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L’expression du phénotype des organismes dépend en partie d’organismes 
symbiotiques avec qui ils sont en interaction étroite. Selon le mode de transmission du 
symbiote, ce dernier va être en conflit d’intérêt plus ou moins intense avec l’hôte pour 
l’expression du phénotype, conduisant parfois le symbiote à évoluer vers la manipulation du 
phénotype de l’hôte. Nous avons tenté d’identifier différents facteurs génétiques et 
environnementaux influençant l’expression et l’évolution de la manipulation chez l’insecte 
parasitoïde de larves de drosophiles, Leptopilina boulardi, et son virus manipulateur du 
comportement, LbFV. Ce virus bénéficie d’une transmission mixte, verticale et horizontale, 
cette dernière étant favorisée par l’induction de superparasitisme induite par le virus. L’étude 
de la contribution du génotype du parasitoïde dans l’expression de la manipulation a révélé la 
présence de gènes de résistance partielle à la manipulation. Le potentiel évolutif de cette 
résistance a ensuite été évalué par des expériences d’évolution expérimentale. Nous avons 
également montré que LbFV augmente la virulence du parasitoïde envers les larves de 
drosophiles, révélant ainsi une évolution vers une forme de mutualisme sur ce trait. Par 
ailleurs, le travail montre qu’un même parasitoïde peut être non seulement infecté par 
plusieurs souches du virus LbFV mais également infecté par un virus à ARN, décrit pour la 
première fois dans cette thèse. La transmission verticale, la prévalence élevée et les forts 
effets phénotypiques de ce virus soulignent de nouveau l’importance des virus dans 
l’expression du phénotype en population naturelle. 
�
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The expression of the phenotype of an individual depends partly on the presence of 
symbiotic organisms with which it engages in intimate interactions. According to the 
symbiont’s mode of transmission, the conflict of interest between the host and its symbiont 
for the expression of the phenotype can be more or less stronger, sometimes leading to the 
evolution of manipulation of the host phenotype by the symbiont. We attempted to identify 
different genetic and environmental factors influencing the expression and the evolution of 
manipulation in the Drosophila parasitoid wasp, Leptopilina boulardi, and its behaviour-
manipulating virus, LbFV. The virus undergoes both vertical and horizontal transmission, the 
latter being favoured by the induction of superparasitism behaviour by the virus. The study of 
the contribution of the parasitoid genotype to the expression of the manipulation revealed a 
polymorphism in the resistance to the manipulation. The evolutionary potential of this 
resistance was then investigated using a protocol of experimental evolution. We also 
demonstrated that LbFV increases the virulence of the parasitoid towards its Drosophila host, 
revealing a form of mutualistic interaction on this trait. Additionally, we showed that an 
individual parasitoid can be coinfected by several LbFV strains but also by an RNA virus, 
described for the first time in this thesis. The vertical transmission, the high prevalence and 
the strong phenotypic effects of this new virus further highlights the importance of viruses in 
the expression of the phenotype in natural populations. 
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 Le comportement de superparasitisme est en lien direct avec la fitness des femelles 

parasitoïdes puisqu’il détermine la qualité de l’environnement dans lequel vont se développer 

leurs descendants. Compte tenu du conflit d’intérêts entre le parasitoïde et le virus pour 

l’expression du superparasitisme (Gandon et al. 2006), on peut s’attendre à ce que les 

populations de parasitoïdes s’adaptent à la présence du virus via des mécanismes de résistance 

à l’infection ou de tolérance à l’infection. La tolérance à l’infection pourrait notamment 

s’exprimer sous la forme d’une résistance à la manipulation chez les femelles infectées, un 

mécanisme différent de la résistance à l’infection puisqu’il n’implique pas l’élimination du 

virus. On peut également s’attendre à ce que l’évolution de la résistance ou la tolérance à 

l’infection soit corrélée à l’intensité des pressions de sélection exercées par le virus et donc à 

sa prévalence. A l’échelle du sud-est de la France, la prévalence de LbFV est extrêmement 

variable d’une population à l’autre, les populations du nord étant peu ou pas infectées alors 

que les populations du sud présentent des prévalences élevées, parfois proche de 100 % (Patot 

et al. 2010, Annexe 1). Ce gradient latitudinal de prévalence pourrait ainsi conduire à une 

différenciation génétique des populations de parasitoïdes sur la résistance à l’infection, la 

tolérance à l’infection ou sur ces deux mécanismes.

 Nous avons ainsi tenté de mettre en évidence un polymorphisme de résistance et/ou de 

tolérance à l’infection chez L. boulardi en échantillonnant 30 lignées de parasitoïdes (8 

infectées par LbFV et 22 non-infectées) provenant de cinq populations du sud-est de la France 

montrant des prévalences contrastées. Chacune de ces 30 lignées a été fondée à partir d’une 

seule femelle (lignée isofemelle) et maintenue au laboratoire pendant cinq générations par des 

croisements frère-sœur avant le début des expériences. Ce mode de croisement a permis 

d’éliminer en grande partie la variabilité génétique intra-lignée (taux d’homozygotie � 67,2 

%) maximisant ainsi les chances d’observer des différences génétiques entre lignées. 

 Dans un premier temps, la contribution de l’infection par LbFV dans l’expression du 

superparasitisme a été analysée sur les 30 lignées rendues consanguines. Pour chaque lignée, 

l’intensité du superparasitisme a été mesurée selon le protocole standard (chapitre 1). Les 

résultats montrent que la majeure partie de la variance phénotypique du superparasitisme est 

expliquée par la présence/absence du virus chez les femelles parasitoïdes (Manuscrit 1, Fig. 
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Après introgression, l’ensemble des lignées étaient infectées. Le virus a donc bien été 

transmis au fil des générations d’introgression montrant qu’aucune lignée n’est totalement 

résistante à l’infection. L’analyse du comportement de superparasitisme aux différentes 

générations d’introgression a révélé des différences d’intensité entre lignées de parasitoïde. 

Ces différences se transmettent d’une génération à l’autre, même si les effets 

environnementaux ont une contribution importante dans la variabilité phénotypique totale 

(Manuscrit 1, Fig. 3 & 4). Ainsi, bien que toutes les lignées introgressées superparasitent, 

certaines tendent à être moins manipulées que d’autres, suggérant la présence d’un 

polymorphisme de tolérance à l’infection (= résistance à la manipulation). En revanche, ce 

polymorphisme est restreint à l’échelle intra-population puisque les différences de 

comportement entre lignées de parasitoïdes ne sont pas corrélées à leur population d’origine. 

Les différences de superparasitisme ne sont pas non plus corrélées à la densité virale chez les 

femelles parasitoïdes indiquant qu’il s’agit bien d’un mécanisme de tolérance et non de 

résistance à l’infection. 

Enfin, le déterminisme génétique de cette tolérance à l’infection a été étudié par un 

protocole de génétique quantitative afin de mesurer la part des effets additifs, les seuls 

impliqués dans la réponse des populations à la sélection. Deux lignées montrant des 

phénotypes contrastés ont ainsi été utilisées comme lignées parentales pour établir différents 

types de croisements (F1 et backcross). L’analyse du comportement de superparasitisme dans 

les différents croisements a révélé la présence d’effets génétiques additifs ainsi que 

d’importants effets de dominance dus aux allèles de la lignée la plus manipulée. En revanche, 

aucun effet maternel n’a été détecté. De plus, la lignée parentale la plus manipulée s’est 

avérée avoir un stock d’œufs plus important. Bien que ce lien entre comportement de 

superparasitisme et fécondité devra être testé sur un plus grand nombre de génotypes, une 

fécondité plus élevée chez les génotypes les plus manipulés pourrait compenser le gaspillage 

en œufs dû au superparasitisme induit par le virus.

La présence d’un tel polymorphisme dans les populations naturelles de parasitoïdes 

suggère un potentiel d’évolution vers une tolérance à l’infection. Cependant, nous n’avons pas 

observé de différenciation génétique entre les populations du nord, peu exposées au virus, et 

les populations du sud où une forte proportion des femelles parasitoïdes doivent faire face à la 

manipulation par le virus. Différentes hypothèses peuvent expliquer ce résultat, malgré la 

présence d’un polymorphisme à l’échelle intra-populationnelle. D’une part, nous avons vu 

que les effets de l’environnement ont une contribution importante dans l’expression de la 

manipulation, ce qui pourrait rendre inefficace l’effet de la sélection sur ce polymorphisme. 

D’autre part, il est possible que LbFV ait envahi récemment les populations de L. boulardi, 
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les allèles de tolérance alors n’ayant pas eu le temps d’augmenter en fréquence. Enfin, le 

polymorphisme pourrait être maintenu activement par des mécanismes de « balancing 

selection ». En particulier, un trade-off entre résistance à la manipulation et fécondité, tel que 

suggéré par nos données, pourrait participer au maintien du polymorphisme de tolérance à 

l’infection. 

D’autres mécanismes tels que les interactions génotype × environnement peuvent 

également favoriser le maintien de ce polymorphisme. En particulier, le coût de la 

manipulation pour le parasitoïde pourrait varier en fonction de la compétition pour les hôtes 

drosophiles. En effet, plus la compétition est forte, plus les femelles ont intérêt à 

superparasiter (van Alphen & Visser 1990). Or la compétition pour les hôtes montre des 

variations importantes dans la nature, à l’échelle intra-populationelle (chapitre 3). Les 

génotypes les plus manipulés pourraient ainsi être avantagés dans les cas de forte compétition 

pour les hôtes. 

En conclusion, nous avons mis en évidence la contribution du génotype du parasitoïde 

dans l’expression de la manipulation. Si les causes du maintien de ce polymorphisme dans les 

populations naturelles sont encore inconnues, ce travail suggère qu’il existe un potentiel 

évolutif pour ce phénotype étendu dans le pool génique du parasitoïde. De plus, ces résultats 

apportent de nouvelles perspectives dans l’’étude des mécanismes fonctionnels de la 

manipulation. L’analyse des gènes différentiellement exprimés entre lignées faiblement et 

fortement manipulées permettra de faciliter l’identificationdes gènes du parasitoïde ciblés par 

la manipulation virale. 
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� ������������ ,� ��� �#�#������� :1�L’analyse globale sur les quatre 

générations de développement contrôlé montre en effet que les populations n’évoluent pas 

dans une même direction mais plutôt de manière aléatoire (effet cage). Clairement, 

l’hypothèse adaptative ne permet donc pas d’expliquer les données. Comment expliquer alors 

les variations des phénotypes moyens des cages ? 

Si l’on observe le comportement des cages témoins, on constate un parallélisme 

frappant entre le phénotype moyen des paires de cages contenant le même génotype de 

parasitoide (Fig 8). Cependant on voit également de fortes variations au cours des générations. 

