biocontrol. Regarding behavioral and physiological causes, we
found that neither the number of eggs injected nor the number of viral particles injected explained
the difference of success between strains. Regarding evolutionary causes, our data indicate that pre-
adaptation of one strain to the allopatric host population may come from adaptation to its local host.
This work also suggests that virulence and oviposition behaviour would have evolved separately, the
first in response to the level of host resistance, and the second to environmental variables at play in
host availability.
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I11) Donneées complémentaires

Note : Sont présentés ici des résultats n’ayant pas été inclus dans les deux articles précédents.

Tableau 1- Durée des pontes de rang 1 chez les souches Kobodo et Makindu.

Souche C. typhae Durée de la ponte (seconde) Test de rang de Wilcoxon
Kobodo 8,59+0,4 n=39 W =1752.5
Makindu 8,33+0,27 n=86 p-value = 0,6871

Tableau 2 - Acceptation de I'hdte par les souches Kobodo et Makindu au cours d'expositions successives. n
= nombre de femelles testées. Les conditions avec les mémes lettres ne sont pas significativement différentes (p-

value > 0,05, Test des étendues de Tukey sur un GLM binomial).

Rang d’exposition Souche de C. typhae Souche d’hoéte Acceptation de I’'hote
Francaise 91,10% n=123 a
Kobodo .
Premiére Kenyane (Makindu) 91,80% n=122 ab
exposition ) Francaise 94,60% n=111 a
Makindu .
Kenyane (Makindu) 90,80% n=131 ab
Frangaise 64,00% n=114 C
Kobodo .
Deuxiéme Kenyane (Makindu) 75,00% n=132 c
exposition Frangaise 66,10% n=115 o
Makindu .
Kenyane (Makindu) 61,00% n=95 c
Frangaise 62,30% n=61 C
Kobodo .
Troisiéme Kenyane (Makindu) 60,00% n=60 c
exposition ) Francgaise 78,46% n=65 cb
Makindu

Kenyane (Makindu) 71,40% n=42
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Figure 12 - Nombre d'ceufs injectés par les souches Kobodo et Makindu au cours de pontes successives. Le
nombre d’ceufs injectés est déduit du nombre d’ovocytes restants dans les ovaires aprés ponte
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I) Article n°3: Quantitative Trait Loci involved in the

reproductive success of the parasitoid Cotesia typhae

Dans le but d’identifier des régions du génome impliquées dans la variation du succeés de parasitisme
et du nombre de descendants entre les souches Kobodo et Makindu nous avons mené en paralléle des

travaux présentés précédemment une recherche de QTL (Quantitative Trait Loci).

Pour cela nous avons croisé des individus des deux souches de maniére & générer des males
recombinants F2 et F8. Ces males ont ensuite été rétro-croisés avec des femelles des souches
parentales. Du fait du déterminisme du sexe de type haplodiploide (les méales sont haploides issus
d’ovocytes non fécondés et les femelles sont diploides issues d’ovocytes fécondés) et du haut niveau
d’homozygotie de nos souches parentales, ce type de croisement permet de générer des fratries de
femelles quasiment-clonales appelées CSS (Clonal Sib-Ship). Le fait de disposer de plusieurs femelles
clonales permet de réaliser plusieurs mesures du phénotype pour un méme génotype et d’avoir
suffisamment d’ADN pour faire du séquengage a partir d’un mélange de femelles (voir plus loin). En
tout, 181 CSS ont été produites : 42 en croisant des males F2 avec des femelles Kobodo, 45 en
croisant des méles F2 avec des femelles Makindu et 89 en croisant des males F8 avec des femelles
Makindu. Les croisements en F8 n’ont été réalisés qu’avec des femelles Makindu car la caractérisation
des hybrides obtenus en croisant les deux souches suggéraient une forte dominance des alléles Kobodo

associés aux caracteres étudiés (voir article 1).

Des femelles de chaque CSS ont été phénotypées de maniére a estimer le succés reproducteur et le
nombre de descendants moyen de chaque CSS. Au total, plus de 4000 femelles ont été utilisées et plus
de 200 000 descendants comptés. Le génotypage de chaque CSS a été réalisé par séquencage RAD
(Restriction site associated DNA markers). Nous avons opté pour cette technique de génotypage par
séquencage haut-débit pour deux raisons. La premiére est qu’il n’y avait pas de marqueurs disponibles
pour C. typhae et que cette technique permet d’en générer potentiellement des dizaines de milliers
répartis sur I’ensemble du génome. La deuxiéme est que le fait de disposer de la séquence de chaque

marqueur rend possible leur localisation sur un génome de référence.

A partir des données de séquencage des CSS F2, une carte génétique de C. typhae comprenant 465
marqueurs répartis sur 10 groupes de liaisons a €été construite. En recherchant des associations
statistiques entre phénotypes et génotypes aux marqueurs des CSS a partir des données des CSS F2 et
F8 nous avons identifié plusieurs QTL : Trois QTL impliqués dans la variation du succés reproducteur
et deux dans la variation du nombre de descendants, un des QTL étant commun aux deux traits. En
positionnant ces QTL sur le génome annoté de C. congregata nous avons pu établir une liste de 68
génes potentiellement impliqués dans la variation de nos traits. Parmi cette liste se trouvent

notamment des génes du Bracovirus et des génes de composants du venin.
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Abstract

Life history traits include survival and reproductive traits and are the key components of individual
fitness. Their intra-specific variation is essential for the dissection of their genetic basis in the
perspective of understanding mechanisms of evolution. Such variations are observed in the African
endoparasitoid Cotesia typhae, specialized on the crop pest Sesamia nonagrioides. Previously, we
identified two strains of C. typhae that differ significantly for two life history traits (parasitism success
and offspring number) on a host population from France. To investigate the genetic bases underlying
these phenotypic differences, we developed a Quantitative Trait Locus (QTL) approach based on
Restriction site Associated DNA markers (RAD-tags). Taking benefit from the haplo-diploid
reproduction of C. typhae, crosses between individuals from the two strains were performed to
generate F2 and F8 recombinants clonal sibships females. More than 4000 females from 92 F2 and 91
F8 clonal sibships were phenotyped for the mentioned traits and the 183 clonal sibships were
genotyped for RAD-tags. Stringent selection of RAD-loci was then conducted to build a high quality
genetic map. The 465 selected markers spanning a total length of 1300 cM and are organized in 10
linkage groups which equals to the number of C. typhae chromosomes. Three QTLs were detected for
parasitism success and two for offspring number. These QTLs explain almost all genetic variation
observed and the confidence interval of their location spanned 90 cM. The gene content of these
intervals was investigated based on the genome of C. congregata and revealed 68 interesting
candidates, mainly belonging to bracovirus and venom components.

Keywords: Quantitative Trait Loci, parasitism success, offspring number, RAD-Seq, Linkage map,
Cotesia.
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Introduction

Evolution relies on heritable genetic variation that may be neutral or submitted to selection. In this
last case, the variation concerns traits directly related to fitness. The study of their genetic basis is
thus of prime importance to understand mechanisms of evolution. Fitness related traits, also called
life history traits, are tightly linked to survival and reproduction and are involved in adaptation of
organisms to their environment. Insect parasitoids represent an interesting case study of
environmental adaptation. These species spend their larval stage as parasite and live freely at adult
stage and behave in an intermediate way between parasites and predators because they need to kill
their host to allow their development. The larval environment is thus mainly biotic and the complete
development relies on fine adaptation to the host (Godfray, 1994).

This adaptation encompasses the ability to detect and parasite efficiently the host. The host
detection is based on the location of the host as well as the recognition of its suitability. Once a
suitable host is found parasitoids have to optimize their oviposition behavior to maximize their
fitness. This is illustrated by the occurrence of different oviposition strategies. Usually, they are
classified as solitary or gregarious depending upon the offspring number produced per host, one for
solitary (not necessarily implying the injection of only one egg) and several for gregarious. The
oviposition behavior is under adaptive constraints and is influenced by numerous factors such as host
availability, host quality or larval competition (Godfray, 1994; Pexton et al., 2009; Pexton and
Mayhew, 2005; Quicke, 2014). Those environmental factors are also perceived and taken into
account by parasitoid females to adjust their clutch size. The resulting offspring number is therefore
genetically and plastically determined.

Following oviposition, parasitoid larvae development depends on parasitoid ability to bypass host
immune defense and alter its growth to parasitoid benefit. This is especially important for
endoparasitoid species which develop in host haemocoele (Quicke, 2014). The virulence arsenal
developed by parasitoids to ensure the development of their progeny, defined as parasitism success
thereafter, is quite phenomenal and combines factors derived from maternal and embryonic origins.
Depending on species, the maternal factors encompass venom, ovarian proteins, polydnavirus and
virus-like particles and are injected along with eggs in the host. (Asgari and Rivers, 2011; Pennacchio
and Strand, 2006; Strand and Burke, 2015; Webb, 1998).The embryonic factors encompass
teratocytes which are cells derived from the membrane surrounding parasitoid embryo and
parasitoid larvae itself (Strand, 2014). The most studied factors are probably the venom and
polydnavirus. Venom is mainly devoted to host metabolism manipulation insuring parasitoid
development (Mrinalini and Werren, 2016). It is produced by a specialized gland connected to female
reproductive tract. Within hymenoptera venom gland is a conserved organ but venom composition
seems to be very heterogeneous (Moreau and Asgari, 2015). It comprises proteins that are enzymatic
in nature but for which specific function is largely unknown to date. Polydnaviruses are double-
stranded DNA viruses associated with hymenopteran parasitoids (Webb, 1998). Unlike venom,
polydnaviruses are harbored by only five subfamilies of Braconidae and one family of
Ichneumonidae. The polydnavirus associated with Braconidae are called Bracoviruses, whereas those
associated with Ichneumonidae are called Ichnoviruses. They derive from the integration of two
unrelated viruses into the genome of two ancestral parasitoids and are now vertically transmitted
(Herniou et al., 2013, 2003; Volkoff et al., 2010). In species harboring polydnaviruses, viral particles
are produced from calyx cells localized in female ovaries (Marti, 2003; Wyler and Lanzrein, 2003).
Those particles contain viral DNA circles bearing virulence genes involved in the inactivation of host
immune system and alteration of host growth (Beckage and Drezen, 2012; Beckage and Gelman,
2004; Edson et al., 1981).
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The fine description of parasitoid reproductive success components shows that they are
multifactorial and highly plastic, demonstrating the influence of many genes and the environment.
Quantitative trait loci (QTL) approaches are optimal to overcome such complex situations and fill the
gap between genotype and phenotype and genotype. Quantitative trait loci (QTL) approaches are
optimal to overcome such complex situation (Broman and Sen, 2009; Lander and Botstein, 1989;
Mackay et al., 2009). These approaches are made easier in organisms with a haplodiploid sex
determination such as Hymenopteran. In these species males are haploid and produce
spermatozoids all identical. So, when a male is crossed with an inbred female all females produced
are genetically identical. This allows repeating phenotypic measure on females with the same
genotype reducing effect of environmental variation (Pannebakker et al., 2011; Velthuis et al., 2005).
In parasitoids, QTL approach was performed only once on offspring number of Nasonia vitripennis
(Pannebakker et al., 2011) but was never performed on parasitism success. In this paper we
developed a QTL approach to study the genetic basic of these traits in a parasitoid species: Cotesia
typhae (Fernandez-Triana) (Hymenoptera, Braconidae).

Cotesia typhae is an African gregarious endoparasitoid specialized on larvae of the crop pest Sesamia
nonagrioides (Lefebvre) (Lepidoptera, Noctuidae). It was recently differentiated from the generalist
species Cotesia sesamiae composed of several populations with different host-ranges (Kaiser et al.,
2017a, 2017b, 2015). In a biological control perspective, the ability of C. typhae to parasitize a French
population of S. nonagrioides was studied previously (Benoist et al., 2017). This study highlighted two
strains of C. typhae named Kobodo and Makindu which differed in their reproductive success on this
host. Indeed, Kobodo females had a better parasitism success and produced more offspring than
Makindu ones. The natural hosts of these two parasitoid strains also differ in their resistance to
parasitism (Benoist et al., submitted). The higher virulence of Kobodo females against the French
host could be due to its adaptation to a more resistant host. Due to the difference in reproductive
success between strains, this species is valuable to study the genetic basis of these traits.
Furthermore, the annotated genome of the close relative species C. congregata is available which
can be used as a reference for the identification of genes within QTL (Gauthier et al., in prep).

To identify genes involved in reproductive success we developed a QTL approach based on
Restriction site Associated DNA markers (RAD-tags), a high throughput marker technique. Crosses
between inbred individuals from the two strains Kobodo and Makindu were performed to generate
F2 and F8 recombinant males. The production of F2 recombinant individuals was useful to build a
genetic map. This dataset was completed by F8 recombinant individuals to increase the number of
recombination events for QTL detection. Taking benefit from the haplo-diploid reproduction of C.
typhae, crosses were designed to produce clonal sibships females from recombinant males. Each
clonal sibship was phenotyped for offspring number and parasitism success and genotyped using
RAD-tags. Stringent selection of loci was then conducted to build a high quality genetic map. This
map was scanned to detect loci showing statistical association between reproductive success
phenotype and marker genotype. Then the gene content in the identified QTLs was investigated
based on the annotated genome of C. congregata.
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Materials and Methods

Biological Material

The Kobodo and Makindu C. typhae parasitoid strains were initiated from adults emerged from
naturally parasitized S. nonagrioides caterpillars collected in the field at two Kenyan localities:
Kobodo (0.679S, 34.412E; West Kenya; 3 caterpillars collected in 2013) and Makindu (2.278S,
37.825E; South-East Kenya; 10 caterpillars collected in 2010-2011). Until 2015, the two strains were
reared separately at the International Centre of Insect Physiology and Ecology (icipe, Nairobi, Kenya).
In this rearing, all individuals of each strain were mixed together at each generation. Then the strains
were reared as isofemale lines at the laboratory Evolution, GEnome, Comportement et Ecologie
(EGCE, Gif-sur-Yvette, France) where cross experiments and phenotyping were performed.

Two host strains of S. nonagrioides were used: a Kenyan strain initiated from caterpillars collected at
Makindu and a French strain initiated from individuals collected in maize fields in Haute-Garonne
(Longage-Berat area, 43.368N, 1.192E and within a 10 km distance) which was renewed yearly. The
French strain was used for phenotyping whereas the Kenyan one was used for C. typhae rearing to
prevent any adaptation of the parasitoid to the French host.

The rearing protocol of C. typhae and S. nonagrioides is detailed in Benoist et al., submitted.

Genetic cross-design

Cotesia typhae is a haplodiploid species, females are produced from fertilized eggs and are diploid
while males are produced from unfertilized eggs and are haploid. We combined 2 cross schemes to
produce F2 and F8 recombinant individuals (Figure 1). Three generations of sib-mating were first
performed for both Kobodo and Makindu parental lines. Virgin males and females from the parental
strains were then crossed to generate F1 individuals. Part of the F1 females were isolated and kept
virgin (Figure 1a). All other F1 individuals were mixed in a single population which was maintained
until F8 generation. At each generation, all adults were stored in the same cage to allow random
mating and some randomly chosen females were used to produce the next generation avoiding
overlapping between generations. Several F7 females were isolated to be kept virgin as F1 females.
Virgin females from F1 or F7 generation were allowed to oviposit to produce respectively F2 and F8
recombinant males. Each recombinant male was backcrossed with a single female from Kobodo or
Makindu parental strains for F2 males. For F8 males, only the Makindu strain was used, because
previous study suggested a dominance of Kobodo alleles on these traits which was susceptible to
mask phenotypic variation. Since no meiosis occurs in males and parental strains are highly inbred,
the offspring from one recombinant male and one female from a parental line contain recombinant
females with almost the same recombinant genotype at all locus (they were considered as
genetically identical). Each female offspring was called a clonal sibship. In total, 187 clonal sibships
were produced: 45 from F2 Kobodo backcross, 47 from F2 Makindu backcross, and 91 from F8
Makindu backcross. This experimental design allows replicated phenotyping for each recombinant
genotype and thus the measuring of proportion traits like parasitism success (see below) which can
only be estimated from several individuals.
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Figure 1: Cross schemes used to generate clonal sibship, adapted from Pannebakker et al., 2011: A:
F2 cross scheme; B: F8 cross scheme. C. typhae is an haplo-diploid species. Haploid males are
represented by 5 squares while diploid females are represented by 10 squares. Kobodo and Makindu
alleles are represented in black and white respectively. Inbred parental strains are almost
homozygous. Kobodo and Makindu individuals were crossed to generate F1 individuals. A part of F1
hybrids females were kept virgins to produce F2 recombinant males. All other F1 individuals were
mixed in a single population which was maintained until F8 generation. F2 (A) and F8 (B)
recombinant males were then backcrossed with females from the parental strains to produce clonal
sibship females (i.e. females with identical genotype). F8 males were backcrossed only with Makindu
females. In total, 187 clonal sibships were produced: 45 from F2 Kobodo backcross, 47 from F2
Makindu backcross, and 91 from F8 Makindu backcross.

Phenotyping

Twenty females were tested for each clonal sibship. In order to allow mating, clonal sibship females
were left at least one day with their brothers in the same cage before the experiments (the mating
process was not controlled). One caterpillar of the S. nonagrioides French strain was provided to
each female for oviposition. After exposure, parasitized host caterpillars were kept in rearing
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conditions until observation of either the formation of parasitoid cocoon mass (following the
emergence of the parasitoid larvae from the host), or the death of the host without parasitoid
emergence, or the formation of host pupa. When parasitoid emergence occurred, each cocoon mass
was placed in a tube until the emergence of adults. For each clonal sibship, the parasitism success
was calculated as the proportion of parasitized hosts from which parasitoid larvae emerged, and the
mean offspring number was estimated as the mean number of parasitoid larvae that emerged from
the host (only successful parasitisms were taken into account). To avoid bias, progenies of unmated
females (containing only males) were discarded because the offspring number varied significantly
between mated and unmated females (Benoist et al., 2017). The broad-sense heritability (H?) could
not be estimated for parasitism success due to the lack of repetitions: only one measure is obtained
for each clonal sibship based on the number of success and failure of the parasitism. By contrast,
each success led to the estimation of an offspring number. Therefore, several measures were
available for each clonal sibship genotype allowing the estimation of broad sense heritability. It was
calculated using the following formula: H? = Var;/Varp were Vare corresponds to the total
phenotypic variance and Varg corresponding to genetic variance deduced from the variance between
clonal sibship (broad-sense heritability was calculated independently for each backcross).

RAD-Sequencing

A RAD-seq approach was performed in order to obtain genetic markers widely distributed in the
genome. For each clonal sibship DNA was extracted from a pool of females using the NucleoSpin
Tissue kit (Macherey-Nagel) and a RNase treatment was performed (Roche). All clonal sibship DNA
samples were digested with Pst/ restriction endonuclease. The expected number of restriction sites
was around 18,500 based on the C. sesamiae kitale genome (Gauthier et al., in prep). A P1 adapter
containing and Illumina adapter sequence, a 10 bp barcode (to identify clonal sibships) and a stricky-
end extremity corresponding to the Pst/ site, was ligated to the Pst/-digested fragments. F2 and F8
samples were pooled separately and adapter-ligated fragments were randomly sheared to an
average size of 600 bp. The two Illumina libraries were prepared by ligating a P2 adapter with a
divergent end to DNA fragments to ensure that only fragments with P1 and P2 adapters will be fully
amplified. These libraries were then amplified by PCR with P1 and P2 primers and paired-end
sequenced on an lllumina NextSeq 500 instrument. The read length was 75 bp for the F2 samples and
80 for the F8 samples (including 10 bp of the barcode and 6 bp of the restriction site).