Deux conclusions peuvent être tirées : (i) le fort parallèlisme montre que l’effort 

d’échantillonnage consenti pour mesurer le phénotype moyen d’une cage est suffisant (n=20 

femelles), car sinon les phénotypes des paires de cages présentant le même génotype seraient 

différents ; (ii) il existe de forts effets environnementaux non contrôlés dans cette expérience 

qui expliquent les fortes variations entre générations. Ces effets peuvent provenir de 

variations de pression atmosphérique (Fournier et al.2005), de légères variations de 

températures ou d’humidité (Rousse et al. 2009 ; Wu et al. 2011) par exemple. Dans les cages 

tests, on observe également des variations qui suivent globalement les variations des cages 

témoins, probablement dues aux mêmes facteurs environnementaux que ceux agissant sur les 

témoins. Cependant on observe également des variations qui semblent aléatoires entre ces 

cages, y compris entre cages de la même modalité. Ces différences entre cages sont donc 

soient dues à des effets d’échantillonnage, soit dues à des évènements de dérive génétique, 
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c’est-à-dire une différenciation génétique aléatoire due à un effectif limité. L’observation des 

cages témoins nous amènent plutôt à pencher pour la deuxième hypothèse. 
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La manipulation comportementale exercée par LbFV a été interprétée comme une 

adaptation du virus au mode de transmission horizontal (Gandon et al. 2006). Si elle rend le 

superparasitisme bénéfique pour le virus, la transmission horizontale offre aussi un contexte 

favorable aux infections multiples et à la compétition entre souches virales. En effet, des 

lignées de parasitoïdes infectées pourraient être fréquemment réinfectées par transfert 

horizontal, mettant ainsi en compétition des souches de virus pour l’exploitation du 

parasitoïde et pour la transmission verticale et horizontale. 

Ainsi, les infections multiples pourraient profondément affecter l’évolution des effets 

du virus sur le parasitoïde. D’une part, elles favorisent les souches ayant un taux de 

réplication élevé, exploitant rapidement les ressources du parasitoïde et conduisant à une 

augmentation de la virulence du virus envers ce dernier (Nowak & May 1994 ; van Baalen & 

Sabelis 1995). D’autre part, le type d’interactions entre souches virales peut profondément 

affecter l’évolution de l’intensité de la manipulation. Par une approche de modélisation, 

Varaldi et al. (2009) ont notamment montré que la superinfection, c’est-à-dire le 

remplacement immédiat d’une souche virale résidente par une souche transférée 

horizontalement conduit à une sélection favorisant les souches virales induisant une intensité 

de manipulation élevée (augmentation de l’ESS de superparasitisme, Manuscrit 2, Fig. 1). Ils 

ont également mis en évidence un « feedback » épidémiologique complexe reliant l’ESS de 

superparasitisme à la prévalence du virus. Cependant, la coinfection, c’est-à-dire la 

coexistence durable de plusieurs souches virales au sein du même individu parasitoïde, 

pourrait conduire à des prédictions différentes de celles du modèle de superinfection. En effet, 

la manipulation est une forme de production de biens communs puisqu’elle profite à toutes les 

souches de virus infectant le même individu parasitoïde. Ce bénéfice partagé pourrait 

favoriser l’émergence de souches non-manipulatrices profitant de l’effort collectif des 

souches manipulatrices sans payer le coût de l’expression de cette manipulation. L’évolution 

de la non-coopération dans l’effort de manipulation pourrait alors affecter négativement 

l’intensité de la manipulation chez LbFV. 

Dans le manuscrit 2, nous faisons état de la découverte d’une nouvelle souche de 

LbFV présentant une délétion de 111 pb sur la séquence du marqueur moléculaire de 

l’infection. La présence de ce polymorphisme d’insertion/délétion chez le virus offre la 

possibilité de tester l’hypothèse de la transmission du virus à une lignée de parasitoïdes déjà 
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infectée et donc d’évaluer le type de compétition entre souches virales (superinfection, 

coinfection).  

Dans un premier temps, la souche délétée LbFV2 et la souche de référence LbFV1 ne 

présentant pas la délétion ont été transférées horizontalement, via le superparasitisme 

(protocole standard, chapitre 1), sur une même lignée de parasitoïdes initialement non-

infectée afin de contrôler les effets du génotype du parasitoïde. La capacité de chacune des 

souches à coloniser un parasitoïde non infecté ou déjà infecté (par l’autre souche) a ensuite été 

testée et quantifiée. Les deux souches virales ont été transférées avec la même efficacité sur la 

lignée initialement non-infectée (Manuscrit 2, Fig. 3). Lorsque la lignée de parasitoïdes 

receveuse était initialement infectée, le transfert horizontal a conduit à une proportion 

importante et similaire pour les deux souches de coinfections. Cependant, ce transfert sur une 

lignée déjà infectée s’est avéré beaucoup moins efficace que sur la lignée non-infectée 

suggérant l’existence d’un effet « vaccin » conféré par la souche virale résidente. Le transfert 

horizontal des deux souches de la lignée coinfectée sur une lignée non-infectée à également 

été testé. Les deux souches ont été transmises avec la même efficacité, suggérant qu’il n’y a 

pas d’asymétrie compétitive entre elles. De plus, la proportion de coinfections à l’issue de ce 

transfert est similaire à la proportion de transferts horizontaux chez un témoin infecté par une 

seule souche de virus, suggérant que les souches virales ne sont pas en compétition pour la 

transmission horizontale. 

A partir des différents statuts d’infection obtenus grâce à ces expériences de transferts 

horizontaux, le taux de transmission verticale des deux souches a été mesuré sur une 

génération. Comme dans le cas de la transmission horizontale, les deux souches sont 

transmises avec la même efficacité (Manuscrit 2, Fig. 4). De plus, en conditions de 

coinfection, la proportion de descendants coinfectés était légèrement inférieure à celle 

attendue sous l’hypothèse d’une absence de compétition. Cela suggère que les souches virales 

sont en compétition pour le passage de la mère aux descendants, possiblement lors de la 

colonisation des ovocytes par le virus. Ce résultat a été confirmé par l’analyse de la 

ségrégation des deux souches virales, à partir de lignées coinfectées, sur 4 générations de 

transmission verticale (Manuscrit 2, Fig. 5). En effet, au bout de 4 générations, il y avait 

moins de lignées coinfectées qu’attendu sous l’hypothèse d’une absence de compétition. 

Enfin, l’étude des effets phénotypiques des deux souches virales et de la coinfection 

n’a pas révélé de différence sur l’intensité de la manipulation (Manuscrit 2, Fig. 6) ni sur les 

autres traits de fitness (degré d’infestation des drosophiles par le parasitoïde, succès 

développemental, temps de développement, sex-ratio et fécondité des femelles). 

Ainsi, l’utilisation de cette souche virale délétée nous a permis de montrer que 

l’infection conférait un certain « effet vaccin ». L’observation de cet effet suggère que des 
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variations de prévalence doivent entraîner des variations de la stratégie optimale de 

superparasitisme chez le virus. Cependant cet effet est partiel et les évènements de 

coinfections sont fréquents dans le système L. boulardi-LbFV. Ces coinfections peuvent se 

maintenir sur plusieurs générations, ce qui constitue un contexte favorable à l’émergence de 

souches virales non-manipulatrices. Cependant, ces coinfections semblent instables à plus 

longue échéance (seulement 27,5 % de coinfection après 4 générations de transmission 

verticale). La fréquence des coinfections dans la nature pourrait alors dépendre d’un équilibre 

entre les pertes dues à l’effet combiné d’une transmission verticale incomplète et de la 

compétition entre souches pour l’accès aux descendants du parasitoïde, et une apparition 

constante de nouvelles lignées coinfectées due aux transferts horizontaux. La mise à jour de 

ces phénomènes soulève de nombreuses questions sur la nature de la compétition entre 

souches, mais aussi sur leurs conséquences évolutives. Prédire l’évolution de l’intensité de la 

manipulation chez LbFV s’avère ainsi complexe et nécessite des approches théoriques prenant 

en compte les différents paramètres épidémiologiques du virus (coinfection, effet vaccin) 

ainsi que les feedbacks épidémiologiques qui peuvent s’établir entre ces paramètres. 
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Abstract 

Infections by multiple parasite genotypes are common in nature and may impact the 

evolution of host-parasite interactions. We investigated the existence of multiple infections 

for the DNA virus LbFV infecting the Drosophila parasitoid Leptopilina boulardi. This 

vertically-transmitted virus forces infected females to lay their eggs in already-parasitized 

Drosophila larvae (a behavior called superparasitism), thus favouring its spread through 

horizontal transmission. Previous theoretical developments indicated that the evolution of the 

manipulation strongly depends on the occurrence of viral strain replacement due to 

competition within the parasitoid. We describe a strain of LbFV showing a 111 bp deletion 

within the locus used for PCR detection, allowing us to test for the existence of super- and 

coinfection. Viral strains did not differ on their vertical or horizontal transmission rates nor on 

the way they affected the parasitoid’s phenotype, including their ability to manipulate the 

behavior of the wasp. Although already-infected parasitoids were much less susceptible to 

new infection than uninfected parasitoids, frequent coinfection occurred following horizontal 

transmission. After few generations of vertical transmission however, one strain usually 

eliminated the other, even if the outcome was balanced among strains. The implications of 

these results on LbFV epidemiology and evolution are discussed in the light of the between-

strain competition and social dilemmas literature. 
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Introduction 

Multiple infections are common in host-parasite associations (López-Ferber et al. 

2003; Mouton et al. 2003; Ben-Ami et al. 2008). When several parasite strains or species 

compete for shared limited resources, this leads to the classical “tragedy of the commons” 

problem (Hardin 1968). Under this model, the within-host competition should select for 

parasites with faster replication rate, and thus greater virulence (Frank 1996). Two types of 

models have been developed to simulate two different kinds of within-host competition. The 

first is the superinfection model where there is a competitive hierarchy between parasite 

strains leading to the exclusion of all strains except the fastest replicating one that is the only 

one to be transmitted (Nowak & May 1994). The second is the coinfection model where 

strains stably coexist within the host and are all transmitted independently of the presence of 

the other strains (May & Nowak 1995). However, those models only predict the virulence that 

is due to the replication rate of individual parasites. Depending on the parasite traits that 

evolve in response to competition (replication rate, collective action on the host) or on the 

kind of competition between parasites (exploitation, interference or apparent competition), 

multiple infections might also select for a lower virulence and lead to the under-exploitation 

of hosts (Chao et al. 2000; Gardner et al. 2004). Particularly, production of public goods by 

parasites can be exploited by non-producing cheater strains which benefit from the collective 

action of the group without paying the cost of the production (Brown et al. 2002; Buckling 

and Brockhurst 2008). Numerous parasites have evolved the ability to manipulate the 

phenotype of the host to their own benefit, which constitutes an additional component of 

parasite virulence (Combes, 1995; Stouthamer et al. 1999; Thomas et al. 2011a). Producing 

manipulation effectors is a form of public goods production since it might be costly for the 

individual parasite producing them but beneficial for the whole group of parasites sharing the 

same host. Manipulative parasite strains can thus be exploited by non-manipulative strains. 

Such a within-host competition increases the cost of manipulation for the parasite strains that 

cooperate in the collective effort of manipulation and might select for an overall weaker, non-

optimal, level of manipulation (Brown 1999; Vickery and Poulin 2010). 

We investigated the occurrence of multiple infections in the maternally-transmitted 

DNA virus LbFV that specifically infects and manipulates the behavior of the Hymenopteran 

parasitoid Leptopilina boulardi (Varaldi et al. 2003). The parasitoid exploits Drosophila

larvae by laying its egg inside their body. The parasitoid larva consumes all the tissues of the 

Drosophila larva, leading to its death and to the emergence of a parasitoid adult. Uninfected 

parasitoid females lay a single egg into each encountered Drosophila larva but usually reject 

already-parasitized ones. On the contrary, LbFV-infected females readily superparasitize, i.e. 
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lay eggs into already-parasitized larvae, exposing their offspring to a strong competition since 

only one parasitoid can emerge from a single larva. Superparasitism allows the virus to be 

horizontally-transmitted between parasitoid offspring sharing the same Drosophila larva, thus 

complementing its high but partial vertical transmission. By a theoretical approach, Gandon et 

al. (2006) derived the evolutionary stable strategy (ESS) of superparasitism (rate of 

acceptance of parasitized larvae) both from the parasitoid (in the absence of virus) and from 

the virus point of view. The model indicates that the ESS is always higher for the virus 

compared to the ESS of the parasitoid (who may still benefit from superparasitism under 

harsh competition for hosts). This strongly suggests that this virus-induced behavioral change 

is indeed a true manipulation induced by the virus. In their initial model, superinfection, i.e. 

the replacement of a viral strain by another one (Nowak & May 1994), was not allowed. In 

these conditions, the model predicts that the ESS of superparasitism for the virus is strongly 

dependent on the viral prevalence at the epidemiological equilibrium (Fig. 1). This is due to 

the fact that infected parasitoids cannot be infected again and consequently the optimal level 

of manipulation decreases with an increase in the viral prevalence. 

However, in an extension of this model (Varaldi et al. 2009), it was pointed out that 

the occurrence of superinfection may strongly impact the evolution of the manipulation. If 

some superinfection is allowed, then the virus is selected for much higher superparasitism 

intensities compared to the predictions without superinfection (Fig 1). This is due to the fact 

that, in this situation, infected parasitoids still constitute potential hosts for horizontally-

transmitted viral strains. Furthermore, the ESS of the virus takes a humped shape, with an 

initial increase with an increase in viral prevalence (below a threshold in prevalence) followed 

by a decrease with an increase in viral prevalence (above the threshold in prevalence). This 

complex evolutionary response is generated by an interplay between the possible replacement 

of a resident strain by a mutant strain (superinfection) and the partial protective effect of being 

infected. Unlike superinfection, which does not allow stable coexistence of viral strains, 

coinfection may impact the evolution of the behavioral manipulation in a different way since 

this is an ideal context for the evolution of cheater strains. 

In this paper, we describe a natural LbFV strain showing a short deletion (111 bp) in 

the locus classically used for PCR detection. We used this strain together with the complete 

strain to test several hypotheses regarding the epidemiology and the evolution of the virus. In 

particular, we tested whether superinfection or coinfection occur. We also compared the 

fitness of both viral strains by measuring their rates of transmission (vertical and horizontal) 

and their effects on parasitoid life-history traits including the intensity of the manipulation. 
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Figure 1. From Varaldi et al. 2009: Evolutionarily stable strategy (ESS) of 

superparasitism for the virus against the probability of horizontal transmission in the 

context of superparasitism. Shades of gray indicate the prevalence of the virus in the 

population at the model equilibrium ;darker gray indicates more infected parasitoids 

(10% difference in prevalence between each shade of gray). The dashed line indicates 

the threshold below which the virus goes extinct. Black line: � = 0 (no superinfection). 

Red line: � = 0.5 (some superinfection may occur).

Material and methods 

PCR detection of LbFV 

Patot et al. (2009) identified the first sequence of LbFV by comparing the 

transcriptome of infected and uninfected parasitoid lines using suppressive subtractive 

hybridization (accession number: FM876312). The analysis of the mRNA revealed a potential 

open reading frame encoding 205 amino acids. Using the protocol described in Patot et al.

(2009), we used the primers 102-F and 500-R to detect LbFV infection. These primers were 

used in a multiplex reaction with insect primers RPS2-F and RPS2-R amplifying a parasitoid 

ribosomal protein gene to control for the quality of DNA extractions. 
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Viral strains and parasitoid genotype 

The PCR setup described above typically leads to the amplification of a 399 bp 

fragment in infected parasitoids (primers 102-F and 500-R, see above). In September 2007, a 

strain of LbFV was discovered after the sampling of parasitoids in a French orchard 

(Avignon). Among the 21 parasitoid lines collected from the same trap, 16 displayed a 

positive PCR amplification. Among these infected lines, one of them displayed an unusual 

amplification of a 288 bp fragment. Moreover, nine other lines showed this shorter fragment 

along with the typical 399 bp fragment suggesting that parasitoids can be coinfected by 

several strains at the same time. The unusual fragment was sequenced using the Sanger 

method revealing that it corresponds to a new viral strain presenting a deletion. The reference 

viral strain LbFV1 (399 bp), as well as the deleted viral strain LbFV2 (288 bp), were 

maintained in the laboratory on the inbred parasitoid line Av3 (originating from Avignon, 5 

generations of sib-mating, Martinez et al. 2011). All parasitoids were reared under a 12L:12D 

photoperiod at 26°C using a laboratory line of Drosophila melanogaster originating from Ste-

Foy-lès-Lyon (France). Drosophila larvae were fed with a standard diet (David 1962).

Experimental set-up for horizontal transmission 

Horizontal transmission of LbFV occurs exclusively in the context of superparasitism 

(Varaldi et al. 2003; Varaldi et al. 2006a). Since L. boulardi is a haplo-diploid species, 

fertilized eggs develop into females whereas unfertilized ones give rise to males. Hence, virus 

horizontal transmission can easily be quantified by obtaining Drosophila hosts successively 

parasitized by a mated mother (recipient line) and a virgin infected mother (donor line). 

Females emerging from these hosts being necessarily offspring of the mated mother, the 

occurrence of horizontal transmission is simply tested by PCR-detection of the virus in those 

females. Practically, one mated parasitoid female (1-2 day old) of the recipient line of interest 

was placed with 100 Drosophila eggs for 24 hours in a rearing vial. Then, the female was 

removed and replaced by four virgin females (2-3 day old) of the donor line of interest for an 

additional 24 hours. The success of horizontal transmission was then evaluated using the PCR 

test on emerging females. For each vials, mothers of the recipient and donor lines were PCR 

checked for viral infection. 
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Horizontal transmission of viral strains 

In a first experiment, we quantified and compared the ability of both viral strains to be 

horizontally-transmitted on a similar uninfected parasitoid line (Av3). Furthermore, we tested 

whether one viral strain can establish in a parasitoid line already infected by the other strain 

(Tab. 1). From this first experiment, we obtained two coinfected parasitoid lines, one obtained 

with the transfer from Av3[LbFV1] to Av3[LbFV2] and the other with the transfer from 

Av3[LbFV2] to Av3[LbFV1]. Because no differences were found between these two 

coinfected lines in the subsequent experiments, they were then considered as single coinfected 

line, called A3[LbFV1+LbFV2]. Therefore, data from these coinfected lines were pooled for 

all statistical analyses. 

In a second experiment, we tested whether the coinfection can be horizontally-

transmitted by using the coinfected line Av3[LbFV1+LbFV2] as the donor line  and Av3 as 

the recipient line (Tab.1). The transfer from A3[LbFV1] to uninfected parasitoids in this 

second experiment was used as a control for horizontal transmission efficiency. 

Successful horizontal transmission depends on the actual rate of transmission (from 

one parasitoid egg to another in the situation of superparasitism) but also on the opportunities 

for horizontal transmission (the frequency and the intensity of superparasitism). Therefore, in 

the first horizontal transmission experiment, superparasitism intensity was quantified by 

dissecting five Drosophila pupae in each vial. Parasitoid eggs were counted under a 

stereomicroscope and, for a given vial, superparasitism intensity was defined as the mean 

number of parasitoid eggs per parasitized Drosophila larva. Parasitism rate, i.e. the proportion 

of parasitized larvae was also measured for each vial, as explained below. 

Table 1. Different combinations of LbFV horizontal transfer. Av3 stands for the 

parasitoid’s nuclear background and text in parentheses corresponds to the viral 

infection status. 
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Vertical transmission and segregation of the coinfection 

Two generations after the first horizontal transmission experiment, lines Av3[LbFV1], 

Av3[LbFV2] and Av3[LbFV1+LbFV2] were used to measure the vertical transmission rate of 

each viral strains from one generation to the next. Ten infected females per infection status 

(PCR verification) were individually placed for 24 hours in vials containing Drosophila

larvae hatched from 100 eggs. In such conditions, superparasitism frequency is low enough to 

ensure that horizontal transmission is negligible. PCR detection of LbFV strains was 

performed on female offspring emerging from these vials (n = 46 to 100 depending on the 

modality). 

We further tested the within-host competitive ability of LbFV1 and LbFV2 over four 

generations of vertical transmission. To achieve this, we created 40 coinfected isofemale lines 

originating from the line Av3[LbFV1+LbFV2] (PCR verification, generation 0). A single 

female per isofemale line was kept to establish the next generation. The infection status of the 

different line was then checked by PCR detection on adult females of the fourth generation. 

The observed distribution of infection statuses was compared to the expected distribution 

under the hypothesis of no competition between viral strains (Appendix S1). The proportion 

of false-negative among PCR tests was evaluated by testing viral infection in lines of the 

generation 2 that were negative for infection at the previous generation, either for one viral 

strain or for both. All ten cases of apparent infection loss at the generation 1 (no LbFV1 = 2, 

no LbFV2 = 3, uninfected = 6) were confirmed at the next generation, suggesting that the 

proportion of false-negative among PCR tests is rather low. 

Effect of LbFV strains on parasitoid life-history traits 

Since the fitness of a particular viral strain depends on its transmission rate but also on 

its effect on the parasitoid’s phenotype, we measured several parasitoid life-history traits for 

the different infection statuses (Av3, Av3[LbFV1], Av3[LbFV2], Av3[LbFV1+LbFV2]). 

Previous works showed that LbFV increases the tendency of adult parasitoid females to 

accept superparasitism without detectable effect on other behavioral traits or on female 

survival (Varaldi et al. 2003 ; Varaldi et al. 2006b ; Varaldi et al. 2009). In addition, it has a 

slight positive effect on egg-load (� + 10 %) and a weak negative effect on tibia length, 

locomotor activity and development time (Varaldi et al. 2005). 
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Superparasitism behavior was measured as described in Varaldi et al. (2003). Adult 

parasitoid females (1-2 day old) were individually placed with ten D. melanogaster 1st instar 

larvae in a 5 cm diameter Petri dish consisting of a thin yeast spot poured on an agar layer. 

After one night at 26°C, females were removed and individually frozen for later PCR 

detection of LbFV. Three Drosophila larvae per parasitoid female were dissected under a

stereomicroscope in order to count parasitoid eggs. Superparasitism intensity for a given 

female was defined as the mean number of parasitoid eggs laid per parasitized Drosophila 

larva. 