Identification of RAD locus and genotypes with Stacks

RAD-seq reads were trimmed to remove adaptors with cutadapt v1.9.1 (Martin, 2011). RAD loci and
the associated genotypes were determined using the software package Stacks v1.48 (Catchen et al.,
2013; Rochette and Catchen, 2017). The trimmed reads were de-multiplexed and the barcodes were
removed from reads using process_radtag, discarding reads with an uncalled base and/or low-quality
score. To standardize data between F2 and F8, the last 5 bp of F8 reads were trimmed. F2 and F8
reads were treated separately. F2 and F8 reads were treated separately. For each sample, reads were
grouped in “stacks” to build loci using two approaches: de novo (ustacks) and reference-based
(pstacks, in this case a reference genome is used to build loci). Prior to de novo analyses, PCR
duplicates were removed with home-made software based on sequence identity. For reference-
based analyses, read pairs were mapped to the C. sesamiae kitale genome (Gauthier et al., in prep)
using BWA v0.7.17 (Li et al., 2009) and PCR duplicates sharing strict identical coordinates were
removed with samtools v1.9. The error rate upper bound was fixed to 0.01 for F2 (used to define the
locus catalog, see below) and to 0.1 for F8. The deleveraging algorithm was turned on for de novo
analyses. For all other parameters default settings were used. Two catalogs of loci (de novo and
reference-based) were generated from all F2 stacks (population option) using cstacks with default
parameters. Both F2 and F8 stacks were then matched to these catalogs to infer genotypes using
sstacks with default parameters. We thus obtained two sets of genotypes for each clonal sibship
from F2 and F8: one from de novo and one from reference-based analysis.
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Locus selection and genotype correction

Selection of QTL markers form available loci was performed on F2 data. De novo and reference based
data were treated separately. Loci respecting the following conditions were selected: (i) diverging at
1 to 3 nucleotide sites between Kobodo and Makindu strains; (ii) showing invariant state in each
parental line; (iii) loci found in at least 70 clonal sibships; (iv) showing no segregation distortion. For
all retained markers, some genotypes of F2 and F8 clonal sibships were corrected by taking
advantage of the backcross design. For each backcross type, only two genotypes are expected among
clonal sibship: Homozygous for parental allele or heterozygous. For a clonal sibship from the
Makindu backcross, if a genotype was inferred as homozygous for Kobodo alleles it was corrected for
heterozygosity, assuming that the second allele was not detected because of low coverage. The same
procedure was applied for clonal sibships from the Kobodo backcross. After locus selection and
genotype correction, de novo and reference-based data were merged as follows. Genotypes were
compared for the markers shared between both analyses. If inferred genotypes differed between de
novo and reference-based analyses, the heterozygous ones were retained: we assumed that it was
more likely to miss a second allele than to detect a false positive one.

Linkage map construction and correction

The construction of the linkage map was performed with Carthagen v1.3 (de Givry et al., 2005) using
only the F2 data. The LOD and genetic distance thresholds used for linkage groups identification were
respectively 7 and 0.5 Morgan. Marker ordering was done with the default set of algorithm (Defalgo
option). For each clonal sibship, genotypes were organized following the linkage map order to
visualize recombination events and to correct some genotypes. When crossovers were detected on
both sides of a marker, the corresponding genotype was questioned. Markers identified from only
one approach (de novo or reference-based) and showing several suspicious genotypes were re-
sequenced to confirm or infirm genotypic inference. The other suspicious genotypes were encoded
as missing values when the coverage was lower than 10. A new map was then generated from
corrected data. When several markers were at null genetic distance on F2 and F8 data, the marker
with less missing data was retained.

QTL analysis

All QTL analysis was performed using R Software (R Core Team, 2018). For each clonal sibship, the
probability of the allelic state at every cM map position was estimated using the package R/qtl v1.44-
9 (Broman and Sen, 2009). At each position, additive and dominance indices were determined with
the following formulas: additive index = 2Pw + Pxv; dominance index = Py, with Pk and Py
corresponding to the probability that the genotype was homozygous for Kobodo alleles or
heterozygous.

To identify QTL for each trait, multiple regressions using generalized linear models (GLM) were
performed. Due to the cross scheme, data could be classified into 3 cross types which may influence
their genotype: F2 backcross with Makindu strain, F2 backcross with Kobodo strain or F8 backcross
with Makindu strain. As a consequence, phenotypic variation was analyzed in several steps. In a first
step, a GLM was built for each trait taking into account only the cross type. They were based on
“quasi-binomial” error family for the parasitism success and on “quasi-poisson” error family for the
number of offspring.

In a second step, all positions were scanned with a full GLM using residuals of the first model as
response variable and additive and dominance indices of the given position as explanatory variables.
Position LOD scores (LODposition) Were calculated using the formula: LODposiion = n/2 x logl0
(RSSnui/RSSsun), where n is the sample size, RSSs is the residual sum of squares of the full model with
additive and dominance indices, and RSS,u is the residual sum of squares of the null model (also
based on residuals but without explanatory variables). The significant LOD score threshold was
estimated by performing 2000 permutations between phenotypes and genotypes within cross types
and taking the 5 % cut-off of the maximum LOD scores obtained as significant threshold value
(Churchill and Doerge, 1994).
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In the next step, additive and dominance indices at the position with the highest significant LOD
score were included to build a new null model comprising this fixed position and rescanning the
genome for an additional QTL. The process was repeated until no significant position was detected.
To test for interactions between QTLs, interaction terms for all QTL pairs were added to the model
including all QTLs detected. Each interaction term was then tested separately by an analysis of
deviance performed between the model with and without interaction terms.

For each trait, the final model comprising all fixed QTLs and their significant pairwise interactions will
be referred as the complete model in the following. In these models F8 backcross was used as
reference.

Additive and dominance coefficients are the estimated coefficients in these complete models.
Additive effect corresponds to the variation associated with one Kobodo allele. Estimated
coefficients for parasitism success and offspring number are given in logits and log respectively in the
final models because we used quasi-binomial and quasi-poisson errors. Parasitism success estimates
were turn in proportion (P) using the formula P=1/(1+1/e*), where x is the logit estimate (Crawley,
2012). Offspring number estimates were turned in count values with exponential transformation.
The percentage of total phenotypic variance explained by each QTL was determined from the
complete models with the formula SSqr./TSS where SSqr is the sum of square associated to QTL and
TSS the total sum of square. The confidence interval of each QTL position corresponded to all
positions around the QTL for which LOD score was above LOD score max — 2.

Candidate gene identification

Gene identification was performed by genomic comparison with the available genomes of C.
congregata. We first assembled RADseq data from all samples with SPAdes v3.11.1 (Nurk et al.,
2013). All markers included in the QTL confidence intervals were mapped on the scaffolds obtained
using blastn v2.6.0+ (Boratyn et al., 2012). Scaffolds containing markers were then mapped to the
annotated genome of C. congregata using BLAST to identify genes in QTLs. For this genome, an
automatic annotation was performed and refined with manual inspection for some gene families
(Bracovirus, Venom, Immunity, Detoxification, Chemodetection, and Memory. Gauthier et al., in

prep).
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Results

Descriptive Statistics

The two parental strains showed an important difference for the two studied traits (Table 1). The
Kobodo strain was the more efficient with a higher parasitism success and a higher offspring number.
The parasitism success of the Kobodo clonal sibships (CSS) was equivalent to those of the Kobodo
parental strain whereas the parasitism success of F2 and F8 Makindu CSS had an intermediate
parasitism success. The offspring number of Kobodo CSS was far higher than the Kobodo parental
strain and the offspring number of F2 and F8 Makindu CSS were close to those of the Kobodo
parental strain. Data showed a higly significant correlation (Spearman's p = 0.505, p-value = 5.932 x
101, calculated with all CSS) between the parasitism success and offspring number, suggesting a
relationship between both traits. The broad-sense heritability varied between 23 and 36% for
offspring number.

Table 1: Phenotypes of the parental strains and the clonal sibships (CSS) from the different
backcrosses. + Standard deviation; n: number of female progenies analyzed; ( ) number of clonal
sibships; H?>=Broad-sense heritabiliy of offspring number.* Data from Benoist et al., 2017.

Data type Parasitism Success Offspring number
Parental Kobodo* 78.70 % n=108 71.07 £ 24.06 n=71
Parental Makindu* 36.20% n=80 36.48 £ 16.68 n=21

CSS from Kobodo F2 81.57+14.80% n=789 (47) | 91.05+17.54 n=457 (47) H*=24%
CSS from Makindu F2 70.96 £22.55% n=900 (45) | 74.94+24.77 n=470(45) H*=36%
CSS from Makindu F8 64.00+20.24% n=1737(89) | 66.83+19.71 n=801(88) H*=23%

Marker selection and genotype identification

The number of loci identified by Stack varied considerably between the two approaches: 119,176
and 33,906 for de novo and reference-based respectively (Table 2). However, the number of
remaining loci after the first filter step was equivalent between the two approaches, around 30,000,
which was close to the 37,000 loci expected (based on the genome of the sister species C. sesamiae).
This suggests that a large proportion of loci are splitted in different stacks with de novo approach.
Among these 30,000 only a small fraction was polymorphic suggesting that the two strains are
genetically close. The majority of the identified markers were shared between the two approaches,
but more than 20% (123/566) were specific to one of them, which highlighted their
complementarity. The median coverage was above 30 which is satifying for reliable genotype
inference. Only 4 markers showed segregation distortion. In total, 102,446 genotypes were infered
(181 samples x 566 markers). Among them around 1% were corrected based on in silico analysis and
on manual resequencing. The comparison of de novo and reference-based approaches lead to the
detection of 400 genotype discrepancies betwen the two approaches, which contributed to the
improvement of the genotypic data. The final dataset comprised 3143 missing genotypes.
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Table 2: Number of retained loci at each step of the loci selection and locus coverage. The locus
coverage is given for the 566 markers used for the genetic map construction.

Analysis
De novo Reference based
Identified by Stacks 119,176 33,906
Present in at least 70 samples 31,599 29,797
Fixed in parental strains and polymorphic 541 507
. With at most 3 SNP 524 491
Number of loci . . . .
Without segregation distortion 522 487
Analysis specific 79 a4
Used for linkage map construction 566
Retained in final linkage map 465
Marker Mean 35.55 49.32
Cog:qi?eper Median 32 34

Linkage map

The final linkage map generated from F2 data after removing redundant loci is presented in Figure 2
and in supplementary data 1. It includes 10 linkage groups, which is consistent with the number of
chromosomes identifed in C. typhae (Christophe Bressac, personal communication) indicating that
the map is saturated. In addition, each linkage group matched to one chromosome from C.
congregata. The linkage map comprises 465 markers spanning a total length of 1300 cM with an
average distance of 2.7 ¢cM between two consecutive markers.
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Figure 2: Cotesia typhae linkage map based on RAD genotyping of 92 F2 clonal sibships. The linkage
map includes 465 markers, n=number of markers by linkage group (LG). Genetic distances are
calculated using Kosambi’s map function.
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QTL mapping for parasitism success and offspring number

Three QTLs were identified for parasitism success (PS) and two for offsping number (ON), localized on
linkage groups 4 and 6 and on the linkage groups 4 and 5 respectively (Figure 3). One peak for
parasitism success was not retained (linkage group 1, two QTL scan) because it observed in the first
scan only and was located in a region with low marker density. The QTL observed on the linkage
group 5 was common to the two phenotypic traits. The length of the QTL confidence intervals varied
from 9 to 38 cM (Table 3). For both phenotypic traits, the pairwise interactions between observed
QTLs were not significant. An overdominance effect is observed for all offspring number QTLs wheras
QTL1-PS and QTL3-PS are associated with respectively underdominance and partial dominance of
Makindu alleles. The QTL2-PS is strictly additive. The percentage of the phenotypic trait variance
explained by each QTL varied between 4 and 14 %. The total phenotypic variance explained reached
27.7 % for parasitism success and 23.9 % for offspring number.
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Figure 3: Locations of (A) offspring number and (B) parasitism success quantitative trait loci (QTL)
along the Cotesia typhae linkage groups (LG). LOD SCORES are calculated from generalized linear
models (GLM). The black dotted line corresponds to the QTL threshold calculated by 2000
permutations. Successive scans were performed for each linkage group. In One QTL scan, we
hypothesized that only one QTL occurred in the genome. The highest peak was then included in the
two QTL scan to search for a second QTL. The process was repeated until no other significant peak
was detected. Colored lines correspond to each QTL scans performed where significant peak was
detected.

91



Chapitre |11 — Bases génétiques du succes reproducteur de C. typhae

Table 3: Position, confidence interval, coefficient estimates and percentage of the total phenotypic
variance explained of each QTL detected. Additive effect corresponds to the effect of one Kobodo
allele. *The percentage of the total phenotypic variance explained by the dominance component of
the QTL2-PS was not calculated due to the lack of significance of this component in the QTL model.

Phenotypic trait
Offspring number Parasitism success
QTL name QTL1-ON  QTL2-ON | QTL1-PS QTL2-PS QTL3-PS
Linkage group LGO5 LGO6 LGO4 LGO5 LGO4
Peak position 115 c™m 11 cM 15cM 110 c™m 50 cM
Confidence interval 108-117cM  3-17cM | 0-18cM 98-117cM 22-60 cM
Coefficient Additive effect 6.08 1.53 0.02 0.16 -0.16
estimates Dominance effect 9.67 10.47 -0.17 - 0.08
% Total Additive component 7.57% 2.53% 4.68 % 11.15% 3.50%
phenotypic Dominance component 6.60 % 7.20% 7.62 % -* 0.75%
variance Total by QTL 14.17 % 9.73% 12.30% 11.15% 4.25%
explained Total 23.9% 27.7%

Identification of genes within QTL intervals

To identify candidate genes, markers in QTL intervals were mapped on the annotated genome of C.
congregata. Cumulative length of all QTL intervals represented around 11.7 Mb (Table 4) which
corresponds to ~5.9 % of the genome length and comprises 435 genes (Supplementary data 2) with a
putative function. This list of genes was inspected based on literature data. We focused on studies
(mainly genomic and transcriptomic studies) that identified genes influencing reproductive success in
other parasitoid species. From these studies, 68 genes of interest were identified and are listed in
Table 5. Among them we found notably Bracovirus genes involved in the production of viral particles
and in the inactivation of the host immune system (Gauthier et al., in prep). Some genes producing
venom components were also identified (Ali et al., 2015; Arvidson et al., 2019; Burke and Strand,
2014; Colinet et al., 2013; Danneels, 2010; Moreau and Asgari, 2015; Sim and Wheeler, 2016). Finally,
we reported genes highly expressed in ovaries of C. congregata (Gauthier et al., in prep) and N.
vitripennis (Sim and Wheeler, 2016) or differentially expressed between resting and ovipositing
females of N. vitripennis (Pannebakker et al., 2013).

Table 4: Summary of gene identification in quantitative trait loci (QTL) intervals based on the
annotated genome of C. congregata. Overlapping QTLs (QTL1-ON and QTL2-PS) was considered as a
single interval.

Number of genes

C. congregata

QTL name fragment length Automatically Manually Total
annotated annotated
QTL1-PS ~1.3Mb 47 15 62
QTL3-PS ~3.7Mb 105 37 142
QTL1-ON + QTL2-PS ~ 4.2 Mb 113 25 138
QTL2-ON ~2.5Mb 90 3 93
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Table 5: Genes of interest in quantitative trait loci (QTL) intervals. Overlapping QTL (QTL1-ON and
QTL2-PS) was considered as a single interval. Genes of interest were classified in four categories.
Bracovirus (Proviral genes), Bracovirus (Nudiviral genes) and Venom categories refer to parasitoid
weapon arsenal. The “other” category comprises genes selected because they are actively
transcribed in ovaries of C. congregata (Gauthier et al., in prep) and N. vitripennis (Sim and Wheeler,
2016) or differentially expressed between resting and ovipositing females of N. vitripennis
(Pannebakker et al., 2013).

QTL name

Genes of interest

QTL1-PS

Venom: alkaline phosphatase-like; disintegrin and metalloproteinase domain-containing protein
9; Transmembrane protease serine 9-like

Other: btb poz domain-containing adapter for cul3-mediated degradation protein 3; 60s
ribosomal protein 110; 60s ribosomal protein 123a

QTL3- PS

Bracovirus (Nudiviral genes): 27b; 35a;; 35a, 38K; GbNVorfl9; HzNVorfl06; HzNVorf9_1;
HzNVorf9_2; HzNVorf94; Inty; K425_438; K425 445; K425 456; K425 459; K425 461; P6.9; P6.9,;
pif3; pif6; PMNVorf87; PmV; ToNVorf29; ToNVorf54,; ToNVorfF54,; vp39

Other : Putative mediator of RNA polymerase Il transcription subunit 12; 40s ribosomal protein
s15aa

QTL1-ON
+

QTL2-PS

Bracovirus (Proviral genes): bv20.1.26.4; bv20.2.26.8; ep1.1.1.3; ep1.2.1.4; ep1.3.1.5; ptp a.26.6;
ptp b.1.1; ptp d.1.11 pseudo; ptp delta.26.1; ptp epsilon.26.7 pseudo; ptp i.1.2; ptp k.1.6; ptp
1.1.7; ptp m.1.8; ptp p.1.9; ptp q.1.10; vank 5.26.2; vank 6.26.3b; vank 9.26.5

Venom: calcium-independent phospholipase a2; adenosine deaminase-like protein; cysteine-rich
with EGF-like domain protein 2; serine protease inhibitor; serpin B4-like; serpin B6-like

Other: plasminogen activator inhibitor 1 RNA-binding protein; BTB/POZ domain-containing
protein 7; sorting-nexin 24-like; sorting-nexin 6; zinc finger and BTB domain-containing protein
41-like; 60S ribosomal protein 113; 60S ribosomal protein 118a

QTL2-ON

Venom: cysteine-rich secretory protein 2-like
Other: guanine nucleotide-binding protein subunit beta-like protein; 60S ribosomal protein |15
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Discussion

The aim of this paper was to investigate the genetic basis of the reproductive success of C. typhae
using Kobodo and Makindu Kenyan strains that diverge for their parasitism success and offspring
number from a new host population from France. For this purpose, crosses between these two
strains were performed to generate 181 F2 and F8 recombinant clonal sibships which were
phenotyped and genotyped using RAD-seq technology. From these data, a linkage map was built and
several QTLs involved in the variation of offspring number and parasitism success were identified.

The linkage map obtained is, to our knowledge, the first available for a Cotesia species. The high
quality of this linkage map is supported by multiple results. First, except one marker, all those used
for the linkage map construction were placed on a linkage group. Furthermore, the number of
linkage groups corresponds to the number of chromosomes observed in C. typhae (Christophe
Bressac, personal communication) and a clear correspondence between linkage groups and
chromosomes of C. congregata was observed (Supplementary data 1). Thus, it is likely that each
linkage group corresponds to one chromosome of C. typhae. The length of the genetic map is 1300
cM (Figure 2). Dividing the length of the linkage map by the length of the genome, estimated at ~ 200
Mb (Based on the genome sizes of C. congregata and the sister species C. sesamiae. (Gauthier et al.,
in prep), the recombination rate of C. typhae was estimated at 6.5 cM/Mb. This recombination rate is
in line with the average recombination rate of insects (Stapley et al., 2017). The 465 markers in the
map were rather well distributed on the linkage groups. On average there is one marker each 2.3 cM,
which corresponds to one marker each 400 Kbp on the genome. This is favorable for QTL detection
and confirms the interest of using RAD-seq to generate markers. This genetic map will be useful for
further studies, for instance for the ongoing assembly of C. typhae genome.