In addition, for each of the five infection statuses, ten females (1-2 day old) were 

individually placed for 24 hours in a rearing vial containing Drosophila larvae hatched from 

100 eggs deposited the day before. Parasitoid females were then frozen for later PCR 

detection of LbFV. Additionally, ten control vials without parasitoid were prepared to 

measure the natural mortality of Drosophila. All emerged flies and parasitoid offspring were 

daily collected and counted. The parasitism rate for a given female (proportion of parasitized 

Drosophila larvae) was estimated by comparing the number of adult flies emerging from 

parasitized vials to the mean number of flies emerging from the parasitoid-free control vials, 

as described in Vavre et al. (2000). We estimated the parasitoid sex ratio as the proportion of 

males in the progeny, as well as the mean development time of parasitoid females and the 

developmental parasitoid success. This latter parameter is defined as the proportion of 

parasitized Drosophila larvae that give rise to adult parasitoids and thus depends on the 

parasitism rate estimate (Vavre et al. 2000). For each infection status, the egg load and tibia 

length of eight parasitoid females fed with honey were also measured according to the 

protocol described in Martinez et al. (2011). 

Results 

Characterization of LbFV2 strain 

The sequencing of the viral molecular marker revealed that the only difference 

between LbFV1 and LbFV2 is a 111 bp deletion in LbFV2 sequence (Fig. 2a & c). The 

deleted sequence is located in a region of putative duplication with two consecutive 

repetitions of a 72 bp sequence (Fig. 2a & b). In the complete strain, these DNA repetitions 

are separated by a 39 bp sequence which is a multiple of 3. Consequently the predicted amino 

acid sequence also includes amino acid repetitions (Fig. 2b). The deletion in the nucleic 

sequence does not disrupt the open reading frame previously predicted (Patot et al. 2009). 
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Horizontal transmission and coinfection 

Both LbFV strains were successfully horizontally-transmitted, in all tested 

combinations (Fig. 3). In experiment 1, there were overall differences in the proportion of 

successful horizontal transmission depending on the transfer combination (�i² = 21.4; df = 3; P 

< 0.0001). There was no between-virus-strain difference in the proportion of successful 

transmission of single infections to initially uninfected recipient lines (85% for LbFV1 and 

93% for LbFV2; �i² = 0.06; df = 1; P = 0.8) and to already-infected recipient lines (46% for 

LbFV1 and 39% for LbFV2; �i² = 0.12; df = 1; P = 0.73). However, the efficiency of 

successful horizontal transmission into already-infected parasitoid lines was about two-fold 

lower than into the uninfected line (�i² = 19.1; df = 1; P< 0.0001). Nevertheless, horizontal 

transmission to already-infected lines led to a substantial proportion of coinfection. Newly 

coinfected females represented 64% of all horizontal transmission events for the transfer of 

LbFV1 and 71% for the transfer of LbFV2 but the difference between the two strains was not 

significant (Fisher’s exact test; P = 0.99). In the other cases, the horizontally-transmitted 

strain apparently replaced the resident one. Such replacements do not necessarily mean that 

superinfection, i.e. replacement due to within-host competition, occurred since the resident 

strain might have been lost through imperfect vertical transmission. Indeed, the proportion of 

putative superinfection events was not significantly different from the proportion of infection 

losses due to incomplete vertical transmission estimated in the next section(Fisher’s exact test, 

LbFV1 as resident strain: n = 50; P = 0.99; LbFV2 as resident strain: n = 53; P = 0.67). 

In this first experiment, there was no difference between the different combinations of 

horizontal transmission in both the parasitism rate (arcsinus-transformed data, F3,24 = 1.17; P

= 0.34) and the superparasitism intensity (log-transformed data, F3,24 = 1.9; P = 0.16). This 

suggests that the differences in horizontal transmission efficiency were due to differences in 

the rate of transmission rather than to differences in horizontal transmission opportunities. 

In experiment 2, control transfers (from A3[LbFV1] to uninfected Av3) were much 

more frequent than in experiment 1 (100%, Fisher’s exact test; P = 0.01; Fig. 3) due to an 

unknown environmental factor. Without competition between LbFV1 and LbFV2 during the 

course of the horizontal transmission, and given the fact that they had similar horizontal 

transmission rates in the first experiment, we expected that they would be transferred with 

identical rates from a coinfected line to an uninfected recipient line. Accordingly, we found 

that their respective rates of transmission were not statistically significant (Fisher’s exact test, 

P = 0.99). In total, horizontal transmission resulted in 92% of coinfection among the newly 

infected offspring and this was not significantly different from the horizontal transmission of 
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LbFV1 in the control transfer (Fisher’s exact test, P = 0.99), suggesting that co-transmission 

is as efficient as transmission of single infections. We must stress that because only 13 

individuals were tested in this condition (Tab. 1), we cannot rule out that differences still exist 

among virus strains.

Figure 3. Horizontal transmission efficiency for the different combinations of infection 

status in experiment 1 (left) and 2 (right). Coloured bars correspond to proportions of 

horizontally-acquired infections: dark grey for LbFV1; white for LbFV2; light grey for 

coinfection with LbFV1 and LbFV2. Different letters indicate statistically significant 

differences (Bonferroni correction for multiple comparisons, � = 0.008). UI: uninfected 

recipient line Av3. 

Vertical transmission rate and segregation of LbFV strains 

The vertical transmission of both viral strains was quantified from one generation to 

the next. The vertical transmission rates in the case of single infection was not different 

between viral strains (96% for LbFV1 and 94.3% for LbFV2, Fisher’s exact test; P = 0.99; 

Fig. 4). In the case of coinfection, LbFV1 and LbFV2 were present in 89.8 % and 84.8 % of 

the offspring (both singly and coinfected). These proportions were not significantly different 

(�i² = 0.69; df = 1; P = 0.41) indicating that there is no competitive asymmetry between the 

two strains. To test the hypothesis of competition for vertical transmission, we calculated the 

expected proportion of co-transmission of LbFV1 and LbFV2, under the hypothesis of no 

within-host competition. The expected proportion of co-transmission is then simply the 
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product of single infection transmission rates, i.e. 96 × 94.3 = 90.5%. The observed 

proportion of coinfection was slightly different from this expected value (84%; �i² = 4.19; df = 

1; P = 0.04), suggesting that there might be a competitive exclusion between viral strains. The 

expected proportion of uninfected offspring originating from the coinfected line was 0.0025% 

(see Appendix S1) which is not different from the observed proportion of 3% (Fisher’s exact 

test; P = 0.62). Therefore, competitive exclusion between viral strains is not due to 

interference competition. Interference competition requires direct interaction between 

competitors and should lead to a lower production of virions and thus a higher proportion of 

uninfected offspring than under simple exploitation competition.

Figure 4. Frequency distribution of infection statuses among progenies of the different 

infected parasitoid lines. Line origins are indicated on the top of the graph. UI: 

uninfected offspring. Number of tested female offspring: A3[LbFV1]: 50; A3[LbFV2]: 

53; A3[LbFV1+LbFV2]: 100. 

We further tested the stability of the coinfection and the fitness of viral strains through 

four generations of vertical transmission, starting from Av3[LbFV1+LbFV2]. Among the 40 

coinfected lines initially created, only 85% were still infected by at least one viral strain after 

four generations of vertical transmission (Fig. 5). Importantly, there was no evidence of 

competitive asymmetry in vertical transmission rates among viral strains since LbFV1 and 

LbFV2 infected a similar proportion of the lines, respectively 55% and 57.5% (�i² = 0.225; df 

= 1; P = 0.64). The overall distribution of parasitoid lines among infection statuses at the 

fourth generation was significantly different from the expected distribution under the 
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hypothesis of no within-host competition (�i² = 34.57; df = 3; P< 0.0001; see Appendix S1). 

The observed proportion of coinfected lines was lower than the expected proportion (Fisher’s 

exact test; P = 0.0007) suggesting that within-host competition occurred. The observed 

proportion of uninfected lines was however not different from the expected proportion 

(Fisher’s exact test; P = 0.11), suggesting once again that within-host competition is more an 

exploitation competition rather than an interference competition. However, we must be 

cautious with this conclusion. Indeed, no difference between the expected and the observed 

distribution of lines among infection statuses was detected when doing the same analysis with 

the low margin of the 95% interval confidence of the vertical transmission rate estimate (i.e. 

90.7%; �i² = 5.15; df = 3; P < 0.16; see Appendix S1). 

Figure 5. Frequency distribution of infection statuses in isofemale lines originating from 

the coinfected line A3[LbFV1+LbFV2] after four generation of vertical transmission. 

UI: uninfected isofemale lines. 

Intensity of the behavioral manipulation induced by LbFV1 and LbFV2 

The superparasitism behavior depended on the infection status of females (log-

transformed data; F4,83 = 18.7; P< 0.0001; Fig. 6). As expected, infected females 

superparasitized much more than uninfected ones (pairwise t test with Bonferroni correction 
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for multiple comparisons, Fig. 6). There was, however, no difference in the superparasitism 

intensity induced by LbFV1 and LbFV2, nor difference between coinfected and singly 

infected females (Fig.6).  

Figure 6. Superparasitism intensity of the different infection statuses. Coinfected lines 

are separated according to their line of origin (horizontal transfer combination in 

parentheses). Different letters indicate significant differences (pairwise t test on log-

transformed data with Bonferroni correction for multiple comparisons). UI: uninfected 

line Av3.

Other parasitoid life-history traits 

Various parasitoid life-history traits were measured in order to estimate the cost 

induced by single infection and coinfection. No difference could be attributed to differences 

in the infection status of parasitoids for any tested traits (Tab. 2). 
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Table 2. Analysis of the effect of the infection status on different parasitoid life-history 

traits. 
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Discussion 

The influence of multiple infections on parasite evolution depends on the specific 

details of the within-host competition (Nowak & May 1994; van Baalen & Sabelis 1995; 

Brown et al. 2002; Mideo 2009). In the L. boulardi-LbFV system, we identified a viral strain 

presenting a 111 bp deletion that allowed us to test for the existence of superinfection and 

coinfection. The fitnesses of the deleted and the non-deleted strains were also compared in the 

context of single and multiple infections. 

The molecular marker used in this study to detect the viral infection has been shown to 

be highly transcribed in infected parasitoid females infected by LbFV1 and to code for a 

putative 205 amino acid protein (Patot et al. 2009). Since the deletion in LbFV2 does not 

change the open reading frame of the mRNA, we expect LbFV2 to produce a shorter protein. 

However, no difference was detected between LbFV1 and LbFV2 regarding their vertical and 

horizontal transmission rates in single and coinfection or their effect on phenotypic traits 

including the intensity of the manipulation. Thus, LbFV2 seems not to be defective in any 

important viral traits and the biological function of the putative viral protein remains 

unknown. Because LbFV1 is by far the most prevalent allele found in nature (Patot et al. 

2010) and that LbFV2 has never been found again in its population of origin (sampled again 

in 2008, 2009 and 2010), nor in other populations, LbFV1 has probably a selective advantage 

over LbFV2 under natural conditions. Further investigations should take under consideration 

other viral traits that might underlie fitness differences between the two viral strains. For 

instance, their respective transmission rates in cases where L. boulardi parasitizes other host 
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species such as Drosophila simulans should be assessed. The occurrence of insertion and 

deletion is a common mutational event in DNA viruses (Coulson & Upton 2011). The 

observation of this deleted variant in natural population may thus reflect the recurrent 

apparition of this deletion favored by the presence of the repeated DNA motifs. The deleted 

strain may thus maintain in population through mutation/drift or mutation/selection balance. 