Our analysis allowed to detect 4 distinct QTLs (Table 4): two specific to parasitism success on linkage
group 4, one specific to offspring number on linkage group 6 and one common to both traits on
linkage group 5. In our QTL models the percentage of the phenotypic variation explained by all QTLs
was 27.7 % for parasitism success and 23.9 % for offspring number. These values can be compared to
the broad-sense heritability. This last parameter could be only estimated for the offspring number
and for each backcross type separately. It varied between 23 and 36% indicating that QTL approach
succeeded to explain almost all the expected genetic effect. The percentages calculated comprise
additive components that may be targeted by selection but also dominance ones. Taking into
account only the additive components to calculate a narrow-sense heritability we obtain 10.1% and
19.3% of the total phenotypic variance explained for offspring number and parasitism success
respectively. These values are in line with those measured for fitness related traits in other
organisms (Gavrus-lon et al., 2017; Hoffmann et al., 2016; Mousseau and Roff, 1987; Visscher et al.,
2008). Heritability estimates presented in these papers range mainly around 10 % and mostly below
20% for life history traits. This result is assumed to arise from strong selective pressure, stronger for
traits closely related to fitness, which should have reduced additive genetic variance. This conclusion
was questioned because heritability is a ratio between variances and not a direct measure of
variability. Low heritability may thus result from high environmental and non-additive variance and
not necessarily from low additive genetic one. Houle (1992) proposed another index to better
approach the magnitude of additive variance, namely the evolvability index, that is the ratio between
the additive genetic variance and the squared mean of the trait studied. This index is difficult to
interpret for binominal traits (Hoffmann et al., 2016) such as parasitism success thus it was estimated
only for the offspring number to 0.84%. This estimate is also low in agreement with published data
(Hansen et al., 2011; Hoffmann et al.,, 2016) and confirms that reproductive traits are highly
constrained and poorly evolvable. The magnitude of the variability for environmental and non-
additive genetic components may also be questioned. Many factors like, for instance, host size and
quality are known to influence the parasitism success and offspring number of parasitoid species
(Godfray, 1994; Quicke, 2014). Even if insects were reared in stable laboratory conditions, using only
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3-week-old host, some variation is unavoidable. We calculated the coefficient of residual variance
(residual including all terms apart additive ones) - CVR - for the offspring number and obtained an
estimate of 27%. This value is in the upper range of CVR estimated for various traits from livestock
(Hoffmann et al., 2016) or natural populations (Houle, 1992) and is common for life history trait.
Whether or not this variation is adaptive, it is not deductible from our data.

The detection of a QTL shared between parasitism success and offspring number (Table 4) is
consistent with the high correlation detected between both traits (Spearman's p = 0.505, p-value =
5.932 x 10'). In parasitoid species, offspring number depends on (i) the number of oviposition
events, which is related to the number of hosts encountered (fixed at one in our experiment), (ii) the
number of eggs laid in/on the host by the female and (iii) the parasitoid larval survival rate. This
latter component, as parasitism success, is directly connected to parasitoid ability to bypass host
immune system. In addition to this natural correlation between parasitoid success and number of
offspring, some authors have even suggested that parasitoid females injecting more eggs enhance
the survival rate of their larvae (Kapranas et al., 2012).

In a previous study we found that the number of eggs injected in the host varied between Kobodo
and Makindu females (Benoist et al., 2017). We also demonstrated that this was the result of a
reproducible difference in the behavior strategy of eggs distribution along successive host
encountered (Benoist et al., submitted). Thus, we expected to find genes related to the oviposition
behavior especially in the QTL specific to offspring number. In QTL1-ON and QTL2-ON we found
notably genes (Table 6, other category) which are highly expressed in ovaries of C. congregata
(Gauthier et al., in prep) or in ovaries of N. vitripennis (Sim and Wheeler, 2016) and genes
differentially expressed between resting and ovipositing females of N. vitripennis (Pannebakker et al.,
2013). However, no relationship between these genes and oviposition behavior was reported. The
main limitation of this analysis regarding oviposition behavior is that very few genes influencing this
trait are known despite the important amount of studies on this topic. It is probably due to the
complexity of behavioral traits that involved a huge quantity of genes complicating their study (Flint
et al., 2010). A refined annotation of genes in the QTL intervals is therefore required to identify
candidate genes.

Genes belonging to the bracovirus were found in the common QTL and in the QTL3-PS (Table 6). Into
the wasp genome the bracovirus is organized in two types of regions. The first one corresponds to
genes from a nudiviral origin (nudiviral genes) encoding the viral RNA polymerase and proteins
involved in the bracovirus particle production. Half of the nudiviral genes are clustered in one region,
called nudiviral cluster (Bézier et al., 2009a, 2009b). The second type corresponds to proviral
segments used for the production of viral circle contained in viral particles and harboring virulence
genes. In C. congregata, 35 proviral segments organized in 9 proviral loci (PL) were identified. About
two-third of the proviral segments are localized to the same locus called macrolocus comprising PL1
and PL2 while other are dispersed in wasp genome (Bézier et al., 2013).

In the QTL common to both traits we found proviral genes: BV20 genes and genes belonging to EP1-
like, PTP and Vank families for which some members are known as virulence factors (Gueguen et al.,
2013; Kwon and Kim, 2008; Pruijssers and Strand, 2007). These genes are localized in the PL5 and PL8
producing the circles 1 and 26 respectively. These two circles are of particular interest. It was shown
in Cotesia congregata-Manduca sexta system that they could integrate into host genome (Chevignon
et al., 2018). They are produced in higher amount than others and are particularly active in the host.
For instance EP1-like genes and Vank9 are among the most expressed in host haemocytes following
parasitism (Chevignon et al., 2014). Genes on these circles are thus good candidates to explain the
difference of parasitism success and offspring number between Kobodo and Makindu parasitoid
strain. Interestingly, no QTL was detected in the macrolocus region, which concentrates the majority
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of proviral genes and was shown to encompass genes under positive selection associated with
adaptation to the host (Gauthier et al., 2018; Jancek et al., 2013).

Many studies on virulence, with respect to bracovirus, focus on proviral genes but much less focus on
nudiviral genes. Interestingly, the QTL3-PS encompasses the nudiviral cluster. Among the genes in
this QTL some have a characterized function based on homology with baculovirus genes: Pif3 and
Pifé play a role in virus infection; VP39 and 38K produce major component of viral capsid (Bézier et
al., 2009a; Herniou et al., 2003). It was observed in Benoist et al., submitted that the amount of viral
particles injected in the host did not explain the difference in parasitism success between Kobodo
and Makindu parasitoid strains. The variation of parasitism success induced by this QTL could rather
result from a difference in particle infective efficiency between the two C. typhae strains. It would be
interesting to explore how Kobodo and Makindu bracovirus infect host cells.

In all QTLs, except in the QTL3-PS, we found genes associated to venom component. In polydnavirus-
associated parasitoids, polydnavirus is considered as the main virulence factor. However, it was
shown in many species harboring polydnavirus that venom is also required for successful parasitism
and could synergize the effect of polydnavirus (Asgari, 2012; Kitano, 1986; Moreau and Asgari, 2015;
Tanaka, 1987). So far, venom composition and function in parasitism is largely unknown in C. typhae
and its sister species C. sesamiae. The wide presence of venom genes in the QTLs suggests that their
role in virulence should be significant and deserves further investigations.

The goal of this analysis was to identify candidate genes. In total 68 genes of interest were retained,
which is rather high to study accurately their implication in phenotypic variation in following works.
The candidate gene identification was performed using the genome of C. congregata as a reference.
This strategy may have led to some misidentification in particular due to some synteny losses
between the two species (Supplementary data 1). This could be explained by the phylogenetic
distance between C. typhae and C. congregata (Michel-Salzat and Whitfield, 2004). Ongoing genome
sequencing and annotation of C. typhae will help to improve and maybe reduce the number of
candidate genes. Further approaches like, for instance, comparative transcriptomics would also help
to select among the list of genes presented here the more interesting candidates genes for functional
analyses.

Conclusion

Studying the genetic basis of fitness traits as parasitism success and offspring number is of prime
importance to understand parasitoid evolution. Here, we have described for the first time QTLs
responsible for parasitism success in parasitoid. Furthermore, this study is only the second one
dealing with genetic determinism of offspring number in parasitoids (Pannebakker et al., 2011). This
work led to the construction of a genetic map that is now available for the community and will help
in the genome assembly of C. typhae. It also allowed to identify a list of genes of interest including
notably bracovirus and venom genes. The detection of those well-known components of parasitoid
virulence gives strong support to the strategy presented here. Despite the number of genes pointed
out is quite large, their location is restricted to well-defined genomic regions. It will be interesting in
further investigations, such as transcriptomic and detection of signature of selection to focus on
these regions to complete the characterization of the two strains. The probable influence of nudiviral
genes - and therefore of viral particles infectivity - as well as the influence of venom components in
the phenotypic variation between the two strains of C. typhae are notably interesting directions for
further researches in host adaptation in parasitoids.
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I) Introduction

Note : Les expérimentations présentées dans ce chapitre ont été menées de maniére exploratoire suite

a l'obtention de résultats inattendus. Les résultats présentés ici sont préliminaires.

Dans le genre Cotesia le déterminisme du sexe a été étudié seulement chez quelques especes mais
montre un pattern intéressant. La présence d’un mécanisme de type CSD (voir chapitre I) a pu étre
montré pour C. glomerata (sI-CSD) et C. vestalis (ml-CSD) (de Boer et al., 2008; Zhou et al., 2006).
Chez C. flavipes et C. sesamiae en revanche ce mécanisme ne semble pas présent (Niyibigira et al.,
2004a, 2004b). Ces études montrent que le mécanisme a 1’origine de la détermination du sexe est

variable dans le genre et peut donc évoluer assez rapidement.

Chez C. typhae le mécanisme a I’origine de la détermination du sexe est inconnu. Cependant certaines
observations permettent d’exclure un mécanisme de type CSD. En effet, pour C. typhae le sexe-ratio,
bien que trés variable d’une descendance a 1’autre, est trés stable en moyenne au cours du temps
malgré que les souches soient élevées en lignée iso-femelle (chaque génération est générée par une
femelle accouplée avec ses fréres) depuis de nombreuses générations. Si on compare les sexe-ratios
moyens obtenus dans les article 1 et 2 on n’observe pas de différence bien que les individus soient
séparés par plusieurs dizaines de générations de consanguinité. Cette stabilité suggére que le
mécanisme impliqué dans le déterminisme du sexe n’est pas de type CSD chez C. typhae car si ¢’était
le cas la proportion de male devrait augmenter avec la consanguinité di a ’apparition de males

diploides (Heimpel and de Boer, 2008).

Lors d’expérimentations conduites au cours de cette thése nous avons pu mettre en évidence de
maniere fortuite que chez C. typhae les femelles vierges sont capables d’engendrer des femelles. A
partir de cette observation nous avons décidé de caractériser la fréquence de ce phénoméne et de

regarder si les femelles issues de vierges étaient viables et fertiles.

1) Matériel et Méthodes

Les protocoles d’¢levage et de parasitage sont les mémes que ceux décrits dans les article 1 a 3. Dans

cette expérience des chenilles de S. nonagrioides (souche Makindu) ont été utilisées comme hote.

Des femelles C. typhae de 1 jours issues des lignées Kobodo et Makindu de 1 jour, préalablement
isolées au stade cocon pour étre gardées vierges, ont été mises a pondre chacune sur une chenille hote.
Les femelles issues de ces femelles vierges (uniquement pour la souche Makindu) ont été laissées

pendant 1 jour avec leurs fréres pour pouvoir s’accoupler et ont ensuite été utilisées pour le
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parasitisme. A chaque fois que le parasitisme a donné lieu a un développement de C. typhae, le

nombre de descendants a été compté.

1) Resultats

Dans presque 60 % des descendances de femelles vierges on observe la présence d’au moins une

femelle. Sur les 17 descendances, le taux d’apparition des filles (nombre de filles totales / nombre de

descendants viables total) est de 1,40 %. Le nombre maximum de filles observées dans une

descendance de mére vierge est de 5 (Tableau 3).

Tableau 3 — Nombre de males et de femelles dans les descendances de femelles vierges. Chaque femelle a
pondu une fois dans un seul hote.

N° femelle Souche C. typhae Nombre de males Nombre de femelles
1 Makindu 80 3
2 Makindu 65 0
3 Makindu 98 1
4 Makindu 91 0
5 Makindu 114 2
6 Makindu 133 1
7 Makindu 89 2
8 Makindu 52 0
9 Makindu 66 0
10 Makindu 82 1
11 Makindu 94 2
12 Makindu 95 5
13 Makindu 108 2
14 Makindu 123 0
1 Kobodo 64 0
2 Kobodo 45 0
3 Kobodo 101 3

Nous avons laissé les filles issues de meres vierges s’accoupler avec leurs fréres et elles ont été

capables de produire des descendances composées de males et de femelles. On peut supposer que les

descendances contenant majoritairement des femelles sont issues de femelles s’étant accouplées avec

leurs fréres et que les autres sont issues de femelles ne s’étant pas accouplées (Tableau 4), indiquant

que ces filles issues de vierges sont capables de se reproduire normalement.
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Tableau 4 — Nombre de males et de femelles dans les descendances de filles issues de meres vierges. Chaque
femelle a pondu une fois dans un seul héte.

N° femelle Souche C. typhae Nombre de males Nombre de femelles
1 Makindu 3 28
2 Makindu 98 1
3 Makindu 6 44
4 Makindu 82 0
5 Makindu 6 41
6 Makindu 74 0
7 Makindu 14 15
8 Makindu 24 47
9 Makindu 14 39
10 Makindu 79 0
11 Makindu 55 0

V) Discussion

Nous avons pu montrer via ces expériences 1’existence d’une forme de parthénogénése chez C. typhae
permettant la production de femelles viables et fertiles a partir de femelles vierges. Dans le genre
Cotesia c’est la premiére fois a notre connaissance que ce phénoméne est observé. La production de
femelles par des femelles vierges est attestée dans de nombreuses espéces d’hyménoptére (Cole-Clark
et al., 2017; Foray et al., 2013; Gadagkar, 2004; Leach et al., 2009). Cependant chez ces espéces, la
parthénogénése est de type thélytoque, c’est-a-dire que les femelles vierges ne produisent que des
femelles. Notre systéeme est donc particulier de par la fréquence tres faible d’apparition des femelles
dans la descendance de femelles vierges. A notre connaissance le seul cas comparable a été observé
chez Nasonia vitripennis. Beukeboom et al. (2007) ont montré que dans une population canadienne
environs 10% des ceufs non fécondés se développent en individus gynandromorphe (ayant a la fois des
caractéristiques males et femelles) haploides. Cette population présente un gradient antéro-postérieur
de féminisation allant d’individus possédant uniquement des antennes de type femelle a des individus
ayant une morphologie complétement de type femelle. Cependant, contrairement a C. typhae, moins

de 1% des femelles issues de vierges chez N. vitripennis sont capables de produire une descendance.

Ces travaux posent la question du mécanisme de détermination du sexe chez C. typhae. Afin
d’apporter des éléments de réponse a cette question il serait intéressant de regarder le niveau de ploidie
des femelles issues de vierges. Si les femelles sont haploides, il faudrait voir a quel point le
mécanisme de déterminisme du sexe peut ressembler a celui observé chez N. vitripennis de type
empreinte génétique (voir chapitre 1). Si ces femelles sont diploides, leur production pourrait résulter
d’une anomalie de ségrégation a la méiose, ou d’une fusion des gamétes comme observée chez les

espéces faisant de la parthénogénese thélytoque (Leach et al., 2009). Une autre approche pourrait étre
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d’étudier ce phénoméne sur des populations naturelles. Cela permettrait de voir notamment si la

production de femelles par des vierges est liée a la consanguinité trés importante dans nos élevages.

Une autre question soulevée, mais a laquelle il est difficile de répondre pour le moment, est le
potentiel role adaptatif de ce phénomeéne. En effet, en cas de fécondation insuffisante le mécanisme de

production de filles par des femelles vierges serait avantageux et aurait pu étre sélectionné.

D’un point de vue expérimental ces résultats sont également importants. En effet dans nos travaux sur
C. typhae nous ne traitons pas les femelles non accouplées pour estimer le sexe-ratio et le nombre de
descendants (voir articles 1 et 2). Dans ’ensemble des expérimentations réalisées I’accouplement n’a
jamais été contr6lé et le statut d’accouplement d’une femelle est défini a partir de la descendance
(présence ou non de femelles). Les femelles avec quelques filles dans leur descendance ont donc pu
étre considérées a tort comme des femelles fécondées et prise en compte dans nos estimations ce qui

pose la question du traitement de ces données a 1’avenir (Figure 13).
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Figure 13 - Distribution du sexe-ratio (% de femelles) chez C. typhae. Les données présentées sont issues des
descendances des clonal sibships (voir chapitre précédent). Seules les descendances avec au moins une femelle
ont été incluses dans cette figure. Le premier pic pourrait correspondre a des descendances de femelles non
accouplées.

Enfin ce mécanisme de parthénogénése a été mis en évidence chez des femelles vierges car on ne
s’attend pas a retrouver des femelles dans leurs descendances. Cependant, il est également
envisageable qu’une partie des filles de femelles accouplées ai été produite non pas via la fécondation
des ovocytes mais par ce mécanisme. Auquel cas toutes les filles produites par une femelle ne seraient
pas équivalentes génétiquement. Il serait donc intéressant de voir si ce phénomene a également lieu

chez les femelles accouplées.
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Dans la perspective de mieux comprendre les mécanismes intervenant dans le succes reproducteur des
parasitoides et dans leur adaptation a 1’hdte, je me suis intéressé a I’hyménoptére Africain Cotesia
typhae. Nous avons pu montrer qu’au sein de cette espéce de parasitoide, deux souches, appelées
Kobodo et Makindu, different dans leur capacité a parasiter une population francaise de S.
nonagrioides, qui constitue un nouvel hote. En effet, ces deux souches différent sur de nombreux traits
impliqués dans le succes reproducteur tels que le nombre d’ceufs injectés dans 1’hote, le succes de

parasitisme et le nombre de descendants.

L’objectif global de ma thése était d’identifier les mécanismes comportementaux, physiologiques et

génétiques responsables de cette différenciation intra-spécifique du succes reproducteur.

Afin d’identifier les génes responsables de la variation du succés de parasitisme et du nombre de
descendants nous avons entrepris une recherche de QTL (Quantitative Trait Loci). Pour cela, des
croisements entre individus Kobodo et Makindu ont été réalisés afin de produire des males F2 et F8
recombinants qui ont ensuite été croisés avec des femelles des deux souches pour générer des femelles
recombinantes clonales. Ces femelles ont été phénotypées et génotypées par séquencage RAD
(Restriction site Associated DNA markers). L’analyse de ces données a permis dans un premier temps
d’établir une carte génétique de C. typhae et ensuite d’identifier des QTL impliqués dans la variation
du succés de parasitisme et du nombre de descendants. A partir du génome annoté de Cotesia
congregata une liste de génes candidats sous-jacents a pu étre établie.

La comparaison des souches de C. typhae sur la population francaise de S. nonagrioides a montré que
les femelles Kobodo, qui ont un meilleur succés de parasitisme, injectent dans la premiere chenille
rencontrée plus d’ceufs que les femelles Makindu, malgré une méme fécondité initiale. Sachant que les
particules virales et les ceufs sont injectés en méme temps dans I’hote, nous avons émis 1’hypothése
gue les femelles Kobodo devaient injecter plus de particules virales ce qui expliquerait leur meilleur
succes de parasitisme. Afin de vérifier cette hypothese et de mieux comprendre la stratégie de ponte
des deux souches nous avons comparé leur succes reproducteur et la quantité de virus injecté sur
plusieurs pontes. Les résultats ont montré que la variation du succes de parasitisme ne dépendait pas
de la quantité de virus injectés et que les deux souches ne répartissaient pas leurs ceufs de la méme
maniére entre les hotes. Les femelles Kobodo injectent la majorité de leurs ceufs dans le premier hote,

alors que les femelles Makindu les répartissent plus équitablement.

Contrairement aux femelles Makindu, les femelles Kobodo semblent pré-adaptées a la sésamie
francaise en raison de leur haut succes de parasitisme. Dans le but de comprendre 1’origine évolutive
de cette différence nous avons mesuré le succés de parasitisme des deux souches sur leurs hotes
naturels. Les résultats suggérent que de 1’adaptation locale pourrait étre a I’origine de la préadaptation

de la souche Kobodo.
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Ainsi la différenciation entre ces deux souches nous a permis de tester des hypothéses relatives aux
composantes du succés reproducteur. Je discuterai les résultats acquis pour chacune de ces
composantes et proposerai des perspectives d’études pour affiner 1’identification des mécanismes en

jeu.

1) Comportement de ponte

La ponte est précédée par une étape de reconnaissance de 1’hdte par le parasitoide sur la base de
composés chimiques. Les femelles du complexe Cotesia flavipes sont capables de différencier des
espéces propices ou non a leur développement (Obonyo et al., 2010a, 2010b). Cette reconnaissance de
I’héte semble médiée notamment par une enzyme digestive de la chenille, une alpha-amylase, qui
déclenche I’examen antennaire, voir la ponte du parasitoide. Cette protéine pourrait différer entre
espéces d’hdtes et ainsi permettre leur discrimination par les femelles parasitoides (Bichang’a et al.,
2018, 2018). L’attractivité pour le parasitoide a été comparée entre espéces d’hdtes mais n’a pas été
abordée a 1’échelle des populations d’une méme espéce hote. La sésamie du mais présente des
populations plus ou moins propices au développement des deux souches de Cotesia typhae, mais ces
derniéres acceptent indifféremment les populations hétes que nous leur avons présentées pour pondre.
Plusieurs hypothéses peuvent expliquer cela: (i) les populations de chenilles ne seraient pas
différenciées pour leurs composés régissant I’acceptation par C. typhae ; (ii) elles le seraient mais les
femelles C. typhae ne percevraient pas cette différenciation, ou n’y répondraient pas; (iii) les
conditions de laboratoire ne permettraient pas de mettre en évidence les capacités de discrimination
des femelles notamment parce que les chenilles sont élevées sur le mais quand leur plante héte est
essentiellement Typha domingensis au Kenya. Des analyses biochimiques d’une part, et de choix

d’autre part, permettraient de progresser dans ce questionnement.

Les résultats sur le nombre d’ceufs pondus corroborent les observations sur les taux d’acceptation des
différentes populations de chenille. En effet le comportement de ponte de chacune des deux souches
ne semble pas varier en fonction de la population d’hote présenté : la souche C. typhae de Kobodo
pond toujours plus d’ceufs que celle de Makindu indépendamment de 1’origine géographique des
populations hétes. Nous avons également observé que pour chacune des souches de parasitoides la
dynamique d’allocation des ceufs sur des hotes successifs ne varie pas entre les populations Frangaise
et de Makindu. Ce point reste a vérifier sur les chenilles de Kobodo. Lors de ma thése le nombre
d’ceufs injectés a été estimé a plusieurs reprises avec des générations successives de C. typhae et nous
avons toujours observé la méme différenciation entre les souches de parasitoides. Le mode de
répartition des ceufs entre différents hotes serait donc inhérent aux souches géographiques de C.

typhae. Cette différenciation est également intéressante pour 1’étude des mécanismes physiologiques
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de la ponte. La différence du nombre d’ceufs pondus n’est pas simplement liée a la durée de la ponte
qui est équivalente entre les deux souches. La souche Kobodo pondant plus d’ceufs, sa fréquence
d’injection serait plus grande. Mieux connaitre les mécanismes physiologiques et métaboliques de
cette différenciation pourrait fournir des guides pour la recherche de genes impliqués. Plusieurs
approches expérimentales peuvent étre envisagées, comme 1’étude anatomique précise du tractus
génital. Par exemple le rythme de ponte pourrait dépendre du diamétre de I’ovipositeur, ou de
I’activité neuromusculaire. Des méthodes pour mesurer cette activité ont été développées chez la
punaise hématophage Rhodnius prolixus (Chiang and O’Donnell, 2009) et le criquet Schistocerca
americana (Thompson, 2018) et pourraient étre mises a profit pour la description physiologique du
processus de ponte chez C. typhae. Pour mieux caractériser le mécanisme d’injection des ceufs, il
serait utile d’étudier les mouvements de I’ovipositeur dans la chenille lors du passage des ceufs, par
une technique d’électrophysiologie, a I’image de 1’¢lectropénétrographie utilisée notamment chez les
especes de pucerons pour mesurer les mouvements du stylet dans les tissus de la plante et ainsi

analyser leur comportement alimentaire (Garzo et al., 2016).

D’un point de vue évolutif, un autre intérét de ce travail de thése est d’avoir mis en évidence une
différenciation inter-populationnelle du comportement d’allocation des ceufs au fil des pontes. La
stabilité de ce comportement comme décrit ci-dessus montre qu’il est vraisemblablement déterminé
génétiquement, ouvrant la voie vers I’étude des genes et fonctions biologiques impliquées. Le
caractére adaptatif de cette différence génétique est difficile a dégager du fait du peu d’informations
dont nous disposons sur les environnements respectifs des souches de C. typhae étudiées. Il faudrait
donc pouvoir estimer le nombre moyen de pontes dans chacun des environnements de Kobodo et
Makindu, sur la base des densités de populations hotes, de leur comportement de défense, et de

I’importance de la compétition entre parasitoides.

1) Sexe-ratio et déterminisme du sexe

Le sexe-ratio moyen observé chez C. typhae, trés biaisé en faveur des femelles, correspondent a ce qui
est classiquement observé chez les insectes haplo-diploides grégaires, et est interprété comme le fruit
d’une sélection (Local Mate Competition). Ce trait n’est pas différencié entre les souches de Kobodo
et de Makindu, et ne dépend pas non plus de la population hdte. Les moyennes ont été estimées a
plusieurs reprises au cours de la thése et sont reproductibles (voir articles 1 et 2), mais cachent une
importante variabilité inter-individuelle. Celle-ci pourrait provenir du fait que les accouplements n’ont
pas été contrblés avant utilisation des femelles pour les expériences. En effet cette utilisation avait lieu
24h aprés I’émergence, ce qui laisse la possibilité que les femelles aient été accouplées un nombre

variable de fois. Nos observations (non publiées) montrent que les femelles C. typhae refusent de se
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ré-accoupler dans un laps de temps d’environ 1h aprés un premier accouplement. Cependant cela
n’exclut pas plusieurs accouplements en 24h. Un argument pour cette hypothéese est le fait que dans
une étude de descendances issues de femelles accouplées une seule fois avec des males vierges, des
sexe-ratios équilibrés ont été observés pour C. typhae (Kaiser et al., 2015). Il est donc possible que la
quantité de sperme soit limitante pour la production d’un grand nombre de femelles dans le cas d’un
accouplement unique. Une deuxiéme source de variabilité peut étre la quantité de spermatozoides
transférés par chacun des males fécondants. En effet des études chez d’autres Hyménoptéres
parasitoides ont montré que celle-ci diminuait au fil des accouplements du male (Boivin, 2013;
Bressac et al., 2009, 2008). Ainsi une femelle s’accouplant avec un male ayant déja fécondé plusieurs
femelles recevra sans doute moins de spermatozoides qu’une femelle s’accouplant avec un male
vierge. Nous avons aussi trés régulierement observé des descendances de femelles restées vierges
malgré la présence de males dans leur cage. Dans la perspective d’étudier le sexe-ratio de maniere plus

précise, il apparait donc nécessaire de contréler les accouplements.

Le fait que le nombre de spermatozoides stockés dans la spermatheque puisse limiter le nombre de
filles dans la descendance est aussi illustré par le fait que la proportion de filles dans les descendances
diminue au cours des pontes successives, entre lesquelles les méres n’ont pas eu la possibilité de se ré-
accoupler. Ce résultat peut paraitre étonnant compte tenu de données récentes sur le nombre de
spermatozoides retrouvés dans la spermathéque a 1’issue d’un accouplement, estimé a 250 (Kifouche
et Bressac, données non publiées). Ce nombre suffirait a féconder tous les ovocytes pondus par une
femelle. Si la faible proportion de femelles a I’issue d’un accouplement unique refléte un déficit en
spermatozoides, il y aurait donc une perte de spermatozoides dans les voies génitales femelles. Des
études sont envisagées pour estimer 1’évolution du transfert de spermatozoides dans la spermathéque

au fil des accouplements successifs.

L’étude de la descendance des femelles vierges chez C. typhae a révélé des singularités chez cette
espece. Un résultat trés original de cette thése est la découverte de la capacité des femelles vierges a
produire quelques filles au sein d’une descendance essentiellement constituée de maéles, ces filles
pouvant s’accoupler et produire une descendance. A notre connaissance cela n’a jamais été observé
chez des insectes haplo-diploides. En effet, si la production de filles par des femelles vierges existe
chez ceux-ci, les descendances sont alors uniquement composées de femelles, et on parle de
parthénogénése thélytoque (Heimpel and de Boer, 2008). Le mécanisme générant ces rares filles dans
les descendances de femelles vierges est pour le moment inconnu et questionne le déterminisme du
sexe chez C. typhae. Ce mécanisme pourrait avoir un intérét évolutif puisqu’il assurerait la
descendance des femelles dans des situations d’absence de males, augmenterait la probabilité que leurs
génes soient transmis, et permettrait a des fils de femelles vierges de s’accoupler dés I’émergence avec
leurs sceurs. Dans nos conditions d’élevage, ce phénomeéne a été retrouvé dans environ la moitié des

descendances de femelles vierges. Il serait intéressant de pouvoir estimer cette probabilité en
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conditions naturelles. L’avantage reproducteur conféré par ce phénomene dépendrait aussi de la valeur

sélective de ces filles de femelle vierges, qui reste a caractériser.

En termes de mécanisme, ’hypothése la plus probable chez cette espece haplodiploide est que les
filles de femelles vierges soient diploides, par fusion de gametes ou absence de méiose. Une premiére
étape pour le vérifier est de regarder leur niveau de ploidie. L’équipe va trés prochainement mesurer ce

niveau par cytométrie en flux.

Cette découverte nous améne aussi a nous poser la question de la présence de filles produites par
parthénogénése dans les descendances de femelles accouplées. 1l serait possible pour le détecter de
faire des croisements entre les souches Kobodo et Makindu et de génotyper les filles obtenues. Si
certaines femelles issues de ce croissement sont homozygotes sur les locus présentant un

polymorphisme entre les deux souches cela indiquerait qu’elles ont été produites par parthénogénése.

Une autre caractéristique des femelles vierges de C. typhae est leur plus grand nombre de descendants
par rapport aux femelles accouplées, résultant d’un plus grand nombre d’ceufs injectés dans 1’hote
(données non publiées). Ce résultat peut paraitre surprenant car les études comparatives faites chez
d’autres espéces de Cotesia montrent soit une absence d’effet, soit un effet inverse, a savoir une
moindre descendance (Scaglia et al.,, 2005; Tagawa et al., 1987, J. Obonoyo communication
personnelle). Nous voyons toutefois deux avantages reproducteurs d’une plus grande descendance des
femelles vierges. L un serait d’augmenter la probabilité de transmettre leurs génes via 1’accouplement
de leurs fils, mais cet avantage ne serait pas propre a cette espéce. L’autre avantage, propre a C.
typhae, serait d’augmenter le nombre de femelles produites par parthénogénése qui ne représentent

gu’un pourcent dans une descendance de femelle vierge mais lui assurent une descendance.

1) Virulence

Comme détaillé dans I’introduction, les facteurs de virulence des parasitoides sont multiples : venin,
protéines ovariennes, tératocytes, polydnavirus (bracovirus et ichnovirus), virus-like particles, etc.
Dans le cas de C. typhae, nous nous sommes intéressés en particulier au bracovirus en raison du role
prépondérant que jouent les polydnavirus dans la perturbation de la physiologie et le contournement
du systéme immunitaire de 1’hdte chez les espéces qui en posséde un (Beckage and Drezen, 2012), et

du fait de I’histoire ayant amené a la découverte de C. typhae (voir Kaiser et al., 2017a en annexe).

A partir des résultats présentés dans le premier article nous avions émis 1’hypothése que la plus grande
virulence des femelles Kobodo vis-a-vis de la population francaise de S. nonagrioides serait due a une
quantité de particules virales injectées plus importante qui entrainerait la plus forte expression des

génes de virulence mesurée. Dans le deuxiéme article nous avons montré que la quantité de particules
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virales injectées n’explique pas la différence de virulence entre les souches Kobodo et Makindu. Pour
autant, nous avons observé une différence d’expression significative de deux genes de virulence (CrV1
et Cystatin) par PCR semi-quantitative (qQPCR) aprés parasitisme par les deux souches de C. typhae
qui pourrait expliquer la virulence. Cependant, les expériences d’interruption de ponte semblent
indiquer une dé-corrélation entre le niveau d’expression des génes de virulence et le succés de
parasitisme. Il apparait nécessaire de compléter les analyses du niveau d’expression des génes de
virulence. Par exemple, il aurait été intéressant de regarder I’expression des geénes de virulence lors des
pontes successives. En effet si le niveau d’expression des genes de virulence explique la virulence, on
s’attendrait a observer une corrélation entre expression des genes et succes de parasitisme en ponte 2
et 3 comme observée en ponte 1. Néanmoins, la mesure de I’expression de genes de virulence par
qPCR telle que réalisée dans Dl’article 1 montre plusieurs limites. La premiére est qu'on ne s’est
intéressé qu’a un nombre limité de génes alors que le bon développement du parasitoide dans 1’hote
repose vraisemblablement sur D’expression de nombreux genes. On sait par exemple que C.
congregata et C. vestalis induisent I’expression d’au moins 88 et 147 génes de virulence
respectivement dans 1’hote (Chevignon et al., 2014; Kim and Kumar, 2018). De plus Bredlau et al.
(2019) ont montré que deux populations de C. congregata n’induisent pas 1’expression des mémes
génes de virulence mais présentent des niveaux de virulence comparables contre Manduca sexta et
Ceratomia catalpae, suggérant qu’un méme niveau de virulence peut étre atteint via la modulation de
I’expression de différents genes. Cela souligne la nécessité d’étudier 1’expression d’un grand nombre
de génes de virulence. Regarder I’expression des génes de virulence dans I’hote apres parasitisme par
transcriptomique serait donc préférable car cela permettrait d’étudier 1’expression de 1’ensemble des
génes, ce qui a été réalisé avec d’autres especes de Cotesia (Chevignon et al., 2014; Kim and Kumar,
2018). Une deuxiéme limite est que nous avons mesuré 1’expression des deux génes viraux
uniquement dans les corps gras. Or, de nombreux auteurs ont montré que le niveau d’expression des
génes de virulence varie en fonction des tissus (Beck et al., 2007; Chevignon et al., 2014; Galibert et
al., 2006; Gundersen-Rindal, 2006). 11 serait donc pertinent de regarder 1’expression dans différents
tissus, notamment dans I’hémolymphe qui contient les hémocytes directement impliqués dans la
réponse immunitaire de 1’hote. La comparaison des niveaux d’expression pourrait également étre
améliorée par la prise en compte de la dynamique temporelle d’expression post-parasitisme. En effet,
la mesure de I’expression des génes de virulence n’a été effectuée qu’a un seul moment (24h post-
parasitisme) mais on sait qu’elle peut varier au cours du temps (Kim and Kumar, 2018; Weber et al.,
2007).

Dans la perspective de comprendre la différence de succes de parasitisme entre les deux souches de C.
typhae, mesurer 1’expression des génes de virulence n’est pas suffisant car c’est une approche

purement corrélative. La cause de la différence de succes de parasitisme peut étre un autre facteur
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influengant également 1’expression des génes de virulence. De plus, le niveau d’expression ne garantit

pas Iefficacité des produits d’expression.

L’approche QTL permet d’aborder la question de la virulence sous un angle plus explicatif du fait de
la recherche de co-ségrégation entre phénotype et génotype. Dans le cadre de ma these elle a permis de
mettre en évidence 1’implication de plusieurs régions génomiques dans le succés de parasitisme. Deux
d’entre elles comprennent des génes du bracovirus ce qui suggere son implication dans la différence de
virulence entre les souches Kobodo et Makindu. Cependant, ni le géne CrV1 ni le géne Cystatin pour
lesquels une différence d’expression a été observée ne sont retrouvés dans les QTL. L’identification
des genes dans les QTL a été réalisée a partir du génome de C. congregata (Gauthier et al. non publié).
Malgré une bonne conservation de 1’organisation du génome entre C. congregata et C. typhae (chaque
chromosome de C. congregata a pu étre relié a un groupe de liaison de C. typhae avec des synthénies
comparables) des remaniements génomiques sont envisageables entre les deux especes. Cela pourrait
nous amener a une localisation erronée de certains genes. Sachant que le macrolocus comprenant les
génes CrV1 et Cystatin est situé dans le génome de C. congregata a proximité d’un de nos QTL, on
pourrait imaginer qu’il soit en réalité dans le QTL dans le génome de C. typhae. Dans le cas ou ces
deux génes ne seraient pas présents dans les QTL, cela suggére soit qu’ils ne sont pas du tout
impliqués dans la différence de succeés de parasitisme, soit qu’un ou plusieurs autres génes dans les

QTL induiraient leur différence d’expression.

La recherche de QTL nous a permis d’identifier des régions génomiques mais la liste de génes
candidats reste importante pour envisager une validation fonctionnelle. Plusieurs méthodes pourraient
permettre de compléter cette approche et de potentiellement réduire cette liste. Par exemple nous
pourrions mener une étude de transcriptomique a partir de tissus de I’hote aprés parasitage comme
évoqué précédemment ou a partir de tissus de la guépe (ovaires, glandes a venin, etc.). Il serait
également possible de comparer les séquences des cercles viraux entre les deux souches de
parasitoides pour rechercher des divergences génétiques. L’étape finale serait la validation
fonctionnelle des genes identifiés. L’extinction de genes de virulence par RNAi a déja été mise en
ceuvre chez des parasitoides (Beck and Strand, 2003; Bonvin et al., 2005). Cette méthode permettrait
de valider I’implication des génes dans la virulence mais pas dans la différence de virulence entre les
souches. Pour ce faire, il faudrait développer une méthode de type Knock-in, pour remplacer les alléles
de Kobodo par les alleles de Makindu et inversement. La difficulté de la transgénése chez les
endoparasitoides étant qu’il faudrait arriver a transfecter les ovocytes tout en assurant leur injection et

leur développement dans 1’hoéte.