The isolation of this deleted viral strain allowed us to address questions relating to 

multiple infections. We were particularly interested in this question since the prediction of 

theoretical models on the evolution of the behavioral manipulation strongly depends on the 

occurrence of strain replacement (Gandon et al. 2006, Varaldi et al. 2009). 

Our results indicated that an infected parasitoid still represents a potential host for a 

horizontally-transmitted viral strain. Indeed, when the recipient parasitoid line was already-

infected, horizontal transmission often resulted in coinfection or even in the replacement of 

one strain by the other. However, we cannot ensure that replacements were due to a true 

mechanism of superinfection, i.e. a competitive exclusion of one viral strain due to within-

host competition (as defined in Nowak & May 1994), because of the incomplete vertical 

transmission rate of LbFV and potential false-negative PCR tests. However, our data show 

that one viral strain can replace a resident one (within the parasitoid maternal line) at least 

after few generations of vertical transmission (Fig. 5). Interestingly, our results indicate that 

when the recipient line is already-infected, the horizontal transmission efficiency is greatly 

reduced compared to the situation where the recipient line is uninfected. The resident viral 

strain was thus at an advantage since most individuals of the recipient parasitoid lines were 

still infected by their resident strain at the end of the horizontal transmission experiment. 

Therefore, LbFV infection confers a protection against additional infections, as documented 

in many host-parasite systems (Hutchison & Sinsheimer 1971; Simon et al. 1990; Nethe et al.

2005; Huang et al. 2008). This priority advantage can be viewed as a kind of preemptive 

competition and differ from superinfection (contest competition) and coinfection models 

(scramble competition). Such a protection against new infections effect could be mediated by 

cross-immunity mechanisms, which means that parasites induce an immune reaction 

preventing any additional infection (Råberg et al. 2006). This protective effect against 

additional infections thus reduces the opportunities of horizontal transmission at higher viral 

prevalence and should select for reduced investment in the manipulation in highly infected 

populations. Thus, we expect that variation in viral prevalence impacts the evolution of the 

manipulation. In the south east of France, strong variation in viral prevalence is observed 

(Patot et al. 2010), giving the opportunity to address this question. However, the case of 

LbFV lies between a strict preemptive competition model, where hosts cannot be re-infected 

(Bremermann & Thieme 1989, equivalent to � = 0 in the model of Varaldi et al. 2009), and 
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pure superinfection (Nowak & May 1994) or coinfection (May & Nowak 1995) models, 

where already-infected hosts are fully suitable for the establishment of horizontally-

transmitted parasite strains whatever the outcome of the within-host competition. In the L. 

boulardi-LbFV system, an infected parasitoid is still a potential host for horizontally-

transmitted viral strains but is less susceptible than an uninfected parasitoid. With strict 

preemptive competition, competition only occurs at the between-host level. In this case, the 

selected level of virulence, and thus the level of manipulation, is the one that maximizes the 

basic reproductive ratio R0 of the parasite and thus lead to an optimal exploitation of hosts 

(Anderson and May 1979; Bremermann and Thieme 1989). In contrast, super- and coinfection 

involve both between- and within-host competition and generate the social dilemma of 

cooperation. On the one hand, competition for limited resources should favor 

“rapaciousness”, i.e. favoring viral strains that replicate faster thus causing more damages to 

the host and leading to its overexploitation (Brown et al. 2002). On the other hand, viral traits 

that depend on the collective action of the group such as the manipulation should evolve 

differently in the superinfection and the coinfection models. In both models, there is a higher 

contribution of horizontal transmission to the virus’ fitness compared to the preemptive 

competition model. However, with superinfection, viral strains do not coexist within the 

parasitoid since one strain rapidly replaces the other, thus eliminating the viral genetic 

diversity and leaving no place for conflict on the production of manipulative effectors. In 

contrast, in the coinfection model, which best characterizes the epidemiology of LbFV, non-

related viral strains can coexist within the parasitoid and share the benefit provided by 

cooperative manipulative strains. Therefore, coinfection leads to a conflict between 

manipulative and non-manipulative viral strains and should drive the level of manipulation 

towards lower values than under the superinfection model (Brown et al. 2002; Vickery & 

Poulin 2010). How the ESS of superparasitism for the virus responds to variation in viral 

prevalence under the coinfection model remains unclear and needs further theoretical works. 

Over one generation of vertical transmission, LbFV1 and LbFV2 were transmitted 

with the same efficiency, and with a mean rate consistent with previous data (Varaldi et al.

2006a). Moreover, the vertical transmission rate of both viral strains was not altered by the 

presence of the other in coinfected parasitoid lines, suggesting that there was no competition 

for vertical transmission. However, this latter conclusion, drawn from an experiment on one 

generation, was contradicted by the results obtained with the segregation of the coinfection 

through four generations of vertical transmission. Indeed, the proportion of coinfected lines 

after four generations was lower than expected under the hypothesis of the absence of 

competition. However, we must be cautious since this result strongly depends on the precision 

of the estimate of the vertical transmission rate. 
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All together, our results bring new light on the epidemiology of LbFV. First, 

coinfection seems to be a common feature of LbFV epidemiology. It was first observed in 

parasitoid lines directly collected from the field (see Material and methods). Moreover, in the 

laboratory, horizontal transmission on already-infected parasitoids led to a substantial 

proportion of coinfections. In coinfected parasitoid lines, the two viral strains were co-

transmitted very efficiently through both horizontal and vertical transmission. However, 

several generations of vertical transmission led to the progressive loss of the coinfection. 

Therefore, in natural populations, the frequency of coinfection may depend on the equilibrium 

between the loss of coinfection through vertical transmission and the recurrent appearance of 

coinfected parasitoid lines through horizontal transmission. The protection conferred by LbFV 

against additional infections should, however, limit the extent to which coinfection occurs.  

Predicting the evolution of the level of the manipulation with such complex 

epidemiologic features is not straightforward and needs more theoretical work. The ESS 

model on the evolution of manipulation (Gandon et al. 2006 ; Varaldi et al. 2009) should be 

extended to integrate the existence of coinfection. More generally, multiple infections in 

manipulative parasites should be taken into account when making predictions about the 

optimal level of manipulation. 
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Appendix S1 

Estimation of the expected distribution of infection statuses in coinfected lines after 4 
generations of vertical transmission: 

- Mean vertical transmission rate for LbFV1 and LbFV2 = 0.95 

- Markov transition matrix (changes in the distribution through one generation): 

M=matrix(c(1,1-0.95,1-0.95,(1-0.95)*(1-0.95),0,0.95,0,0.95*(1-
0.95),0,0,0.95,0.95*(1-0.95),0,0,0,0.95*0.95),nrow=4) 

- Distribution at Generation 0:  

G0=c(0,0,0,1) 

- Distribution at Generation 1:  

G0%*%M 
       [,1]   [,2]   [,3]   [,4] 
[1,] 0.0025 0.0475 0.0475 0.9025 

G1=c(0.0025,0.0475,0.0475,0.9025) 

- Distribution at Generation 2:  

G1%*%M 
           [,1]       [,2]       [,3]      [,4] 
[1,] 0.00950625 0.08799375 0.08799375 0.8145062 

G2=c(0.00950625,0.08799375,0.08799375,0.8145062) 

- Distribution at Generation 3:  

G2%*%M 
[,1]      [,2]      [,3]      [,4] 
[1,] 0.02034189 0.1222831 0.1222831 0.7350918 

G3=c(0.02034189,0.1222831,0.1222831,0.7350918) 

- Distribution at Generation 4:  

G3%*%M 
[,1]      [,2]      [,3]      [,4] 
[1,] 0.03440793 0.1510858 0.1510858 0.6634203 

Difference between expected and observed distributions: 

Observed distribution: obs=c(6,11,12,11) 
Expected distribution: th=40*(G3%*%M) 

Chi² test: 

sum((th-obs)^2/th) 
34.56572 
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1-pchisq(34.56572,3) 
1.504775e-07 
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 Les parasitoïdes de l’ordre des Hyménoptères sont connus pour héberger fréquemment 

des virus à transmission verticale. Une grande partie de la littérature scientifique a notamment 

montré l’importance d’un groupe de virus, les polydnavirus, dans l’adaptation des parasitoïdes 

à leur mode de vie parasitaire (Webb et al. 2006 ; Drezen et al. 2006). Ces virus intégrés dans 

le génome du parasitoïde permettent en effet de supprimer la réponse immunitaire de l’hôte 

du parasitoïde, autorisant ainsi le développement de ce dernier. D’autres virus à transmission 

verticale, non-intégrés au génome des parasitoïdes ont également été décrits. Ils appartiennent 

à différentes familles de virus telles que les Ascoviridae (Renault et al. 2002) ou encore les 

Reoviridae (Bigot et al. 1995). Cependant, la diversité de ces virus non-intégrés reste 

largement sous-échantillonnée et leurs effets sur le phénotype du parasitoïde sont souvent mal 

connus. De plus, les parasitoïdes hébergent parfois de véritables communautés virales puisque 

plusieurs virus peuvent être retrouvés en situation de coinfection, ce qui complexifie encore 

l’étude des effets de chaque virus (Hamm et al. 1992 ; Reineke & Asgari 2005 ; Lawrence et 

al. 2005a ; Lawrence et al. 2005b ; Oliveira et al. 2010). De plus, à part de rares exceptions, 

les interactions entre les différents virus et les effets de ces interactions sur le parasitoïde sont 

encore peu étudiés (Bigot et al. 1997 ; Renault et al. 2003). 

 Dans le manuscrit 3, nous faisons état de la découverte d’un nouveau virus à ARN 

infectant L. boulardi. Sa présence a été détectée à la suite d’un protocole de purification des 

particules virales présentes chez les femelles de la lignée de référence Sref, déjà infectée par 

LbFV. L’analyse des acides nucléiques par des traitements aux nucléases a révélé qu’il s’agit 

d’un virus à ARN double brin (Manuscrit 3, Fig. 1). Une séquence génomique partielle de ce 

virus a été obtenue en combinant le séquençage des ARNs double brin issus de la purification 

des particules virales et les données d’une banque d’ADNc de L. boulardi. Cette séquence de 

4862 pb montre des similarités avec les séquences protéiques d’ARN-polymérases ARN-

dépendantes appartenant à des virus à ARN double brin de la famille des Totiviridae. Cette 

famille de virus n’a encore jamais été décrite chez les Hyménoptères et infecte généralement 

des champignons unicellulaires ou encore des protozoaires. Récemment cependant, plusieurs 

virus à ARN infectant des arthropodes, notamment D. melanogaster, ont fait l’objet de 

tentatives d’assignation à la famille des Totiviridae. L’analyse phylogénétique du virus 
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à ARN de L. boulardi montre qu’il existe un groupe monophylétique de totivirus 

d’arthropodes, bien que la racine la plus profonde obtenue pour ce groupe soit peu soutenue 

(Manuscrit 3, Fig. 2). Du fait de ses similarités avec les totivirus, le nouveau virus de L. 

boulardi a été baptisé LbTV pour Leptopilina boulardi Totivirus. 