Dans le cas des especes possédant un polydnavirus celui-ci est souvent considéré comme le facteur de
virulence principal du fait qu’il semble indispensable pour assurer le développement dans 1’hote. Chez

Hyposoter didymator, Dorémus et al. (2013) ont montré que le venin n’est pas nécessaire pour le
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succes du parasitisme et suggerent que chez les Campopleginae, auxquels appartient H. didymator, la
fonction du venin a pu étre perdue suite a 1’acquisition du polydnavirus. Pour autant, de nombreuses
études montrent que le polydnavirus seul n’est pas suffisant pour permettre le développement. Par
exemple, pour Cotesia rubecula le venin est nécessaire pour permettre 1’expression du polydnavirus
(Zhang et al., 2004). De la méme maniere, Tanaka et Wago (1990) ont mis en évidence que les
tératocytes sont indispensables pour le développement de Cotesia kariyai dans les larves de
Pseudaletia separutu. Concernant les souches Kobodo et Makindu de C. typhae, nous nous sommes
concentrés sur le bracovirus mais la différence de succés de parasitisme entre les deux pourrait étre
due & d’autres facteurs de virulence, comme le venin dont on retrouve plusieurs génes dans les QTL.
Afin de déterminer quel facteur est impliqué dans cette différence, on pourrait, a I’image de ce qui a
été fait par Mochiah et al. (2002) avec C. sesamiae, injecter du fluide ovarien (contenant les protéines
ovariennes et les particules de polydnavirus) de femelles Kobodo dans des chenilles de S.
nonagrioides francaise avant parasitisme par des femelles Makindu et voir si on arrive ainsi a
augmenter leur succés de parasitisme. La méme démarche pourrait étre appliquée en injectant du venin
ou des tératocytes de Kobodo. Si I’injection d’un de ces facteurs induit une augmentation du succes de

parasitisme on pourrait imaginer que c’est ce facteur qui est déficient chez la souche Makindu.

V) Résistance chez S. nonagrioides

Les notions de virulence des parasitoides et de résistance des hétes sont intimement liées. Au cours de
cette these je me suis principalement concentré sur la différence de virulence entre les souches Kobodo
et Makindu de C. typhae sur la population francaise de S. nonagrioides. Cependant, le systéeme C.
typhae / S. nonagrioides est également intéressant dans la perspective d’étudier la résistance aux
parasitoides du fait que 1’on dispose de populations de S. nonagrioides qui varient dans leur niveau de
résistance contre la souche Makindu : faible résistance pour la population kenyane de Makindu ; forte
résistance pour les populations francaise et kenyane de Kobodo. Le mécanisme principal de résistance
des insectes aux endoparasitoides est 1’encapsulation qui consiste en la formation d’une capsule
d’hémocytes autour du parasitoide (Carton et al., 2008). Vus les niveaux de résistance des populations
de S. nonagrioides on peut se demander s’il n’y aurait pas une différence dans la capacité
d’encapsulation entre les chenilles kenyanes de Makindu (faible taux d’encapsulation) et les chenilles

francaises et kenyanes de Kobodo (fort taux d’encapsulation).

Chez les espéces du genre Drosophila un lien entre quantité d’hémocytes et résistance aux parasitoides
a pu étre mis en évidence a plusieurs reprises (Eslin et Prévost, 1998; Kacsoh and Schlenke, 2012;
Wertheim et al., 2011). Il serait intéressant de comparer les quantités d’hémocytes entre nos

populations de S. nonagrioides pour voir si 1’on retrouve le méme lien qui pourrait alors expliquer les
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difféerences de résistance. Cependant, dans des associations hétes-parasitoides proches de notre
systéme d’étude, la relation entre quantité d’hémocytes et résistance de 1’hote semble plus complexe.
Par exemple, Alleyne et Wiedenmann (2001) ont mesuré des quantités d’hémocytes équivalentes entre
Diatraea saccharalis et D. grandiosella. Pour autant ces deux espéces varient dans leur résistance face
a Cotesia sesamiae et C. flavipes.

La résistance via I’encapsulation des parasitoides peut se faire a différents moments post-parasitisme.
Par exemple, Alleyne and Wiedenmann (2001) ont également montré que Ostrinia nubilalis
encapsule les ceufs de C. sesamiae et C. flavipes dans les 24 heures suivant le parasitisme alors que
pour D. grandiosella I’encapsulation de ces parasitoides ne commence pas avant 4 jours et touche
principalement les larves. La dynamique temporelle d’encapsulation pourrait étre comparée entre les
populations de S. nonagrioides pour mieux décrire le processus de résistance. L’encapsulation des
ceufs de C. typhae par S. nonagrioides a pu étre observée. Cependant, la détection des ceufs de C.
typhae a I’intérieur des chenilles de S. nonagrioides est délicate du fait de la difficulté de les distinguer
des tissus de I’hote. Il serait nécessaire d’améliorer notre protocole d’observation pour pouvoir
quantifier ce phénomeéne. Cette dynamique temporelle pourrait étre comparée entre populations
d’hétes mais également entre souches de parasitoides. Cela pourrait donner des indications sur les
facteurs de virulence les plus pertinents & étudier. Par exemple, si la différence d’encapsulation des
deux souches de parasitoides se fait avant 1’éclosion des ceufs il est peu vraisemblable que les
tératocytes soient impliqués étant donné qu’ils sont produits aprés 1’éclosion des ceufs (Strand, 2014).
Cela permettrait également de voir au bout de combien de temps post-parasitisme réaliser des

expériences de transcriptomique.

La comparaison de transcriptomes de chenilles résistantes et sensibles apres parasitisme pourrait nous
renseigner sur les génes impliqués dans la réponse de 1’h6te. Une telle approche a déja été menée avec
succes sur différentes especes et populations de Drosophile et a permis d’identifier des geénes
surexprimés en lien avec la résistance ainsi que des différences d’épissages entre populations sensibles

et résistantes (Salazar-Jaramillo et al., 2017).

V)  Adaptation a I’héte

a. Déterminisme génétique

La notion d’adaptation suppose la sélection de variants génétiques présentant un avantage dans un
environnement donné, I’espéce hote dans le cadre des relations de parasitisme. Comme indiqué en
introduction, le succés reproducteur des parasitoides repose sur un grand nombre de genes impliqués

dans de nombreux mécanismes. Du fait de cette complexité génétique nous avons décidé de
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développer une approche QTL. Outre I’identification de segments génomiques impliqués dans la
variation d’un phénotype, 1’intérét de cette approche est qu’elle permet de mesurer 1’effet de chaque
allele (effet additif) et I’effet d’interaction entre alléles d’un méme geéne (effet de dominance) ou de
geénes différents (effet d’épistasie). Cette dissection génétique permet ainsi de décrire finement la
construction du phénotype a partir du génotype. Dans notre cas, nous n’avons pas mis en évidence
d’effet d’épistasie pour les deux traits étudiés car aucune interaction significative n’a été détectée entre
QTL. Concernant le nombre de descendants nous avons pu observer un effet de superdominance
notamment sur un des deux QTL. Ce résultat est cohérent avec les résultats obtenus avec les hybrides
F1. Ce phénomeéne de superdominance pourrait étre di a un avantage de I’hétérozygote en tant que tel,
lié & une interaction positive entre alleles d’un méme géne. Il est également possible que la
superdominance résulte de deux ou plusieurs génes étroitement liés présentant des alléles favorables
en répulsion de phase comme identifié pour le mais par Lariépe et al. (2012). Dans notre cas cette
situation est probable du fait de la taille importante des intervalles de confiance des QTL, et du
nombre de génes présents. Concernant le succes de parasitisme, les hybrides obtenus en croisant les
souches Kobodo et Makindu montraient une dominance globale des alleles Kobodo. Or, sur les trois
QTL détectés on ne retrouve pas cette dominance. On observe une sous dominance pour le premier,
une additivité stricte pour le deuxiéme et un avantage des alléles Makindu avec dominance partielle de
ces derniers pour le troisieme. Ce décalage pourrait provenir de plusieurs biais techniques. Nous avons
pu observer une importante sur-dispersion dans les données de succes de parasitisme qui pourrait
entrainer une mauvaise estimation de nos effets de dominance et d’additivité. De plus, la recherche de
QTL a été réalisée a partir de descendants F2 et F8. Les élevages réalisés pour aboutir a la génération
F8 ont subi une forte réduction d’effectifs engendrant une dérive importante, caractérisée par une
surreprésentation des alleles Makindu dans certains fragments génomiques. Cette distorsion de
répartition entre les alléles Kobodo et Makindu entraine une diminution de la puissance de détection
des QTL dans ces régions. Il est donc possible que nous ayons manqué certains QTL d’ou une
explication incompléte du phénotype. Méme si le phénotype pour les deux traits étudiés n’est pas
totalement expliqué par nos QTL, I’approche a permis de détecter des génes d’intérét qui sont de bons

candidats dans 1’adaptation a 1’héte.

b. Facteurs biogéographiques

Les localités Kobodo et Makindu d’ou sont originaires nos souches de C. typhae sont situées a environ
400 km 1’une de I’autre, chacune d’un c6té de la vallée du rift Africain (Kobodo a I’ouest, Makindu a
I’est) connue pour étre une barriére aux flux géniques (Freilich et al., 2016; Lehmann et al., 1999;
Omondi et al., 2010). Les tests réciproques de parasitisme sur les deux populations kenyanes de S.

nonagrioides ont montré que les C. typhae de Kobodo et Makindu sont adaptées a leur population
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d’héte locale, chacune arrivant a parasiter sa population hote avec un fort succés de parasitisme.
Cependant, alors que les femelles Kobodo sont également capables de parasiter efficacement la
population Makindu de S. nonagrioides, les femelles Makindu ont un faible succes de parasitisme sur
la population Kobodo de S. nonagrioides. Ce résultat est intéressant car il montre une différenciation a
la fois entre souches de C. typhae, qui varient dans leur virulence, mais également entre populations de
S. nonagrioides, qui varient elles dans leur résistance. Pour S. nonagrioides cette différenciation se
retrouve également au niveau génétique. Il a en effet pu étre montré par des membres de 1’équipe que
les populations de S. nonagrioides de I’est et de 1’ouest de la vallée du rift africain sont génétiqguement
différenciées (Naino Jika, données non publiées).

Afin d’expliquer la différence de succés de parasitisme entre C. typhae de Kobodo et Makindu nous
avons émis 1’hypothése que la souche de Kobodo aurait pu mettre en place des mécanismes de
virulence plus importants du fait d’une pression de sélection plus forte due a un héte plus résistant.
Cette plus forte virulence expliquerait son fort succés de parasitisme sur les deux populations

kenyanes et également sur la population francaise de S. nonagrioides.

Les différences de virulence et de résistance observées ne sont tres certainement pas limitées aux deux
localités d’échantillonnages. Il serait intéressant de voir si ce pattern de virulence/résistance se
retrouve sur différentes populations naturelles d’hotes et de parasitoides. Cela permettrait dans un
premier temps de confirmer que les différenciations observées ne sont pas dues a une dérive génétique
de nos souches/populations d’élevages mais correspondent a une différenciation réelle des populations
naturelles. On s’attendrait a retrouver une corrélation entre degré de résistance des populations de S.
nonagrioides et niveau de virulence des populations de C. typhae en lien avec une différenciation
génétique. Une telle congruence entre structure génétique des populations d’hdtes et de parasitoides a
été mise en évidence dans le systéme C. sesamiae / B. fusca de part et d’autre de la vallée du rift au
Kenya (Branca et al., 2019; Dupas et al., 2014). Outre la caractérisation des patrons de virulence, cette
approche permettrait également 1’identification de génes impliqués dans 1’adaptation a 1’héte via la
recherche de traces de sélection dans les génomes. Chez C. sesamiae la recherche de trace de sélection
a permis d’identifier des génes potentiellement impliqués dans I’adaptation a 1’h6te (Gauthier et al.,
2018) et il serait intéressant de voir si on retrouve les mémes genes en comparant les populations de C.

typhae.

Les etudes reliant la virulence a I’adaptation a I’héte sont dans la majorité des cas basées sur des
analyses réalisées a 1’échelle supra-spécifique (Dubuffet et al., 2009). Quelques études ont néanmoins
été réalisées a I’échelle populationnelle, qui s’avere pertinente pour aborder 1’adaptation a 1’hote et
questionner la co-évolution. En effet la mise en évidence de populations plus ou moins adaptées a
différentes gammes d’hdtes montre que 1’échelle populationnelle est a prendre en compte pour

comprendre 1’histoire évolutive de 1’adaptation a 1’hote. Ainsi chez ’Hyménoptére parasitoide de
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larves de drosophiles, Leptopilina boulardi, un géne codant pour une protéine de venin a pu étre mis
en évidence dans la différenciation de la virulence envers des populations de Drosophila melanogaster
(Colinet et al., 2010). Chez cette espéce, le génes Rlb impliqué dans la résistance a pu étre identifié
également grace a la différenciation populationnelle (Kim-Jo et al., 2019). L’étude de 1’adaptation
implique une co-évolution entre virulence et résistance. Le systeme C. typhae/S. nonagrioides est
intéressant de ce point de vue car les facteurs de virulence de C. typhae différent en partie de ceux des
parasitoides de drosophiles qui n’ont pas de PDV, et car il ouvre la possibilité d’étudier la résistance

des lépidoptéres aux parasitoides, processus mal connu a I’heure actuelle dans ce taxon.

V1) Lutte biologique

La sésamie du mais, S. nonagrioides, est un ravageur en France et dans d’autres pays d’Europe, contre
lequel il n’existe pas a ce jour d’agent de lutte biologique disponible. Dans ce contexte I’équipe a
lancé, en partenariat avec I’IRBI et des partenaires privés, le programme de recherche CoteBio
« Promouvoir une nouvelle espéce de Cotesia comme premier agent de lutte biologique contre la
sésamie du mais, un ravageur en recrudescence » . Ce programme comprend 4 parties : 1/ Evaluation
des risques et bénéfices d’une introduction de C. typhae dans I’environnement; 2/ Etude des
mécanismes et facteurs de variation du succés reproducteur de C. typhae, du comportement aux
génes ; 3/ Tests de I’efficacité de C. typhae contre S. nonagrioides en petites parcelles de mais, sous
serres ; 4/ Développement des méthodes de production de I’insecte hote et du parasitoide dans la
perspective de I’industrialisation et de la commercialisation. Mon travail de thése s’inscrivait dans la
deuxiéme partie mais apporte également des résultats utiles aux autres parties. En termes d’efficacité,
ce travail a permis la caractérisation d’une souche de C. typhae, Kobodo, particulierement virulente
contre une population francaise de la sésamie du mais. Toutefois I’efficacité de parasitisme dépend
aussi d’un grand nombre de facteurs non testés en laboratoire. L’ un d’eux est la capacité a localiser les
larves hotes dans le mais, qui n’est pas la plante naturelle de S. nonagrioides au Kenya (Moyal et al.,
2011). Cette capacité a pu étre vérifiée récemment sous serre, mais seulement pour la souche de
Kobodo. J’ai pu grace aux différentes expérimentations menées estimer le nombre de chenilles que C.
typhae pouvait parasiter avec succes. Cette donnée est essentielle a la fois pour optimiser 1’élevage du
parasitoide mais également pour ajuster le nombre de femelles a lacher en fonction de la densité de
I’héte. Par ailleurs, compte-tenu de la différence de comportement de ponte mise en évidence au
laboratoire, la souche Makindu pourrait étre intéressante par le plus grand nombre de chenilles qu’elle

peut parasiter, sous réserve de pouvoir augmenter sa virulence par sélection expérimentale.

! https://anr.fr/Projet-ANR-17-CE32-0015#
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Une forte virulence pourrait ne pas avoir que des avantages. En effet, un point important de la
faisabilité¢ de I’utilisation de C. typhae en lutte biologique est son innocuité envers des espéces non-
cibles. La tres forte virulence de Kobodo a été constatée sur toutes populations hoétes testées, au
contraire de Makindu qui n’est trés virulente que sur sa population hote locale. La souche Kobodo
pourrait étre également plus virulente envers des espéces non-cibles, auquel cas la souche Makindu

resterait intéressante.

En termes d’¢élevage pour la production, mon travail de thése réalisé sur des lignées maintenues en
élevage consanguin (lignées isofemelles) a montré que ces lignées trés homozygotes avaient un succés
reproducteur stable, indiquant une absence de dépression de consanguinité. Ainsi la production
commerciale de C. typhae ne nécessiterait pas d’enrichir la souche par des individus collectés au
champ. Toutefois, garder de la diversité génétique pourrait étre intéressant par exemple en cas
d’apparition d’une résistance de I’hdte. Le maintien d’un élevage reposant sur plusieurs lignées
isofemelles est un moyen de le faire (Delpuech et al., 1993).

VII) Conclusion

La caractérisation de composantes comportementales, physiologiques et génétiques du succes
reproducteur de C. typhae réalisée au cours de ce travail de thése a montré tout 1’intérét de ce modele
tant pour I’étude des mécanismes de ’adaptation a 1’hote que pour son utilisation en lutte biologique.
Cette thése a de plus été 1’occasion d’une découverte originale, & savoir la capacité des femelles
vierges de C. typhae a produire a la fois des males et des femelles fertiles dans une méme

descendance. De nombreuses perspectives de recherche découlent de ce travail.
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Abstract

Many parasitoid species are subjected to strong selective pressures from their host, and their adaptive
response may result in the formation of genetically differentiated populations, called host races. When
environmental factors and reproduction traits prevent gene flow, host races become distinct species. Such
a process has recently been documented within the Cotesia flavipes species complex, all of which are larval
parasitoids of moth species whose larvae are stem borers of Poales. A previous study on the African spe-
cies C. sesamiae, incorporating molecular, ecological and biological data on various samples, showed that
a particular population could be considered as a distinct species, because it was specialized at both host
(Sesamia nonagrioides) and plant (Tjpha domingensis) levels, and reproductively isolated from other C. sesa-
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miae. Due to its potential for the biological control of S. nonagrioides, a serious corn pest in Mediterranean
countries and even in Iran, we describe here Cotesia ryphae Fernandez-Triana sp. n. The new species is
characterized on the basis of morphological, molecular, ecological and geographical data, which proved to
be useful for future collection and rapid identification of the species within the species complex. Fecundity
traits and parasitism success on African and European S. nonagrioides populations, estimated by laboratory

studies, are also included.

Keywords
Cotesia, Sesamia, biological control, species complex, Africa, Mediterranean

Introduction

Although the concept of species is questioned in situations characterized by a con-
tinuum of genetic differentiation and reproductive isolation between populations (The
Marie Curie Speciation Network 2012), well described and identified species are still
useful tools in many situations. For instance, in biological control the use of such spe-
cies, with a defined host range and showing no gene flow with closely related species,
limits the risk of confusion and guarantees the stability of its host range. The purpose
of this paper is to describe a new species of parasitoid wasp, first considered as a host
race of Cotesia sesamiae Cameron (Hymenoptera, Braconidae) (Branca et al. 2011; Kai-
ser etal. 2015). It is a potential candidate for the biological control of the Mediterrane-
an maize stem borer, Sesamia nonagrioides (Lefebvre, 1827) (Lepidoptera, Noctuidae).

Cotesia is one of the most diverse genera of the subfamily Microgastrinae (Hy-
menoptera, Braconidae), with almost 300 species already described (Yu et al. 2016),
and probably over 1,000 species worldwide (e.g., Mason 1981). Cotesia was originally
considered as a genus by Cameron in the 19" century, and definitively split from the
genus Apanteles by Mason (1981) in his generic reclassification of the Microgastrinae,
wherein many Apanteles species were transferred to Coresia. Microgastrine wasps are
koinobiont endoparasitoids of lepidopteran larvae, and species attacking large larval
hosts are often gregarious (Whitfield 1997, Quicke 2015). Females emit sex-phero-
mones that attract males and can mate upon emergence (Xu 2014). They locate their
host at a distance and initiate oviposition upon recognition of chemical cues (Turlings
and Fritsche 1999, Jembere et al. 2003, Obonyo et al. 2010). The microgastrine wasps
use a domesticated virus (called a bracovirus, Polydnaviridae) to inhibit the immune
response of host larva. Bracoviruses are produced in the wasps™ ovaries by genes inte-
grated in the wasp genome and injected in the host body together with the eggs (Asgari
20006, Gitau et al. 2007, Herniou et al. 2013). Within the host, the viral particles infect
the host cells, which produce the viral proteins, which in turn inactivate the host im-
mune cellular response and regulate the host metabolism to the benefit of wasp larvae
(Herniou et al. 2013). Fully developed larvae egress from the host body and spin their
cocoons to undergo metamorphosis. Host resistance processes can manifest at all these
steps of the life cycle, among which encapsulation of the parasitoid eggs has been of-
ten reported and well described (Beckage 1998). Evolution of virulence mechanisms
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by the parasitoid may have driven the radiation of species within the genus Coresia
(Herniou et al. 2013).

The Cotesia flavipes species-group is a monophyletic complex made up of (until
now) four allopatric sister species, all gregarious endoparasitoids of a few families of
lepidopteran stem borers (Crambidae, Pyralidae, and Noctuidae) in monocot Poales
(Poaceae, Typhaceae and Cyperaceae). The species-group comprises Cotesia chilonis
(Munakata, 1912) from eastern Asia, including China, Japan and Indonesia; Cote-
sia flavipes (Cameron, 1891), from the Indian sub-continent, but also released and
established in east Africa and the New World for the purpose of biological control;
Cotesia nonagriae (Olliff, 1893), an Australian endemic recently removed from syn-
onymy with C. flavipes (Muirhead et al. 2008, 2012), and Coresia sesamiae (Cameron,
1906), from sub-Saharan and Southern Africa (Kimani-Njogu and Overholt 1997).
Members of this species complex are economically important worldwide as biocontrol
agents of cereals and sugarcane stem borer pests (Kfir et al. 2002, Lou et al. 2014,
Mindigoyi et al. 2016, Polaszek and Walker 1991, Simées et al. 2012), and their pres-
ence in their native settings help regulate populations of important pests (Kfir et al.
2002, Liu et al. 2000).

Additional, cryptic species have been suspected within this complex and several
papers have explored this possibility, especially in regard to C. flavipes (e.g., Muirhead
etal. 2012) and C. sesamiae. In the latter species, studies made from samples collected
in maize fields on a few pest species showed that local adaptation to host resources
and environmental factors were major drivers of intra-species genetic diversity (Dupas
et al. 2008, Gitau et al. 2007, 2010). Subsequently, Branca et al. (2011) analysed a
large sample of C. sesamiae covering most of the species’ distribution area and a large
range of host and plant species. They provided evidence that variations of host range
were associated with sequence variation of a virulence gene, CrV1, which could be
used as a marker of host races. Analysis of microsatellite markers revealed gene flow
between the host races, except for one population specialized on the noctuid Sesamia
nonagrioides (Branca et al. in prep.). One method to get an insight into the evolution-
ary stability of host-parasitoid associations is to characterize phylogenetic relationships
between so-called host races. Kaiser et al. (2015) performed a phylogenetic analyses of
the C. sesamiae samples based on mitochondrial, viral and non-viral nuclear markers,
and demonstrated that the samples from the S. nonagrioides host race formed a highly
supported monophyletic lineage showing all the hallmarks of a cryptic species. The au-
thors confirmed the species status of this lineage by showing that it was reproductively
isolated from the other lineages of C. sesamiae and from C. flavipes. Furthermore they
showed that it was the only lineage being virulent against S. nonagrioides, and specifi-
cally so. Combined evidence for ecological specialization, selection for divergent host
adaptation and for reproductive isolation, allowed them to conclude that this lineage
was formed by ecological (adaptive) speciation. In addition, some morphological dif-
ferences were readily identifiable.

Based on a wealth of information — morphological, molecular, biological, and eco-
logical — we describe this new species of Coresia from Africa, the fifth member of the
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flavipes complex, and present the first data showing that it is a successful parasitoid
of European populations of S. nonagrioides, a major maize pest in West Africa and in
Mediterranean countries.

Materials and methods

Morphological description

We studied 175 specimens from six different countries, representing ten populations
from four out of the five known species within the flavipes complex (Table 1). We
could not examine specimens of Cotesia nonagriae, but this Australian species has re-
cently been redescribed and illustrated (Muirhead et al. 2008, 2012).

We evaluated a number of morphological characters proposed in previous studies
(Kimani-Njogu and Overholt 1997, Muirhead et al. 2008), and others characters are
explored for the first time in this species complex. Morphological terms and meas-
urements of structures are mostly those used by Mason (1981), Huber and Sharkey
(1993), Whitfield (1997), Karlsson and Ronquist (2012), and Fernandez-Triana et al.
(2014). All characters used in this paper are illustrated in Figs 1-8.

In the species description, body ratios and measurement values are presented for
the holotype first, followed by the range within the species in parentheses.

Photos were taken with a Keyence VHX-1000 Digital Microscope, using a lens
with a range of 10-130 x. Multiple images were taken of a structure through the focal
plane and then combined to produce a single in-focus image using the software associ-
ated with the Keyence System. Plates were prepared using Microsoft PowerPoint 2010.

Institution acronyms used:

CBGP  Centre de Biologie pour la Gestion des Populations, Montpellier, France.
CNC Canadian National Collection of Insects, Ottawa, Canada.

Table 1. Specimens studied for this paper. F- female specimen, M- male specimen.

Species Country of origin | Collecting year | # of Specimens | Host caterpillar/host plant
C. flavipes Trinidad 1972 & 1980 4E3M Diatraea lineolata lunknown
C. flavipes Colombia 1978 2E7M Unknown/unknown
C. flavipes Barbados 1977 2F Unknown/sugar cane
C. flavipes India 1954 3F Unknown/unknown
C. flavipes Kenya 2010 25E5M Chilo partellus/maize
C. sesamiae Kenya (Mombasa) 2010 25E5M Sesamia calamistis maize
C. sesamiae Kenya (Kitale) 2012 25E5M Busseola fuscalmaize
C. chilo Japan 2008 2E2M Unknown/rice
C. typhae sp. n. | Kenya (Makindu) 2013 25E5M Se;;;z}]z;z ZZZZ‘Z Ziﬁd
C. typhae sp. n. Kenya (Kobodo) 2013 25E5M Semrg}z;:rouzl%:dex/
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Molecular characterization

In order to check the molecular-specific characterization of Cortesia typhae, we used the
COIl (cytochrome oxydase 1) sequences from Kaiser et al. (2015) (listed in Appendix 1)
to calculate the divergence between pairs of Coresia species and populations. The diver-
gence corresponds to the number of nucleotide differences divided by the total number
of nucleotides. Since there are several samples for each species and population, the
minimum and maximum divergence is given for all pairs.

Distribution, ecology and abundance

Knowing that the new Cotesia species was found exclusively on S. nonagrioides on two
plant families, Typhaceae and Cyperaceae (Kaiser et al. 2015), its distribution, ecol-
ogy and abundance are characterized here from a collection of S. nonagrioides larvae
on these two plant families, collected in 13 countries in sub-Saharan Africa between
2004 and 2013. Sesamia nonagrioides larvae were sampled from wild plants on banks
of streams or rivers and in swamps, the favorite habitat of this species, which is rarely
recorded from maize in East Africa. Plants were carefully inspected for stem borer
infestations. Symptoms of infestation included scarified leaves, dry leaves and shoots
(dead hearts), frass or holes bored. Infested plants were cut and dissected in the field;
larvae collected were reared on an artificial diet (Onyango and Ochieng-Odero 1994)
until pupation or emergence of parasitoid larvae. Sesamia nonagrioides were identified
at the adult stage by dissection of the genitalia. After emergence, adult Cotesia were
stored in absolute ethanol and identified by genotyping CrV1 sequence.

Life history traits and parasitoid success in European host populations

Insect material

The C. typhae laboratory-reared strains were collected initially from Kenya localities
(Kobodo: 0.68°S; 34.41°E or Luanda: 0.48°S; 34.30°E, depending on the availability
of the strains). They were reared on a Kenyan S. nonagrioides strain (collected initially
from Makindu: 2.28°S; 37.82°E), according to the method described by Overholt et
al. (1994). Parasitoid success was tested on this Kenyan strain and on two S. nonagri-
vides European strains collected respectively in France (Longage, 43.37°N; 1.19°E) and
Italy (Monterotondo scalo, 42.06°N; 12.60°E). The Kenyan and French strains were
reared as described above. The Italian larvae were sent from the University of Perugia.

Longevity experiments

Clusters of cocoons were each placed in a 0.5L disposable plastic box with a 1.5 cm
diameter opening clogged with a foam cork. One of the three following food sources
was placed in the box to test their effects on longevity: honey droplets and a tap water-
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imbibed cotton ball; a cotton ball imbibed with a 2% saccharose solution or a 20%
solution. These small cages were placed at 21°C, with internal relative humidity around
75%. Dead insects were counted every day for the 2% sugar solution and at least every
two days for the two other food sources, from 24h following emergence.

Realized fecundity

One-day-old wasps were taken from the cages as above and allowed to oviposit in one
host larva per day, for four days. Parasitized larvae were kept individually in Petri dishes
(2 cm high) with approximately 10cm? piece of diet, until emergence of the parasitoid
larvae or pupation. The diet was replaced by a piece of toilet paper 12 days after parasit-
ism to facilitate cocoon formation.

Parasitoid success

Four weeks after hatching, i.e. when reaching the 5*- 6 stadium, larvae were exposed
each to one wasp, then kept fed with the diet, in the conditions described above,
until emergence of the parasitoid larvae, or pupation. Recorded traits are specified in
Table 8. Individual cocoon weight was calculated by dividing the weight of the cocoon
cluster by the number of emerged adults and dead nymphs.

Data analyses

Kaplan Meyer tables from XLSTAT were used to estimate daily mortality and me-
dian longevity. The procedure included three tests of equality of the survival curves
(Wilcoxon, Log-rank and Tarone-War) that gave identical P-values, so only Wilcoxon’s
result is given in this study. Comparisons of traits of parasitoid success on the three
host strains were performed with the R package. As some of the traits did not follow a
normal distribution (Shapiro statistic) or did not fulfill homoscedasticity (Bartlett sta-
tistic), the Kruskal-Wallis statistic was used to compare the quantitative traits recorded
for the three host strains, followed by the Dunn post-hoc multiple comparison test.
Chi-square was used to compare the issue of parasitism. Sample sizes are given in Table
8. The percentage of females in the cluster was not included in the analyses when pupal
mortality was equal to or exceeded 30%. This occurred for 11 clusters obtained from
the French host strain and two clusters obtained from the Kenyan strain.

Results

Morphological study

Cotesia typhae Fernandez-Triana, sp. n.
http://zoobank.org/EC4B19D5-9087-4698-A67D-E53EAE5SE532E
Figs 1, 2

Holotype. Female (CBGP).
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Type locality. Kenya, Makindu, 2.28°S, 37.82°E.

Holotype label details. Kenya, Makindu, xi.2010, ex Sesamia nonagrioides on 1j-
pha domingensis Pers. Voucher code: CNC634434. Other code on label: F78.

Paratypes. CBGD, Montferrier s/Lez, France; CNC, Canada; International Centre
of Insect Physiology and Ecology, Nairobi, Kenya; Natural History Museum London,
UK; Smithsonian National Museum of Natural History, Washington DC, USA. 24
female, 5 male specimens, same locality as holotype; 25 female, 5 male specimens
from Kenya, Kobodo, 0.41°S, 34.25°E. iii.2013, ex Sesamia nonagrioides on Cyperus
dives Delile.

Previous records. This species has been referred to as the C. sesamiae population,
harbouring Cs Snona haplotype on CrV1 locus (Branca et al. 2011), as the C. sesamiae
lineage 2 analysed by Kaiser et al. (2015) and as the sample CsBV G4675 sequenced
for 3 viral genes in Jancek et al. (2013).

Diagnosis. The new Coresia is relatively distinct from other members of the flavipes
complex (Table 2). The most distinctive diagnostic characters are the median projection
present between the base of the antennae, the punctures on the anteromesoscutum, the
length and shape of the paramere, and the relative length of the antennal flagellomere.
The median projection between the base of the antennae is depressed (compared to the
rest of the face), usually paler than the rest of the face, and has a strongly excavated
median longitudinal sulcus (Figs 1B, 2B); all other species within the flavipes complex
have a less depressed median projection on the face, usually the same color (or at most
slightly lighter) as the rest of the face, and the median sulcus is not defined (nonagriae)
or is less strongly excavated (Figs 5B, 6B, 7B, 8B). The anteromesoscutum punctures
(Figs 1G, 2E) are the largest, densest, and most widely distributed (present near the
posterior margin of the anteromesoscutum) among all species within the flavipes com-
plex (compare against Figs 5G, 6F 7G, 8H). The paramere length (Figs 3A, B, 4C,
E G) is intermediate compared to the other species (longer than in chilonis/sesamiae
and shorter than in flavipes/nonagriae; compare Figs 3D, E H, 4D, E), and its shape
seems to be distinctive, with a somewhat widened part near the apex (Fig. 4F G). The
antennal flagellomeres (Figs 1A, D, 2A, B) are the longest among the entire flavipes
complex (compare versus Figs 5A, B, D, 6A, B, 7A, B, 8A, D). The color of metasoma
laterally and ventrally (laterotergites, sternites and hypopygium) is light yellow-orange
(Figs 1A, E 2A, F). This character is useful in recognizing yphae, at least in Africa, as
all other Coresia species within this complex generally have a much darker metasoma
latero-ventrally (e.g. Figs 5A, E 6A, E, 7A, E 8G); however, some populations of C.
flavipes we have examined have a light-colored metasoma, so this character is not ab-
solutely diagnostic.

Description. Head and mesosoma mostly dark brown to black (except for scape,
pedicel, wing base and tegula yellow; antennal flagellomeres brown; mandibles and la-
brums orange-yellow, and face projection between antennal base usually light brown);
legs mostly yellow (except for metafemur with brown dorsal tip on posterior 0.1, and
metatarsus light brown to brown); metasoma mostly yellow-brown to yellow-orange
(except for mediotergites 1 and 2 dark brown to black, and mediotergites 3+ usually
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Figure 1. Cotesia typhae, holotype, female specimen from Makindu, Kenya. A Habitus, lateral view
B Head, frontal view (arrow shows face projection between antennal base) € Wings D Head and meso-
soma (partially), lateral view E Propodeum and metasoma, dorsal view F Mesosoma and metasoma,
lateral view G Head, mesosoma and tergites 1-2, dorsal view (arrow shows anteromesoscutum punctures).
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Figure 2. Cozesia typhae, paratype, female specimen from Kobodo, Kenya. A Habitus, lateral view B Head,
frontal view (arrow shows face projection between antennal base) € Wings D Metasoma, dorsal view
E Head and mesosoma, dorsal view (arrow shows anteromesoscutum punctures) F Metasoma, lateral view.
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Figure 3. Male metasoma in ventral and lateral view. A, B Cotesia typhae, paratype specimen from Kenya

C, D Cotesia sesamiae, specimen from Kenya E, F Cotesia flavipes, specimen from Kenya G, H Cotesia
chilonis, specimen from Japan.
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Figure 4. External male genitalia in ventral and lateral view; arrows show length of paramere and sternite
8. A, D Cotesia flavipes specimen from Kenya B, E Cotesia sesamiae, specimen from Kenya C,F, G Coresia

typhae, paratype specimen from Kenya.




Systematics and biology of Cotesia typhae sp. 7...

Figure 5. Cotesia sesamiae, female specimen from Kitale, Kenya. A Habitus, lateral view B Head, frontal
view € Wings D Head and mesosoma, lateral view E Scutellar disc, propodeum and metasoma, dorsal

view F Mesosoma and metasoma, lateral view G Head, mesosoma and tergites 1-4, dorsal view.
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Figure 6. Cotesia sesamiae, female specimen from Mombasa, Kenya. A Habitus, lateral view B Head,

frontal view € Wings D Mesosoma and metasoma (partially), dorsal view E Mesosoma and metasoma,
lateral view F Anteromesoscutum, scutellar disc and propodeum, dorsal view.
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Figure 7. Cotesia flavipes, female specimen from Mombasa, Kenya. A Habitus, lateral view B Head,
frontal view € Wings D Head and mesosoma, lateral view E Mesosoma and metasoma, dorsal view

F Mesosoma and metasoma, lateral view G Head, mesosoma and tergites 1-2, dorsal view.
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Figure 8. Cotesia chilonis, female specimen from Takatsuki, Japan. A Habitus, lateral view B Head, fron-
tal view € Wings D Antennae, front and middle legs, lateral view E Head, lateral view F Propodeum, ter-

gites 1-2, dorsal view G Mesosoma and metasoma, lateral view H Mesosoma and metasoma, dorsal view.
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with brown spot centrally, near anterior margin). Wings with veins mostly brown,
pterostigma brown with pale spot on anterior 0.3.

Head wider than high; face with acute, triangular projection between antennal
base, the projection with clearly impressed median longitudinal sulcus; head dorsally
smooth; gena laterally and dorsally as wide or wider than eye width; anteromesoscu-
tum with relatively deep, coarse and large punctures (puncture diameter larger than
distance between punctures), puncture density similar on most of the anteromesoscu-
tum, including posterior half; scutoscutellar sulcus strongly curved, with 10-12 im-
pressions; scutellar disc mostly smooth, with shallow and sparse punctures; propodeum
mostly sculptured with an irregular pattern of strong carinae; mediotergites 1-2 mostly
covered by strong longitudinal striae, mediotergites 3+ mostly smooth; hypopygium
relatively small, apical tip in lateral view shorter than apical tip of tergites; paramere
with broad, widened area near apex; paramere relatively large, around 1.50 x as long as
median length of sternite 8.

Body ratios. Length of flagellomere 2/length of flagellomere 14: 1.71 x (1.50-1.86).
Metafemur length/width: 3.06 x (2.92-3.25). Length of inner spur of metatibia/length
of first segment of metatarsus: 0.48 x (0.46-0.52). Length of inner spur of metati-
bia/length of outer spur of metatibia: 1.07 x (1.07-1.18). Pterostigma length/width:
2.81 x (2.61-2.88). Length of fore wing vein r/length of fore wing vein 2RS: 0.82 x
(0.82-1.00). Mediotergite 1 length/mediotergite width at posterior margin: 1.07 x
(0.93-1.20). Length of mediotergite 2/length of mediotergite 3: 0.89 x (0.83-1.00).

Body measurements (all in mm). Body length: 2.40 (2.20-2.50). Fore wing length:
2.10 (2.10-2.20). Length of antennal flagellomere (F), F1: 0.15 (0.14-0.17), F2: 0.12
(0.12-0.13), F3: 0.11 (0.10-0.11), F14: 0.07 (0.06-0.08), F15: 0.07 (0.06-0.08),
F16: 0.10 (0.09-0.11). Metafemur length: 0.55 (0.51-0.56). Metafemur width: 0.18
(0.16-0.19). Metatibia length: 0.71 (0.66-0.74). First segment of metatarsus length:
0.31 (0.28-0.31). Length of inner spur of metatibia: 0.15 (0.13-0.16). Length of out-
er spur of metatibia: 0.14 (0.11-0.14). Ovipositor sheaths length: 0.18 (0.15-0.18).
Pterostigma length: 0.45 (0.145-0.49). Pterostigma width: 0.16 (0.16-0.18). Length
of fore wing vein r: 0.09 (0.09-0.11). Length of fore wing 2RS: 0.11 (0.10-0.12).
Length of mediotergite 1: 0.30 (0.27-0.31). Width at posterior margin of medioter-
gite 1: 0.28 (0.25-0.32). Length of mediotergite 2: 0.16 (0.14-0.20). Length of me-
diotergite 3: 0.18 (0.15-0.20).