 Afin de faciliter la détection de LbTV et de comprendre ses interactions possibles avec 

LbFV, nous avons mis au point un marqueur moléculaire permettant de détecter l’infection à 

l’échelle individuelle par RT-PCR. Nous avons ensuite recherché la présence de LbTV dans 

28 lignées de laboratoire de L. boulardi ainsi que chez des femelles parasitoïdes directement 

collectées dans deux populations naturelles françaises. LbTV s’est avéré être extrêmement 

fréquent. Sa présence dans des lignées de parasitoïdes originaires de localités très éloignées 

(France, Italie, Australie, Etats-Unis) suggère une très large répartition de ce virus. Aucune 

association préférentielle ou exclusion n’a été mise en évidence entre LbTV et LbFV. En 

revanche, LbTV n’a été détecté ni chez L. heterotoma, une espèce proche vivant en sympatrie 

avec L. boulardi, ni chez les principaux hôtes de L. boulardi, D. melanogaster et D. simulans, 

suggérant que ce virus est spécifique de L. boulardi. 

 Par des croisements réciproques entre une lignée infectée par LbTV et une lignée non-

infectée, nous avons testé les hypothèses de transmission sexuelle et verticale de LbTV. A 

l’issue des croisements, tous les parents ont gardé le statut d’infection de leur lignée d’origine, 

montrant l’absence de transmission sexuelle. L’analyse de la descendance de ces croisements 

a montré une transmission maternelle très efficace, tous les descendants de mères infectées 

portant l’infection (Manuscrit 3, Fig. 5). De plus, une transmission paternelle a également été 

observée chez un descendant parmi les six issus de mères non-infectées et de pères infectés. 

La transmission paternelle de LbTV apparait donc comme étant beaucoup moins efficace que 

la transmission maternelle. 

 Le virus manipulateur LbFV étant transmis horizontalement de façon très efficace en 

contexte de superparasitisme, nous avons également testé si LbTV pouvait bénéficier de ce 

mode de transmission. Une lignée donneuse infectée à la fois par LbTV et LbFV a été utilisée 

afin d’optimiser les chances de transfert horizontal via le superparasitisme induit par LbFV. 

Une lignée infectée par aucun des deux virus a été utilisée comme lignée receveuse. A l’issue 

de l’expérience, comme attendu, le virus manipulateur du comportement LbFV a été transmis 

horizontalement à 14 descendants de la lignée receveuse sur 20 testés. En revanche, aucun de 

ces descendants ne présentait l’infection par LbTV, bien que les conditions de la transmission 

horizontale de LbFV aient été réunies. LbTV serait donc incapable d’être transmis 

horizontalement, en tout cas en présence de LbFV. 

 Nous avons enfin posé la question des effets phénotypiques de l’infection par LbTV. 

Deux lignées infectées par LbTV et deux lignées non-infectées ont été comparées sur 
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différents traits d’histoires de vie des femelles parasitoïdes. Au début de l’expérience, les 

femelles de ces lignées ont été croisées soit avec des mâles de leur lignée respective, soit avec 

des mâles des lignées ayant un statut d’infection différent pour LbTV. Le deuxième type de 

croisement a été réalisé afin de tester si les effets potentiels de LbTV sur la production de 

descendants se traduisent par des effets maternels. En effet, la transmission maternelle de 

LbTV étant bien plus efficace que sa transmission paternelle, on peut s’attendre à des 

différences de fitness entre mères infectées et non-infectées puisque les descendants ont 

beaucoup plus de chance de porter l’infection dans le premier cas. Les résultats montrent que 

la présence de LbTV confère une meilleure fitness aux femelles. En effet, les femelles 

infectées par LbTV parasitent un plus grand nombre de larves de drosophiles et leurs 

descendants ont un succès de développement (survie larvaire) plus élevé (Manuscrit 3, Fig. 6). 

Ces deux effets combinés conduisent à un plus grand nombre de descendants chez les mères 

infectées par LbTV (+ 60 %). Ce résultat suggère donc une relation de type mutualiste entre 

L. boulardi et LbTV qui reste à confirmer. 

 La découverte de ce nouveau virus représente une nouvelle composante du phénotype 

étendu chez L. boulardi. Sa forte prévalence ainsi que ces effets bénéfiques sur la fitness des 

femelles suggèrent qu’il est un partenaire majeur de l’adaptation du parasitoïde. Sa présence 

en condition de coinfection avec LbFV pose en outre de nouvelles questions sur la 

compétition entre virus et les interactions qui ont pu évoluer en réponse à cette compétition. 

�

�
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Abstract 

Hymenopteran parasitoids are known to harbor heritable viruses. However, most 

studies focused on three parasitoid taxa, where polydnaviruses, which genome is integrated 

into the wasp chromosomes, have been described.  Consequently, the diversity of non-

polydnaviruses remains largely unexplored. Here, we described a new dsRNA virus infecting 

the Drosophila parasitoid Leptopilina boulardi. Purification of viral particles allowed us to 

obtain a partial genomic sequence showing similarities with the RNA-dependent RNA 

polymerase of Totiviridae. This RNA virus, called LbTV, was very frequent among insect 

laboratory lines as well as in parasitoid females directly caught in the field. In some cases, 

LbTV was found in coinfection with LbFV, a DNA virus already known to manipulate the 

superparasitism behavior of L. boulardi females. Like LbFV, LbTV was vertically-transmitted 

but, unlike LbFV, was not horizontally-transmitted in the context of superparasitism. Its 

presence in parasitoid females was associated with an increase in the number of offspring 

produced, partly due to a better survival of parasitoid larvae. The high prevalence of this new 

virus and its beneficial effect on the parasitoid’s fitness suggest that it could be an essential 

player in parasitoid adaptation. 
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Introduction 

In the seventies, it has been discovered that numerous Hymenopteran parasitoid 

species have intimate interactions with heritable viruses, known as Polydnaviridae (Drezen et 

al. 2006). These viruses have the extraordinary property of protecting parasitoid eggs from the 

host immune reaction and are completely obligatory for thousands of wasp species in which 

the virus is strictly vertically-transmitted since millions of years (Whitfield 2002). 

Polydnaviruses have been described in three Hymenopteran wasp taxa (the microgastroid 

complex in Braconids, the Campopleginae and Banchinae subfamilies) and their viral origin 

has been convincingly demonstrated for one of them (Bézieret al. 2009; Theze et al. 2011). 

The discovery of such amazing integrated beneficial viruses has focused most of the attention 

of researchers in the field of parasitoid virology. Today, most publications within this field 

concern various aspects of the biology of polydnaviruses including physiological, ecological 

and evolutionary aspects. Consequently, the interaction with the parasitoid and its hosts is 

now quite well understood. In addition to polydnaviruses, other viruses are occasionally found 

in parasitoid ovaries, sometimes as a by-product of polydnavirus search (Stoltz et al. 1988; 

Stoltz& Makkay 2000 ; Reineke& Asgari 2005 ; Stasiak et al. 2005 ; Renault et al. 2005), but 

their influence on parasitoid biology is much less understood. Nevertheless, some of these 

non-polydnaviruses do affect the phenotype of parasitoids, either through mutualistic 

relationship with the parasitoid (Bigot et al. 1997 ; Renault et al. 2002) similarly to 

polydnaviruses or through parasitic relationship (Varaldi et al. 2003). However, the whole 

diversity of parasitoid viruses is mostly unknown and assessing their influence on parasitoid 

biology clearly necessitates a better sampling of this diversity. 

We previously reported the presence of an inherited non-polydnavirus in the 

Drosophila parasitoid Leptopilinaboulardi (Varaldi et al. 2003).This DNA virus called LbFV 

(for Leptopilina boulardi Filamentous Virus) exerts a behavioral manipulation in parasitoid 

females by increasing their tendency to superparasitize, i.e. to lay eggs in already-parasitized 

Drosophila host larvae (Varaldi et al. 2003; Varaldi et al. 2006a). This manipulation allows 

the virus to be horizontally-transmitted between parasitoid eggs sharing the same larvae and 

to complement its imperfect maternal transmission. Superparasitism is usually costly for the 

parasitoid since only one parasitoid offspring can develop per Drosophila larva (Gandon et al.

2006). 
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Here, we describe a new double-stranded RNA virus infecting Leptopilina boulardi. 

This virus was isolated by purifying putative viral particles from parasitoid females of a 

laboratory line known to be infected by LbFV. Phylogenetic analysis revealed that this new 

RNA virus is closely related to dsRNA viruses of the family Totiviridae. Whereas most of 

these viruses are specialized on fungal and protozoan hosts (Icho & Wickner 1989; Stuart et 

al. 1992; Wang et al. 1993; Tai & Ip 1995), other totivirus-like elements have recently been 

found in arthropods hosts (Poulos et al. 2006; Wu et al. 2010; Zhai et al. 2010; Isawa et al.

2011). L. boulardi RNA virus was designated as LbTV for Leptopilina boulardi Totivirus. 

We carried out a large screening of LbTV in several parasitoid laboratory lines originating 

from various locations. LbTV prevalence was also measured, along with LbFV prevalence, in 

two French populations. Vertical and horizontal transmissions of LbTV were tested and its 

potential contribution to the parasitoid phenotype was investigated. Our results suggest that 

LbTV is involved in a specific beneficial relationship with L. boulardi and therefore could 

represent an additional symbiotic player that contributes to the adaptation of the parasitoid. 

Material and methods 

Insect lines and rearing conditions 

Several parasitoid lines were used in this study, including the two reference line NSref 

and Sref. NSref is a highly inbred line uninfected by LbFV (Varaldi et al.2006b). Sref was 

obtained from the horizontal transfer of LbFV into NSref line. Therefore, the two lines have 

the same nuclear background and only differ on their LbFV-infection status.  Consistently, 

NSref exhibits a typical non-superparasitizing behavior, laying on average a single egg into 

each encountered Drosophila larva and rejecting already-parasitized larvae, whereas Sref 

readily accept to lay additional eggs into already-parasitized larvae. In standard laboratory 

tests, Sref females can lay on average 3 or 4 eggs into the same Drosophila larva (Varaldi et 

al. 2003). 

All parasitoids were reared under a 12L:12D photoperiod at 26°C using a laboratory 

line of Drosophilamelanogaster, Dm-Sf (originating from Ste-Foy-lès-Lyon, France), fed 

with a standard diet (David, 1962). All experiments were performed at 26°C. 
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Purification of viral particles and characterization of LbTV genome 

Adult females belonging to the NSref and Sref lines were crushed in asolution 

containing 20 mM trisHCL, 10 mM KCl, 4 mM MgCL2, 6 mM NaCl, 1 mM Dithioerythrol 

and 0.1% Tween 20. The solution was filtrated (0.2 µm) and further treated by DNase I and 

RNase A to remove unprotected nucleic acids. After DNase and RNase deactivation, the viral 

RNA was released using proteinase K and extracted using the protocol described in 

Chomczynski&Sacchi (1987). Nucleic acids were digested by DNase I (digests both single 

and double stranded DNA), Mung Bean Nuclease (digests ssDNA and ssRNA but also 

dsDNA at high concentration) and RNase A (digests both ssRNA and dsRNA) to determine 

the nature of the nucleic acid. Treated samples were finally visualized by electrophoresis on a 

1% agarose gel. 