Etymology. Named after the main host plant on which the wasp parasitizes its
host caterpillar, Kaiser et al. (2015).

Notes. Cotesia typhae occurs sympatrically with C. sesamiae and C. flavipes (the
latter introduced into Africa). Among these three species, fphae is the largest (body
and fore wing lengths usually 0.2-0.3 mm longer than the two others), it also has a
more sculptured anteromesoscutum and a longer antenna (especially flagellomeres 1-4
which are significantly longer).
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Table 3. Minimum and maximum divergence of COI sequences between all pairs of species.

C. typhae C. sesamiae C. flavipes C. chilonis
C. typhae 0-0.002
C. sesamiae 0.026-0.035 0-0.028
C. flavipes 0.033-0.035 0.031-0.042 0
C. chilonis 0.035 0.030-0.037 0.037 0

Table 4. Minimum and maximum divergence of COI sequences between C. fyphae and two populations
of C. sesamiae.

C. typhae C. sesamiae Kitale C. sesamiae Mombasa
C. typhae 0-0.002
C. sesamiae Kitale 0.03-0.035 0-0.014
C. sesamiae Mombasa 0.026-0.03 0.019-0.028 0-0.003

Molecular characterization

Between species, pairwise divergence of COI sequences ranged from 2.6% to 4.2%, and
distances observed between C. fyphae and the other C. sesamiae species fell in this range
Table 3). Within species, divergence was close to zero for C. gyphae, C. chilonis and C. fla-
vipes, and ranged from zero to 2.8% in C. sesamiae. The higher within-species values in C.
sesamiae are explained by the divergence between the Kitale and Mombassa populations,
reflecting their affiliation with different lineages, as shown by Kaiser et al. (2015) (Table 4).

Distribution, ecology and abundance

Among the ten sampled countries and 65 sampled localities hosting S. nonagrioides
on Typhaceae and Cyperaceae, larvae parasitized by C. zphae were found in the three
most sampled countries (highest numbers of localities and collected larvae), Ethiopia,
Kenya and Tanzania (Table 5), in a total of 12 localities (Table 6). This showed that
the probability of discovering C. yphae depended on the sampling effort, so this spe-
cies may well be present in other sub-Saharan Africa areas inhabited by S. nonagrioides
(Kergoat et al. 2015).

We then estimated the percentage of parasitized S. nonagrioides in the localities
where the parasitoid was present. It varied from less than five to more than 70 % (Ta-
ble 6), with a mean value of 20.3 % (standard error 4.0 %, n=18). All values, except
the highest, ranged between 3.4 and 33.3% of parasitized larvae. Among the 660
parasitized larvae, 5 were parasitized by Coresia other than C. typhae (4 C. sesamiae and
1 C. flavipes). Repeated findings of C. #yphae in different years in the same locality, as
seen in two Kenyan localities (Mbita Lwanda, 4 collections over 9 years; Makindu, 3
collections over 4 years), showed that locality and plant-host combination were good
criteria for finding this new species.
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Table 5. Presence of Cotesia typhae in the sampled countries. Results of collections of S. nonagrioides in
sub-Saharan Africa from 2004 to 2013. For each country the Table shows the number of localities con-
taining Typhaceae and Cyperaceae plants, the total number of S. nonagrioides larvae collected there during
the period, and whether some were parasitized by C. typhae.

Country Number of sampled localities | Number of S. nonagrioides | presence of
with Typhaceae & Cyperaceae larvae Cotesia typhae

Benin 1 26 no
Botswana 1 2 no
Cameroun 1 1 no
Ethiopia 5 167 YES
Kenya 26 1253 YES
R. Congo 2 38 no
R.D.C. 2 26 no
Rwanda 1 7 no
Tanzania 18 463 YES
Tanzania, Pemba 1 1 no
Tanzania, Zanzibar 3 25 no
Uganda 4 26 no

Life history traits and parasitoid success on different host strains

Adult longevity

The median longevity was close to three days when adults were fed honey, but equal to
two days or less when they were fed with 20% or 2% saccharose solution respectively
(Fig. 9). The survival curves were significantly different (W, = 129.78; P < 10). They
showed that about 90% adults were dead six days after emergence when fed honey or
20% saccharose, and three days after emergence when fed 2% saccharose (Fig. 9).

Realized fecundity
Females were given the opportunity to parasitize a maximum of four larvae, but they
actually parasitized a mean number of only 2.3 larvae (Table 7), either because they
died before the end of the experiment (almost half of them were dead on the third day,
Fig. 10), or because they refused to oviposit, as observed for a few females on day 3,
and for most of the surviving ones on day 4 (Fig. 10). About 2/3 of the stung larvae
allowed successful parasitoid development (Table 7). Finally, females produced about
100 offspring during their lifetime, from two host larvae.

In the next experiment, the possibility for C. zyphae to develop in European popu-
lations was estimated by the incidence of the first oviposition, which ensured more
than half of the wasp’s reproductive success.

Parasitoid success in European host populations

Susceptibility of European S. nonagrioides strains to the parasitoid was equal or even
higher than that of the Kenyan strain, with for instance almost 90% of successfully

174



Laure Kaiser et al. / ZooKeys 682: 105136 (2017)

124

%€°€E ¢ SHPIIYXI D) L0-YPIEN Ao 1L'8€ R namy VINVZNVL
%¥'¢ 6T stsuasuIUop | $0-An[ ol 8°9€ SoLE°€ eysnIy VINVZNVL
%L L ¢l sisuasurULop | CI-YoIeN 8T FE Sel6°0 110G VAN
%¢¢€E 9 stsuasuuiop | CI-YoIEN Ao 167€ S.£5°0 Tonqey VANTI
%0°0C 01 saatp D) CI-YPIEN A 167€ SeE7°0 Tongey VANDI
%68 6 stsuaBuIop | CI-YPIEN HoL9FE S.68°0 epuem] BIQIN VANDI
%TTL 31 s1suaTUIUOp | £0-2un{ HoL9'FE S.68°0 epUEAT BN VANTI
%T 01 Iyl SISUTUIULOY ] 80-1°0 HoL9'FE S.68°0 epuBAT BN VANTI
%6°LT 89 stsuasuuiop | 6092 Aol 9E S.68°0 EpUEMT BIQIA VANTI
%Y Sl ¢l stsuasusuiop | 80-1dy .85 L€ SS1T EQUIISE[A] VANDI
%0°0€ 0l sIsuaSUIULOp | 90-2( 4.8S L€ S.S1°T eqUIISEIN VANDI
%Ly %9 stsuaTuIUOp | 11-92d 4.8 LE S.8T°T npupey VANDI
%801 <9 sisuaTUIUOp | 01-20N T8 LE S.87°C npupfey VAN
%I1°L w saazp D) CI-yPrey Aol S $.98°0 0poqoy| VANTI
%¢¢¢ 9 saatp D) AR 196" %€ S.S€°0 ongey| VANTI
%T'TT [T stsuasusuop | $0-2ON dol9'LE N.9T9 aruejow () VIdOIH.LA
%881 91 sisusuruiop | $0-A0N €S LE No£6°S opR[owreyD) VIdOIH.LA
%€'9 %9 sisuausuiop | $0-"A0N oL 8 NLS0'Z eseAy VIJOIH.LA
Emmwmmﬁudm 0\0 0«?—,@— §% HJZ mOmQO&m aﬁ«—au Uudam oﬁu-—amwﬁs o—uﬁamadwm bm—duo‘.m %hugco

"punoy sem avgdiz ) A19YyM SINIEIO0] Y UT JBATR] Saprorsvuou *§ jo wsnisered jo a8e1uadiog *9 a|qel

175



Systematics and biology of Cotesia typhae sp. 7... 125

--------- sacch 2% = = =—sacch 20%

honey

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

% adults alive

0 1 2 3 4 5 6 7 8

days post emergence

Figure 9. Survival curves of C. gphae adults fed honey (number of wasps: n=497), or 20% (n=742) or
2% (n=534) saccharose solutions in collective cages at 21°. Median lifespan is the time value observed at
50% survival.

Table 7. Realized fecundity of C. typhae on Kenyan S. nonagrioides.

adult lifetime (days) | stung larvae (nbr) successfully parasitized Offspring (total nbr)
larvae (nbr)
Mean (N=40) 2.83 2.3 1.63 102.93
Standard error 1.17 0.11 0.11 6.2

parasitized Italian larvae. Several other traits differed between the host strains, with a
trend for better performances in the Italian strain, which ranked “a” for the five prog-
eny traits showing significant differences: faster larval and pupal development, result-
ing in a development time of 20 days; high offspring number per cluster, showing the
lowest pupal mortality and highest ratio of females. Highest immature developmental
time (22 days) was observed in the Kenyan host strain, and highest pupal mortal-
ity and lowest female ratio was observed in the French strain. From these traits, it is
possible to estimate a reproductive rate, i.e. the expected number of viable adults per
mother, by multiplying the proportion of successful parasitism (probability of host
larvae successfully parasitized) by the mean number of produced cocoons and by the
proportion of viable adults (1-proportion of pupal mortality). This approach indicated
that a female C. #yphae would produce 56 viable offspring from a host larva of the Ital-
ian population, and only 37 from the host larvae of the French or Kenyan populations.
As discussed hereafter, most differences could be explained by the effect of rearing
conditions on host larvae quality.
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Figure 10. Issue of successive presentations of host larvae to C. gyphae (one host per day for four days or

less for wasps that died).

Table 8. Development of C. #yphae in Kenyan and European hosts. Bold characters indicate significant

differences between host strains.

S. nonagrioides populations: Kenya France Italy Statistical analyses
N: Nbr parasitized host larvae 58 58 47 -
. . .. KW, . =1.28
Host larval weight at time of parasitism (mg) | 295 + 11 272+ 12 283+ 12 P 3‘16 331
% successful parasitism 69.0 (b) 67.2 (b) 89.4 (a) > _7.95
% host pupae 12.1 13.8 2.1 szff(; 019
% host larva mortality 19.0 19.0 8.5 S
N: Nbr of cocoon clusters analyzed below 38 32 33 -
, 142404 | 144402 | 129+7.1 | KW, =18.29
Cotesia larval development b b . 1§ 104
‘ 82:03 | 6802 | 7101 | KW, =19.60
Cotesia pupal development (days) b . . P 104
Cocoon number 60.3+4.6 | 75.0+5.5 | 64.6x4.5 KW, . =7.67
b a ab P=0.022
Individual cocoon weight (mg) 1.3+0.04 | 1,3+0.05| 1,2+0.02 K?)dei):é'zzo
. . 10427 | 258+4.6| 3.0£0.7 KW, = 16.54
% Coresia pupal mortality . b . 1§ 10
9% females in the cluster 43954 |350+82| 72+3.8 KW, = l:7.98
c b a P<103
Estimated Reproductive Rate (expected
viable adults/mother) 37 37 56 -
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Discussion

The morphological analysis conducted in this study, as well as the divergence of the
CO1 sequences, confirmed the species status of the C. sesamiae lineage specialized
on the noctuid S. nonagrioides. The CO1 divergence fell within the range of values
observed between species of the flavipes complex. Morphological traits differentiated
in this lineage included those used to distinguish species of the flavipes complex. This
constitutes evidence for the existence of a fifth species in the flavipes complex. We
named this new species C. #yphae, based on the main host plant where it is found on
its host. Whereas the first four species are allopatric in their endemic range, C. pyphae
is sympatric with C. sesamiae and may have differentiated from this species through
divergent selection for adaptation on S. nonagrioides in Typhaceae and Cyperaceae, a
permanent resource, and divergent selection for reproductive isolation (possibly facili-
tated by Wolbachia) (Kaiser et al. 2015).

It is likely that more species may be found in this complex. For instance, a rela-
tively large CO1 divergence was also observed between C. sesamiae populations from
Kitale (inland Kenya) and Mombassa (coastal Kenya), which are two host races with
limited gene flow due to Walbachia infection (Mochiah et al. 2002). Additional studies
on the phylogenetic and biological relationships among those lineages, in particular
the strength of bidirectional cytoplasmic incompatibilities related to Wolbachia strains,
may reveal, in the future, the presence of an additional species.

Male genitalia were one of the differentiated morphological traits. This explains
mating abnormalities observed by Kaiser et al. (2015) when crossing males of C. yphae
with females of C. sesamiae, i.e. difficulties of males to disengage from females. It is one
component of pre-zygotic barriers. In most animal species with internal fertilization,
male external genitalia are the most rapidly evolving organs and are usually the first
organs to diverge morphologically following speciation (Eberhard 2010; Yassin and
Orgogozo 2013). Because of their rapid evolution and species-specificity, their illustra-
tion is a common feature in taxonomic literature to discriminate closely related species,
particularly in insects (Yassin and Orgogozo 2013), including species of the flavipes
complex (Kimani-Njogu and Overholt 1997).

The larger size of C. typhae relatively to the other species of the flavipes complex
could result from an adaptation to host size, S. nonagrioides being a rather large noctuid
relative to other Poales stem borer hosts for the flavipes complex. The size of a solitary
parasitoid has been often reported as a plastic trait varying with host size; in gregarious
parasitoids, the clutch size can be plastic and varies with host size (Godfray 1994). An
evolutionary relationship between the size of gregarious parasitoids and the host size
can exist if there is a genetic constraint on the clutch size, which is very likely, at least
due to limits in the number of mature oocytes. The differentiation of other morpho-
logical traits may result from selective sweep or genetic correlation with other adaptive
traits exposed to differential selection.

The morphological identification of species of the flavipes complex relies on a com-
bination of slight differences, and their observation requires specific expertise, so a
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molecular diagnoses using CO1 or the virulence gene CrV1 (Dupas et al. 2006; Branca
et al. 2011) remains the easiest identification method.

The geographic distribution and ecology of C. #yphae have been reported by Kaiser
etal. (2015). Here we provide evidence that the probability of collecting S. nonagrioides
parasitized by C. zphae depended on the number of collected larvae. In several visited
countries, this number was not sufficient to assess the presence of the wasp, so it may
well be present over the sub-Saharan distribution of its noctuid host. The percentage
of parasitized larvae was highly variable between localities, and even between periods
of sampling in the same locality. Abundance of C. #phae within a locality may vary
depending on the rainy season. Indeed Mailafiya et al. (2010) found that C. sesamiae
was more abundant during the rainy season, and here (Table 6), the highest values of
C. typhae abundance were observed in the middle of the rainy season (December),
whereas lower values corresponded to the beginning of the season (Makindu-Masimba
area, rainy season from November to January, Mailafiya et al. 2010). Other localities
in western Kenya with rainy seasons from March to August and October to December
had the highest parasitism observed in June. Regarding mean parasitism rates, about
20% of S. nonagrioides larvae were successfully parasitized by C. zyphae. The same mean
value or range of parasitism rates were observed in stem borers parasitized by C. sesami-
ae, and by C. flavipes, in maize and sorghum in Kenya (Mailafiya et al. 2010), and by C.
chilonis in rice in China (Lou et al. 2014), but lower values were also observed (Jiang et
al. 2006). This mean value is much lower than that observed in laboratory conditions.
One limiting factor of parasitism success in natural conditions may be the behavior
of host larvae, which hide inside the stem galleries with entrances that are naturally
plugged with residues from boring, and move about mostly during the night, whereas
the wasps are diurnal. Larvae also defend themselves by biting to death the wasps at-
tempting to oviposit, killing 30-40% of them (Potting et al. 1997). Dispersion of these
small parasitoids may also limit their efficiency, and would explain why mass releases of
C. flavipes performed in sugarcane fields in Brazil successfully raised the parasitism rate
to a range of 40-60% (Botelho and Macedo 2002; Dinardo-Miranda et al. 2014). Our
data on C. ryphae also show that parasitism rates as high as 70% can occur, although
this rates was observed only once, and the next closest value was half lower. Even higher
seasonal peaks were also reported in the case of the noctuid stem borer Busseola fusca
parasitized by C. sesamiae on sorghum in South Africa (Kfir and Bell 1993), and of the
crambid rice stem borer C. suppressalis in China (Lou et al. 2014).

Presence of C. #yphae in different years in the same place showed that locality and
plant-host combination was a good criterion for finding this new species. Very rare
occurrence of parasitism of S. nonagrioides by C. sesamiae and C. flavipes, observed in
less than 1% of the larvae, means that species identity has to be checked systematically.

The longevity of C. typhae and reproduction dynamics resemble those observed
for the other species of the flavipes complex, which are typical short lived pro-ovogenic
parasitoid wasps (Quicke 1997), i.e. females emerge with mostly mature oocytes and
oviposit shortly after being mated, until egg-depletion. A literature review allows
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comparisons with three other species of the complex. C. #yphae adult longevity was
close to that of C. sesamiae, i.e. a mean longevity of about three days when fed honey
at 25° and 60% RH (Sallam et al. 2002), but shorter than the longevity recorded
in similar conditions for C. flavipes (about 5-6 days, Potting et al. 1997) and for
C. nonagriae (about 12 days, Muirhead et al. 2008). Longevity in outdoor conditions
may be longer due to cooler temperatures at night and the opportunity to rest in
favorable micro-niches provided by plants. In the flavipes complex the dynamic of
female reproduction follows their longevity, since most offspring are produced from
the first two ovipositions in C. #yphae, as in C. sesamiae (Sallam et al. 2002), and
along 4-5 ovipositions in C. flavipes (Potting et al. 2007), with the exception of C.
nonagriae which produces most offspring during the first two ovipositions, although
it can live for several days. This behavior may have been selected in response to the
defense behavior of stem borer noctuid larvae, which threatens female survival at each
oviposition. With regard to realized fecundity, data available for the species complex
were mostly the number of offspring produced from the first oviposition, which can
be estimated at 60 offspring in C. zyphae. This value is intermediate between higher
value observed for C. nonagriae (about 90 offspring from one oviposition, Muirhead
et al. 2008), and lower value observed for C. sesamiae and C. flavipes (from 25 to 45,
depending on both parasitoid strain and host species, Jiang et al. 2004, Mochiah et
al. 2001, NgiSong et al. 1998, Sallam et al. 2002). Altogether, these data indicate
an evolution of the reproduction strategy within the flavipes complex. Considering
longevity and oviposition dynamic, C. zyphae appeared to be closer to C. sesamiae than
to C. flavipes and C. nonagriae, which is in accordance with the estimated phylogenetic
proximity (Muirhead et al. 2012; Kaiser et al. 2015).

The parasitism success of C. yphae in European host populations, assessed in the
present work, was initially questioned because European S. nonagrioides are genetically
well differentiated from African populations (Moyal et al. 2011), and they may have
evolved immune responses adapted to European parasitoids and pathogens. However,
the variation of reproductive success of C. zyphae in the different host populations did
not depend on the continental origin of the host, because C. gyphae performed globally
better in the Italian population than in the French and the Kenyan ones. A genetic
differentiation of the Italian host population is unlikely because a recent study based
on the analysis of micro-satellite markers showed an absence of genetic structure of S.
nonagrioides collected in Europe, and in the Near and Middle East (Kader et al., un-
published data). We are more inclined to suspect that the laboratory rearing conditions
of the noctuids had an effect on C. #yphae parasitism success. Indeed, Italian larvae
tested in the present work had been reared in a different laboratory than larvae from
the French and the Kenyan populations. The Italian laboratory uses a different diet
(Giacometti 1995), and larval food is known to influence immune response of Lepi-
doptera larvae (Smilanich et al. 2009; Vogelweith et al. 2015). Comparison of diets
on susceptibility of the three host populations to C. #yphae will allow this hypothesis
to be tested.
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In the areas where C. #phae have been found, in eastern sub-Saharan Africa, S.
nonagrioides is rarely seen on maize, sorghum or sugarcane, whereas this is the case in
more western parts of Africa and in Europe and the Near and Middle East. However
C. typhae would probably parasitize S. nonagrioides at least on maize, if introduced for
biological control, because in laboratory conditions host larvae are readily accepted
when fed on maize stem and fecal pellets and eaten stem tissues are highly attractive,
triggering intense behavioral examination of the host with antennal tapping.

In conclusion, this study adds a fifth species to the Cotesia flavipes complex. De-
spite the number of individual studies that illustrate the diversity of ecological adap-
tations in this complex, a comprehensive analysis of the flavipes species group is still
needed. It will require the joint study of all populations across the geographical and
ecological range of the Cortesia flavipes complex. The use of an integrative taxonomic
approach (combining morphological, molecular, biological and geographical data) will
be of paramount importance in recognizing and characterizing this economically im-
portant complex of parasitoid wasps. The new C. gyphae species is an interesting poten-
tial biological control agent of the Mediterranean corn borer S. nonagrioides, because of
its strict host-specificity to that species, at least in its native area, precluding potential
negative impact on non-target host species populations.
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Appendix

Genebank accession numbers of CO1 sequences

Species Genbank accession nbr Sample name
KJ882549 P6679
Cotesia chilonis KJ882550 P6680
KJ882551 P6681
KJ882544 P0433
KJ882545 P0434
Cotesia flavipes KJ882546 P0435
KJ882547 P2541
KJ882548 P4706
KJ882497 G4540
KJ882501 G4594
KJ882512 G4636
KJ882527 G4701
) — KJ882528 G4703
Cotesia sesamiae Kitale KJ882529 G4708
KJ882530 G4907
KJ882532 G4915
KJ882537 G5778
KJ882543 CsK
KJ882495 G4511
KJ882496 G4512
KJ882500 G4572
Cotesia sesamiae Mombasa KJ882513 G4652
KJ882533 G5699
KJ882538 G7338
KJ882541 Mhk
KJ882502 G4608
KJ882503 G4609
KJ882507 G4614
Coresa yphae KJ882508 G4615
KJ882510 G4618
KJ882511 G4619
KJ882514 G4655
KJ882515 G4656
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Species Genbank accession nbr Sample name

KJ882516 G4664
KJ882518 G4666
KJ882519 G4667
KJ882521 G4675
KJ882522 G4676

Coseia KJ882523 G4677
KJ882531 G4909
KJ882534 G5726
KJ882535 G5773
KJ882539 Mbita
KJ882540 MbL
KJ882542 Mkd
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ABSTRACT

Monitoring accurately temperature is a key issue in biological studies involving living experimental material. It is
especially true for insects which body temperature is mostly controlled by environmental temperature, with
profound consequences of a few degrees variation on most physiological processes such as survival, development,
fecundity, and mobility. If programmable rearing units can be purchased, it remains important to monitor and
store temperature information acquired inside the rearing unit to ensure that observed phenomena are not the
result of unintended and not scarily noticeable changes in temperature, and to account for the effect of
temperature variation in statistical analysis. As most laboratories involved in insect rearing dispose of a large
number of rearing units, the technical solution should meet the monitoring needs while being affordable and
adaptable to various experimental designs. For that purpose, we designed a low cost (below 100€) and open
source automatic temperature monitoring system for rearing units in laboratory. Key features providing
advantage over pre-existing methods include:

e Highly configurable temperature monitoring and life-time storage capacity
e Email alerts based on configurable user-defined threshold
e Automatic configurable reports in the form of dashboards
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Specification Table

Subject Area: Agricultural and Biological Sciences

More specific subject area: Insect science (experiments and rearing units in laboratory)

Method name: Automatic system for monitoring temperature in laboratory insect rearing units

Name and reference of Lewis AJ, Campbell M, Stavroulakis P (2016) Performance evaluation of a cheap, open source,
original method: digital environmental monitor based on the Raspberry Pi. Measurement 87:228-235. doi:

10.1016/j.measurement.2016.03.023
Resource availability: Hardware:

Raspberry Pi 3 model B+

MicroSD card 8 Go (16 Go recommended)
DS18B20 temperature sensors

Electric cables, tin and soldering iron
Software:

Linux, Python, R

Method details
Monitoring and recording temperature in rearing units

When designing a scientific experiment under controlled conditions, it is not only necessary to
ensure that environmental conditions are actually controlled, but it is also needed to record these
environmental conditions so that potential environmental conditions variation can be included in the
analysis. In insects, temperature is the key driver of most physiological processes such as temperature-
dependent development, which drives the timing of the insect phenological stages [1]. Furthermore,
some insect species are very sensitive to variations in temperature, or to fluctuating temperature
regimes [3]. Hence, there are many examples on why it is important to monitor and record
temperature for experiments in rearing units with insects. If insects of the same population are kept in
two different rearing units at the same constant temperature, it is required to be able to separate the
effect of intraspecific variability of development in response to temperature [2], from the effect of
unintended variations in temperature. If populations are to collapse it is required to quickly identify
potential causes and put aside environmentally controlled factors such as temperature. Such
monitoring can also be of importance in evaluating the impact of insect manipulation on temperature
when opening and closing the rearing unit doors, or to test for the homogeneity of temperature inside
the rearing unit. In mentioned examples, the temperature information needs i) to be monitored inside
the temperature rearing unit and easily positioned at different places; ii) to be recorded at
configurable time steps and stored over the duration of the experiment and beyond.

In case of failure of a rearing unit, it is convenient to dispose of the complete historical data on
temperature inside the rearing unit to and an alarm is also needed. Indeed, it can be required to act
quickly so as to maintain the biological material, especially in the case of the conservation of an
endangered species or a strain. Furthermore, the system should be independent from the rearing unit
electrical circuit to avoid a general blackout if the failure is associated with an electric malfunction.

In this article we present the automatic temperature monitoring system that we developed for
rearing unit, based on a published temperature monitoring system [4]. This system provides an alarm
system and a dashboard html report that allow visualizing the temperature inside rearing units.

Building and deploying the temperature monitoring system

Hardware

The hardware used to collect and analyze the temperature information is a Raspberry Pi 3 model
B+ with a 16 Go micro SD card. The Raspberry Pi is a low-cost computer of the size of a credit card
(approximately 40€, SD card included). The main advantage is that it operates using Linux, which is a
common operating system to the scientific community. The official supported operating system (OS) is
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Raspbian which can be install in a micro SD card from the Raspberry Pi foundation (https://www.

raspberrypi.org/; using another computer than the Raspberry Pi). Once the OS is installed on micro SD

card, the Raspberry Pi can be started. The system should be updated from the terminal using:
sudo apt-get update

sudo apt-get upgrade

In the configuration menu (sudo raspi-config), from "Interfaces"”, SSH and 1-wire should be
enabled. In "Localization”, the time zone and Wi-Fi country (if required) should be updated to
correspond to the computer localization. It is also advised to change the default password and reboot
the computer so that changes can take effect. Setting a fix IP address is also advised to easily
communicate with the computer from SSH protocol (an SSH connection allows to control the
Raspberry Pi from any other computer so that it is no longer necessary to have a screen, mouse and
keyboard plugged in to the Raspberry Pi). Depending on the network configuration, setting a fix IP
address may require the intervention of the IT services. For convenience it is assumed in this article
that the fix IP address of the Raspberry Pi is “192.168.0.30”. The Raspberry Pi need to be connected to
Internet either through the Ethernet port or through Wi-Fi.

For the temperature monitoring, DS18B20 sensors (Maxim Integrated Products, Inc) are used.
DS18B20 sensors are digital thermometers (slaves) that communicate with a central microprocessor
(master: the Raspberry Pi) over a 1-Wire bus. Each DS18B20 has a unique 64-bit serial code which is
practical to connect multiple sensors on the same 1-Wire bus. Temperature measurements range from
-55°Cto +125 °C with a +0.5 °C accuracy over a temperature range from —10 °C to +85 °C. A complete
description can be found on the manufacturer web site (https://www.maximintegrated.com).

The sensors can be connected in parallel to the Raspberry Pi using the GPIO4, Ground, and
3V3 power pins, with a 4.7 k ohm resistor between the GPIO4 and the 3V3 power (see Fig. 1).
DS18B20 sensors can be connected using jumper wires, but it is advised to solder the sensors to wires
for long term usage.

551602 A 561802

4.7 k ohm

Fig. 1. Schematic representation of the circuit. The Raspberry Pi is connected to Internet using the Ethernet port (note that
Raspberry Pi 3 model B +has a Wi-Fi card).

190


https://www.raspberrypi.org/
https://www.raspberrypi.org/
https://www.maximintegrated.com

2130 F. Rebaudo, R. Benoist/MethodsX 6 (2019) 2127-2133

Software
An overall schematic representation of the monitoring system can be found in Fig. 2.

Reading temperature from the DS18B20 sensors and store information into CSV files. ~All the procedures
to read the temperature and store the information into a CSV file uses Python 3.5.3. The complete
script can be found in Supplementary material S1 ("envColTemp_XX.py"). ACSV file is created with the
headers corresponding to the data to be stored ("year", "month", "day", "hour", "minute”, "second”,
"sensorld", "temperature"; with sensorld corresponding to the DS18B20 64-bit serial code), and
named after the date of initialization.

Temperature reading is contained in the "[sys/bus/w1/devices/" directory of the Raspberry Pi,
under directories starting with "28-00". The Python script used to retrieve the temperature
information was obtained and adapted from a StackOverflow post by "joan" under a CC-BY-SA license
(https://raspberrypi.stackexchange.com/).

for sensor in glob.glob("/sys/bus/wl/devices/28-
00*/wl_slave") :
id = sensor.split("/")[5]
try:
£ = open(sensor, "r")
data = f.read()
f.close()
if "YES" in data:
(discard, sep, reading) = data.partition(' t=')
ds18b20t = float (reading) / 1000.0
else:
ds18b20t = 9999
except:

pass

In this article temperature is measured every minute using "time.localtime() [5] == 0" (line 54 in
Supplementary material S1). To reduce the number of writing operations on the micro SD card, the
temperature information is stored in the RAM with a default number of reading of 40 that can be
changed using "RAMReadNumber" variable (line 21). After 40 reads, the data is transferred to the csv
file. To reduce the management of large files by the Raspberry Pi, a new file is created once the current
file exceeds 10 Mo, configurable with the variable "fileMaxSizeMo" (line 22).

Rearing units

temperature

>> COPY >>

[

Raspberry Pi

>>ALERTS >>
>

Dashboardf\visualization

Fig. 2. Schematic representation of the monitoring system.
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Once uploaded into the Raspberry Pi (here in the "Documents” directory), from the command line
interface of the Raspberry Pi (e.g., through an SSH connection), a bash file can be created to launch
automatically the script at each computer startup using a CRON job. This is particularly important in
case of power failure or when installing the monitoring system: the monitoring will start
automatically and power failure can also be monitored. A separate bash script is used to launch the
monitoring system automatically (Supplementary material S2, "launcher.sh"), as it allows to maintain
different versions of the Python script without having to change the CRON job.

nano launcher.sh # create and edit bash file

chmod 755 launcher.sh

A directory "logs" was created under the "Documents” directory for the logs files. CRON job was
created using "sudo crontab -e":

@reboot sh /home/pi/Documents/launcher.sh >/home/pi/Documents/logs/launcher_log 2 > &1

Configuring an alert system with emailing. A simple alert system triggered by a temperature over or
below a threshold cannot be used in the case of a rearing unit because variations of temperatures that
would trigger the alert are expected when opening the rearing unit for insect manipulation. Thus a
more configurable threshold has been developed in which the alert is triggered in case the average
temperature over a period of time reach the threshold. A different minimum and maximum threshold
can be used for each sensor, like in the case presented here.

A Python script was used and uploaded into the directory "Documents" to be able to send emails
automatically with a content defined by arguments passing through the script execution. The Python
script can be found in Supplementary material S3 ("emailSender_XX.py").

Then, an R script [5] was made and uploaded into the directory "Documents” to configure the
threshold (Supplementary material S4, " envCheckTemp_XX.R"). In this article the monitoring system
had 8 DS18B20 sensors connected to the Raspberry Pi. Maximum temperature thresholds for the
8 sensors are stored in the variable "paramMaxTemp" and minimum thresholds in the variable
"paramMinTemp". The average temperature for triggering alerts was set to 60 min with the variable
"paramDuration". All CSV files are merged into a data frame R object, and sensors renamed from the
manufacturer 64-bit serial code to a more human readable name (each sensor can be identifiable by
sequentially holding them while recording temperature). If the average temperature over the defined
period of time reach a threshold, then the python script is launched from R with arguments
corresponding to the average temperature and the name of the sensor. In order to use the script, R
must be installed in the Raspberry Pi:

sudo apt-get install r-base

In order to monitor automatically the temperature and check for potential anomalies, a bash script
was used and launched automatically every hour using a CRON job (Supplementary material S5,
"checker.sh").

nano checker.sh # create and edit bash file

chmod 755 checker.sh

CRON job was created using "sudo crontab -e":

**** sh [home/pi/Documents/checker.sh >/home/pi/Documents/logs/checker_log 2 > &1

The CRON job first five fields correspond to date and time, followed by the command. The date and
time fields correspond to minute (0-59), hour (0-23), day of the month (0-31), month (0-12), and day
of the week (0-7), respectively. The star symbol "*" represents all available values. Here "0 * * * * *"
means that the command will be executed every time the minutes reach 0 (i.e., every hour). The
complete documentation on CRON jobs can be found from any Linux terminal using "man crontab”.

Additional security measures (optional). A file backup system was used to ensure CSV files security.
The backup is triggered from a server and not from the Raspberry Pi using a CRON job every day at 7.00
a.m.:

7 * * * python3 [xxx/copyToCommun.py >/xxx/copyFromCommun_log 2 > &1

The backup system consists in a Python script (Supplementary material S6, "copyToCommun.py")
which lists the files in the Raspberry Pi and locally in the server. If new files or files with a bigger size
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are found in the Raspberry Pi, they are automatically copied to the server. It can also be triggered
manually from the server at any moment. Using a server to store copies of the Raspberry Pi is useful to
ensure long term storage, but also in the case of analyses that require a large amount of RAM or other
computer resources not available from the Raspberry Pi.

Dashboard (optional). If the information about the temperature monitoring needs to be revised by
several people with graphical visualizations, working with copies of the original files on a server rather
than the Raspberry Pi itself is advised (see section 2.3.). In the case presented here, a dashboard in html
is created every day at 7.30 a.m. in a server using R [5], with the packages "flexdashboard" [6] and
"ggplot2” [7] (Fig. 3). The complete script to build the dashboard and to compile it into html can be
found in Supplementary material S7 and S8 ("dashboard_MONTH.Rmd", "renderRMDtoHTML.R").

7 * * * Rscript [xxx/renderRMDtoHTML.R >/xxx/dashboard_log 2 > &1
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Fig. 3. Example of a simple dashboard for one rearing unit (named "SNK_Mak_bib_26" and set to 25°C) to visualize temperature
within the rearing units for the last month. Daily temperatures (yy-mm-dd) are represented as boxplots and red dots represent
outliers (they correspond to the times when the door of the rearing unit was opened; the door was opened multiples times on
May 3rd and for a long time on May 16th). The dashboard is in HTML format so that it can be accessed from any Internet
navigator by any operator with no prior experience in programming, and hosted in a local or distant server.
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Conclusion

This method article presents a simple yet powerful system for temperature monitoring at low cost
and highly configurable particularly suitable for experiments in laboratory with insect rearing units. It
is based on a Raspberry Pi computer and DS18B20 temperature sensors. With eight temperature
sensors, the Raspberry Pi, the micro SD card, the power supply, and the wires, the overall cost is below
100€ which makes the system affordable and easy to deploy even in laboratories with a large number
of rearing units. Automatic reports and email alerts can easily be configured to ensure full control over
your experiments together with long term storage of temperature data, and easy access to the
information without programming skills. All the files can be found in GitHub (https://github.com/
frareb/raspi_tempMonitor).
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Bases comportementales, physiologiques et génétiques du succeés reproducteur d'un
hyménoptére parasitoide

Reésumé :

Etudier I’aptitude d’insectes parasitoides a se reproduire dans de nouveaux hotes est important
pour comprendre les mécanismes d’adaptation dans un contexte de lutte biologique. Cotesia
typhae est un parasitoide africain spécialisé sur le lépidoptere Sesamia nonagrioides et est un
agent de lutte biologique potentiel contre ce ravageur du mais. C. typhae appartient a un groupe
d’especes possédant un virus endosymbiotique injecté dans 1’hote lors de la ponte et contribuant
a la virulence du parasitoide. J’ai pu montrer que deux souches de C. typhae different par leur
nombre de descendants et par leur virulence envers une population francaise de S. nonagrioides,
représentant un nouvel hote. Afin d’identifier les génes responsables de ces variations une
recherche de QTL a été entreprise (Quantitative Trait Loci). Nous avons établi une carte
génetique de C. typhae, identifié quatre QTL et dressé une liste de génes candidats. Pour
expliquer la différence de virulence et du nombre de descendants, les quantités d’ceufs et de
virus injectés au cours de pontes successives ont été estimées. Ces expériences ont montré 1/
que les deux souches ne répartissent pas leurs ceufs de la méme maniére entre les hotes, 2/ que
la quantit¢ de virus injectés n’est pas corrélée a la virulence. Pour comprendre 1’origine
évolutive de la différence de virulence, ce trait a été estimé sur les populations hétes naturelles.
Les résultats suggerent que 1’adaptation locale pourrait étre a I’origine de la pré-adaptation
d’une des souches a I’héte frangais. Ce travail a permis également de bien caractériser le succes
reproducteur de C. typhae, essentiel pour son utilisation en lutte biologique.

Mots clés : Parasitoide ; succes reproducteur ; virulence ; bracovirus ; QTL ; lutte biologique

Behavioural, physiological and genetic basis of the reproductive success of a
hymenopteran parasitoid

Abstract :

Studying the ability of insect parasitoids to reproduce in novel hosts is important to understand
adaptive mechanisms at play when they are used for biological control. Cotesia typhae is an
African parasitoid specialized on the Lepidoptera Sesamia nonagrioides and it is a potential
biological control agent against this maize pest. C. typhae belongs to a group of species
harboring a symbiotic virus which is injected in the host during oviposition and which
contributes to the parasitoid virulence. I have found out that two strains of C. typhae differed in
their offspring number and in their virulence against a French population of S. nonagrioides,
which represents a new host. A QTL analysis (Quantitative Trait Loci) has been done to identify
genes involved in these variations. We have built a genetic map of C. typhae, identified four
QTL and listed candidate genes. To explain the difference of virulence and offspring number,
numbers of eggs and viral particles injected during successive ovipositions have been estimated.
These experiments have shown that 1/ the two strains have different patterns of egg allocation
among the successive hosts parasitized, 2/ the quantity of injected viral particles is not
correlated to virulence. To understand to evolutionary origin of the virulence variation, this trait
has been estimated for the natural host populations. The results suggest that local adaptation
could explain the better pre-adaptation of one C. typhae strain to the French host population.
This work also allowed an in-depth characterization of the parasitoid reproductive success,
essential for its use in biological control.

Keywords: Parasitoid; reproductive success; virulence; bracovirus; QTL,; biological control
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