Sequencing strategy 

 Isolated RNAs were treated with DNase and Mung Bean Nuclease, and differentially 

LiCl-precipitated to enrich the dsRNA fraction. Sample was then reverse-transcribed and 

PCR-amplified usingsequence-independent technique (Potgieteret al.2009). The PCR 

products were sequenced using 454 technology. Additional sequences obtained from an 

independent 454 sequencing of a normalized library of L. boulardicDNAs (unpublished) was 

also used. The sequences obtained from both 454 runs were mixed and assembled (using 

Newbler v2.5.3 followed by visual inspection) leading to a final contig of 4862bp. This 

nucleotide sequence has been submitted to Genbank under the accession number XXXXXX. 

RT-PCR detection of LbTV 

An RT-PCR protocol was developed to detect LbTV in individual parasitoids. Total 

RNAs were extracted using the RNAeasy kit (Quiagen, Valencia, USA), according to the 

manufacturer’s instructions. Reverse-transcription was performed using the SuperScriptTMIII 

First-Strand Synthesis kit (Invitrogen, Carlsbad, USA) with random primers. Based on 



����

�

theputative viral sequence obtained from the sequence-independent amplification, we 

designed PCR primers (5’-CCCACCCTGTCCGTAATG-3’ and 5’-

CGGTATCCGCCTGATAATTG-3’) amplifying a 870 bp fragment. PCRs were performed in 

25 µl (finalvolume) reaction mixture containing 2 µl of cDNA template, 1.5 mM MgCl2, 

eachdNTP at a concentration of 50 µM, each of the two primers at a concentrationof 200 nM, 

and 0.5 U of Taq polymerase (EuroBlueTaq; Eurobio, France). The following cycling 

program was used: 30 s at 95°C, 1 min at 63°C, and 1 min at 72°C with annealing 

temperature decreasing of 1°C during the first eight cycles (touchdown) in order to increase 

the specificity of the amplification. Finally, the annealing temperature was kept at 56°C for 

the last 27 cycles followed by 10 min elongation at 72°C (PTC-100; MJ Research, USA). 

LbFV infection was also checked on the same cDNA samples using primers 500-R and 102-F, 

as described in Patot et al. (2009). 

Phylogenetic analysis 

The RNA-dependent RNA polymerase (RdRp) open reading frame (ORF) predicted 

from the 4862 bp sequence showed amino acid sequence similarity (inferred from blastx 

output) with the RdRp of double-stranded RNA viruses belonging to the family Totiviridae. 

Based on the concatenation of 28 RdRp conserved domains (total length: 577 aa), we 

analysed the phylogenetic relationships of LbTV with the viruses listed in Table 1. Multiple 

sequence alignment was performed with Seaview ver. 4.3.0 using the Muscle algorithm 

(Edgar 2004) with the default parameters (Appendix S1). The phylogenetic analysis was 

carried out using maximum likelihood with the PhyML algorithm. The generated 

phylogenetic tree was evaluated using a bootstrap test with 100 replications (Felsenstein 

1985) and visualized using the TreeView software ver. 1.6.6 (Page 2001). 
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Table 1. List of the viruses belonging to the family Totiviridaeand totivirus-like particles 

used in the phylogenetic analysis according to their host range. See supplemental 

information for the alignment of RdRp amino acid sequences. 

Host Virus  Abbreviation Genus  Accession 

no.  

Reference 

Fungi Saccharomyces cerevisiae virus L-A ScV-L-A  Totivirus  J04692  Icho and Wickner (1989) 

 Saccharomyces cerevisiae virus L-BC  ScV-L-BC  Totivirus  U01060  Bruenn (1993) 

 Ustilago maydis virus H1 UmV-H1  Totivirus  U01059  Bruenn (1993) 

 Botryotinia fuckeliana totivirus 1 BfTV1 Victorivirus  AM491608  Unpublished 

 Chalara elegans RNA virus 1  CeRV1  Victorivirus  AY561500  Park et al. (2005) 

 Coniothyrium minitans RNA virus  CmRV Victorivirus  AF527633  Cheng et al. (2003) 

 Epichloe festucae virus 1 EfV1  Victorivirus  AM261427  Romo et al. (2007) 

 Gremmeniella abietina RNA virus L1  GaRV-L1  Victorivirus  AF337175  Tuomivirta and Hantula (2003)

 Gremmeniella abietina RNA virus L2  GaRV-L2  Victorivirus  AY615210  Tuomivirta and Hantula (2005)

 Helicobasidium mompa totivirus 1-17  HmTV1-17  Victorivirus  AB085814  Nomura et al. (2003) 

 Helminthosporium victoriae virus 190S  Hv190SV  Victorivirus  U41345  Huang and Ghabrial (1996) 

 Magnaporthe oryzae virus 1  MoV1  Victorivirus  AB176964  Yokoi et al. (2007) 

 Magnaporthe oryzae virus 2 MoV2  Victorivirus  AB300379  Maejima et al. (2008) 

 Sphaeropsis sapinea RNA virus 1  SsRV1  Victorivirus  AF038665  Preisig et al. (1998) 

 Sphaeropsis sapinea RNA virus 2  SsRV2  Victorivirus  AF039080  Preisig et al. (1998) 

Protists Giardia lamblia virus  GLV  Giardiavirus  L13218  Wang et al. (1993) 

 Leishmania RNA virus 1-1 LRV1-1  Leishmaniavirus  M92355  Stuart et al. (1992) 

 Leishmania RNA virus 1-4 LRV1-4  Leishmaniavirus  U01899  Scheffter et al. (1994) 

 Leishmania RNA virus 2-1  LRV2-1  Leishmaniavirus  U32108  Scheffter et al. (1995) 

 Trichomonas vaginalis virus  TVV1  Trichomonasvirus U08999  Tai and Ip (1995) 

 Trichomonas vaginalis virus II  TVV2  Trichomonasvirus AF127178  Bessarab et al. (2000) 

 Trichomonas vaginalis virus 3  TVV3  Trichomonasvirus AF325840  Unpublished 

 Eimeria brunetti RNA virus 1  EbRV1  Unassigned  AF356189  Unpublished 

Arthropods Penaeid shrimp infectious myonecrosis virus IMNV  Unassigned  AY570982  Poulos et al. (2006) 

 Drosophila totivirus  DTV  Unassigned  GQ342961  Wu et al. (2010) 

 Armigeres subalbatus virus  AsTV  Unassigned  EU715328  Zhai et al. (2010) 

 Omono River virus AK4 OMRV-AK4 Unassigned  AB555544 Isawa et al. (2011) 

 Omonon River virus Y61 OMRV-Y61 Unassigned  AB555545 Isawa et al. (2011) 

Screening of LbTV among laboratory lines 

  

Using the RT-PCR test described above, the presence of LbTV was tested in 28 

laboratory lines of L. boulardi originating from different locations (one female per line). In 
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order to test for possible interactions between LbTV and LbFV, both LbFV-free and LbFV-

infected lines were chosen and their superparasitism behavior was quanitified as in Varaldi et 

al. (2003). Additionally, we searched for the presence of LbTV in the related sympatric 

parasitoid L. heterotoma and in the main hosts of L. boulardi, i.e. D. simulans and D. 

melanogaster. Two lines per species were tested, including the D. melanogaster line used for 

parasitoid rearing (Dm-Sf). The RT-PCR products obtained for six L. boulardi lines (Sref, 

NSref, AvI, Ca1, Lb17 and BNE-A1; Tab.3) were sequenced and analyzed with ClustalW2 

using default parameters (Larkin et al. 2007). 

Prevalence of LbTV in natural populations 

In order to quantify the prevalence of LbTV in L. boulardi populations, we sampled 

two French localities of L. boulardi, one situated near the upnorth limit of L. boulardi in 

France (Sonnay)and one in a more central area (Avignon, 180 km to the south). The sampling 

was performed in September 2010 by setting closed traps baited with split bananas in 

orchards. Traps were exposed to colonization by Drosophila and parasitoids for 15 days, and 

then brought back to the laboratory. For each locality, tenL. boulardi females emerging from 

these traps were frozen for later RT-PCR detection of both LbTV and LbFV, as described 

above. 

Vertical transmission experiment 

After the screening of LbTV among our laboratory parasitoid lines, we chose the 

LbTV-free line, Sf1and the LbTV-infected line, Vi1 (Tab.3), in order to test whether and how 

vertical transmission of LbTV is achieved. These lines were reciprocally crossed. After 

mating, females were individually placed in rearing vials containing D. melanogaster larvae 

that hatched from 100 eggs. The LbTV-infection status of both parents as well as the infection 

status of one male and one female offspring were checked by RT-PCR detection, as 

previously explained. Three replicates were done for each of the two reciprocal crosses. 
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Horizontal transmission experiment 

Because LbFV is massively horizontally-transmitted within superparasitized hosts 

(Varaldi et al. 2003), we tested whether LbTV could benefit from similar transmission. Since 

superparasitism in L. boulardi is mainly observed in LbFV-infected females, due to the 

behavioral manipulation induced by LbFV, we chose Av1,coinfected by both LbFV and 

LbTV, as the donor line for the horizontal transfer experiment (Tab.3). As a recipient line, we 

used Sf1 that was neither infected by LbFV nor by LbTV (Tab.3). Since L. boulardi is a 

haplo-diploid species, fertilized eggs develop into females whereas unfertilized ones give rise 

to males. This mode of reproduction allows the identification of the maternal origin of female 

offspring that can only be the progeny of a mated mother. Hence, measuring horizontal 

transmission can be achieved by using a mated LbTV-free mother for the recipient line and a 

virgin LbTV-infected mother for the donor line, and finally by checking for viral infection in 

female offspring. 

We performed three replicates of the horizontal transfer. In each replicate, one mated 

parasitoid female (1-2 day old) of the recipient line Sf1 was placed with 100 Drosophila eggs 

for 24 hours in a rearing vial. Then, the female was removed and replaced by four virgin 

females (2-3 day old) of the donor line Av1 for an additional 24 hours. For each replicate, the 

infection status of mothers and of 4 to 11 female offspring (progeny of the recipient line) was 

checked by RT-PCR for LbFV and LbTV infection. 

Phenotypic effect of LbTV infection 

  

In order to test whether LbTV impacts parasitoid fitness-related traits, we compared 

the performances of two naturally LbTV-infected with two naturally uninfected lines. To test 

for the possibility of interaction with LbFV, we choose one LbFV-infected and one LbFV-

uninfected within each condition (Tab. 2).Before the experiment, females were mated with 

males of their respective lines (pure lines crosses). In addition, we measured the performances 

of reciprocal crosses between lines differing in their LbTV-infection status (between-lines 

crosses). This was done in order to test whether the production of offspring depends on the 

infection status of mothers (Tab. 2).  This design also allowed us to test for the hypothesis of 
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cytoplasmic incompatibility (CI) induced by LbTV. CI is a widespread phenomenon mediated 

by some bacterial symbionts, such as Wolbachia (Werren et al. 2008). In parasitoids, CI 

decreases the fitness of uninfected females since their female offspring either dies or develops 

into males (in some haplo-diploid species such as L. boulardi) when mated with infected 

males (Vavre et al. 2009). For each crossing, eleven replicates were done by placing one 

mated female in a rearing vial for 24 hours with Drosophila larvae that hatched from 100 

eggs. Ten control vials without parasitoid were also prepared in order to estimate the natural 

mortality of Drosophila hosts. Emerged flies and parasitoid offspring were daily collected and 

counted. The parasitism rate for a given female was estimated by comparing the number of 

adult flies emerged in vials containing a parasitoid to the mean number of flies emerged in the 

parasitoid-free control vials, as described in Vavre et al. (2000). Since parasitized Drosophila

larvae can kill parasitoid eggs through an immune reaction leading to the encapsulation of the 

parasitoid egg (Carton et al. 2001), we measured the encapsulation rate by crushing entire 

adult flies and counting the number of flies with a black melanized capsule in their abdomen. 

Among the 1173 emerged flies, only 6 displayed signs of encapsulation randomly distributed 

among crosses (mean encapsulation rate :  0.001% ; effect of the cross : Kruskal-Wallis test, P

= 0.58). Therefore, capsules were not taken into account in the estimation of the parasitism 

rate. The parasitoid sex ratio was measured as the proportion of males in the progeny. The 

developmental parasitoid success was measured as the proportion of parasitized Drosophila

larvae that gave rise to adult parasitoids (Vavre et al. 2000). Data from pure lines were 

analysed separately with a linear model after adequate transformation to reach the 

assumptions of normality and homoscedasticity. A global analysis was then conducted on 

both pure lines and between-line crosses. This global analysis was done using linear mixed 

models (nlme package, Pinheiro & Bates 2000) incorporating the LbTV- and the LbFV-

infection status of mothers as fixed effects and the effect of the cross combination as a 

random effect nested in the mother’s infection status. 
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Table 2. Crossing design between LbTV-free and LbTV infected lines. Text in 

parentheses indicates LbFV- (left) and LbTV- (right) infection statuses with Ø standing 

for uninfected lines. n: number of replicates. 

Description Crosses n 

Pure line crosses 

� Vi1[Ø ; LbTV] × � Vi1[Ø ; LbTV] 11 

� Av1[LbFV ; LbTV] × � Av1[LbFV ; LbTV] 11 

� Sf1[Ø ; Ø] × � Sf1[Ø ; Ø] 11 

� Vs1[LbFV ; Ø] × � Vs1[LbFV ; Ø] 11 

Between-line 

crosses 

� Vi1[Ø ; LbTV] × � Sf1[Ø ; Ø] 11 

� Sf1[Ø ; Ø] × � Vi1[Ø ; LbTV] 11 

� Vi1[Ø ; LbTV] × � Vs1[LbFV ; Ø] 11 

� Vs1[LbFV ; Ø] × � Vi1[Ø ; LbTV] 11 

� Av1[LbFV ; LbTV] × � Vs1[LbFV ; Ø] 11 

� Vs1[LbFV ; Ø] × � Av1[LbFV ; LbTV] 11 

Results 

Characterization of LbTV genome 

  

Following purification of the putative viral particles present in the NSref and Sref 

lines, extraction of nucleic acids and migration, two bands (> 23 kb and around 8 kb) were 

observed on agarose gel (Fig. 1). The largest band was specific to the Sref line (NSref data not 

shown) and was digested by DNase I and Mung Bean Nuclease (MBN), but not by RNase A, 

suggesting that it consists of DNA molecules, most probably belonging to LbFV which 

infects Sref but not NSref (Tab. 3). The second fragment was about 8 kb and was observed in 

both NSref (not shown) and Sref. It was digested by RNase A, but not by DNase I nor MBN 

indicating the presence of double-stranded RNA molecules. 

RNA molecules present in the Sref solution were reverse-transcribed, amplified and 

sequenced. After combining the sequences obtained with additional sequences from a cDNA 

library of L. boulardi (unpublished), we obtained a contig of 4862 bp with RNA-virus 

features. Two large non-overlapping ORFs were inferred on the same frame. ORF1 encodes a 
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simulans line and two L. heterotomalines. None of them were positive for LbTV, suggesting 

that LbTV infection is specific to L. boulardi.. No preferential association nor exclusion 

between LbTV and LbFV was detected (Fisher’s exact test ; P = 0.37). Moreover, LbTV was 

not involved in the behavioral manipulation of parasitoid females since typical 

superparasitizing phenotype was only associated with LbFV infection and independent of 

LbTV (effect of parasitoid line on log-transformed data: F17,169 = 30.92 ; P < 0.0001 ; see 

multiple comparisons in Fig. 4). However, we cannot rule out that LbTV quantitatively 

influences the expression of the manipulation exerted by LbFV, although there was no 

indication of this effect. 
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Table 3. Screening of LbTV and LbFV infections among laboratory insect lines. Black 

and grey rectangles stand for positive and negative RT-PCR detection, respectively. (*) 

Tested lines for superparasitism intensity (see Fig 4). 

Species Country Locality line LbTV LbFV Reference 

L. boulardi France Avignon Av1* 1 1 - 

Avignon Av2 1  - 

Avignon Av3* 1   Martinez et al. 2011

Avignon Av12* 1   Martinez et al. 2011

Cailloux-sur-Fontaine Ca1* 1  - 

Chasselay Ch1.1*  - 

Epinouze Ep1* 1  - 

Epinouze Ep2* 1 1 - 

Gotheron Go1 1  - 

Gotheron Go2* 1 1 - 

La Crau Cr1* 1  - 

Mollèges Mo1*  - 

Mollèges Mo2* 1 1 - 

Montpellier Mp1  - 

Montpellier Mp2 1 1 - 

Sonnay So1 1  - 

Ste Foy-lès-Lyon Sf1*  - 

Villesollier Vs1* 1 - 

Villesollier Vs2* 1  - 

Villette-de-Vienne Vi1 1  - 

Italy Sienna NSref* 1   Varaldi et al. 2006b 

Sienna Sref* 1 1  Varaldi et al. 2006b 

Congo Brazzaville G486   Dupas et al. 1999 

Tunisia Nasr'allah G431   Dupas et al. 1999 

Australia Brisbane BNE-A1* 1  - 

Brisbane BNE-A3* 1  - 

Brisbane BNE-A12  - 

USA California Lb17 1  Schlenke et al. 2007 

L. heterotoma France Antibes A7 (123) - Mouton et al. 2003 

USA California Lh14 - Schlenke et al. 2007 

D. melanogaster France Ste Foy-lès-Lyon Dm-Sf - - 

 Gotheron DmGo 12BI - - 

D. simulans France Uchizy DsUch 9I - - 
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Figure 3. Alignment of RT-PCR products of six laboratory lines of L. boulardi. Black 

triangles indicate substitutions.Sequence accession no. in Genbank: XXXXXX (Av1), 

XXXXXX (Ca1), XXXXXX (NSref) ; XXXXXX (Sref), XXXXXX (BNE-A1) and 

XXXXXX (Lb17).
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Figure 4. Superparasitism intensity among laboratory lines of L. boulardi according to 

their viral infection statuses. Different letters indicate significant differences using a 

Student’s test of multiple comparisons on log-transformed data (Bonferroni correction). 

LbTV prevalence in natural populations 

 We tested for the presence of LbTV among L. boulardi caught in the field. LbTV was 

detected in 9 out of 10 L. boulardi females for both Avignon and Sonnay. Four females in 

Avignon and one in Sonnay were infected by LbFV. LbTV was found in coinfection with 

LbFV in 4 out of 20 females but no preferential association nor exclusion between the two 

viruses were detected (Fisher’s exact test ; P = 0.45), consistently with what was found in 

laboratory lines. 

Vertical transmission of LbTV 

Reciprocal crosses between the LbTV-free line Sf1 and the LbTV-infected line Vi1 

were performed to study the vertical transmission of the virus. After mating, all Vi1 parents 

proved to be LbTV-infected and all Sf1 parents were LbTV-free, showing that LbTV was not 

sexually-transmitted. The screening of their progeny revealed that LbTV was maternally-
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was abundant in this experiment, since LbFV can only be horizontally-transferred under 

superparasitism (Varaldi et al. 2006a).In contrast, no LbTV infection was detected in female 

progeny, even if the conditions for LbFV horizontal transmission were met. 

Contribution of LbTV to the parasitoid phenotype 

 Phenotypic variation potentially attributable to LbTV infection was investigated by 

comparing the performances of LbTV-free and LbTV-infected females, either crossed with 

males of their respective lines or with males of lines having a different LbTV-infection status 

(Fig. 6). There were significant differences between cross combinations on parasitism rate 

(arcsinus-transformed data; F9,61 = 6.43 ; P > 0.0001), parasitoid developmental success 

(arcsinus-transformed data; F9,61 = 7.42 ; P > 0.0001) and number of offspring (F9,61 = 13.42 ; 

P > 0.0001). The analyses on pure lines indicated that LbTV-infected lines had a higher 

parasitism rate, a higher parasitoid developmental success as well as a greater number of 

offspring (Tab. 4a). In contrast, differences between LbFV-free and LbFV-infected lines were 

not significant for any of these traits, nor was the interaction between LbTV- and LbFV-

infection statuses (Tab. 4a). In the global analysis, the positive effect of LbTV on these traits 

was confirmed whereas the effect of LbFV was still not significant (Tab. 4b). The interaction 

between LbTV and LbFV were not significant except for the parasitoid developmental 

success (Tab. 4b). Therefore, differences in the performance of parasitoid females were only 

associated with their LbTV-infection status of mothers. 

The analysis of the sex ratio revealed differences between cross combinations (F9,61 = 

2.85 ; P = 0.007), however, multiple comparisons did not show any significant differences. 

Neither LbTV nor LbFV infection explained differences in sex ratio in both the analysis of 

pure lines or the global analysis (Tab. 4a & b). There was, however, a significant interaction 

between LbTV- and LbFV infection statuses. In LbFV-infected mother, the presence of LbTV 

was associated with an increase in the proportion of male offspring whereas it had the 

opposite effect in LbFV-free mothers. The analysis of potential incompatible crosses (LbTV-

free � × LbTV-infected �) with their respective compatible crosses (LbTV-free � × LbTV-

free �) did not reveal any difference (F1,2 = 0.9; P = 0.44), suggesting that LbTV does not 

induce cytoplasmic incompatibility.  
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Figure 6. Parasitoid life-history traits measured on parasitoid females in pure line and 

between-line crosses. (a) Parasitism rate. (b) Parasitoid developmental success. (c) 

Number of offspring. Left: pure-line crosses; right: between-line crosses. Crosses with 

LbTV-infected and LbTV-free mothers are depicted in grey and white, respectively. 

Different letters indicate significant difference based on a pairwise t test (Bonferroni 

correction). 
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Table 4. Analyses of parasitoid fitness-related traits. Cross: cross combination. LR: 

Likelihood ratio.
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Discussion 

 Four different RNA virus families have already been reported in parasitoids including 

single-stranded RNA viruses, namelyRhabdoviridae (Lawrence & Matos 2005), corona-like 

(Jacas et al. 1997) and picorna-like viruses (Reineke & Asgari 2005; Oliveira et al. 2010), and 

including segmented double-stranded RNA viruses of the family Reoviridae (Renault et al.

2003; Stoltz & Makkay 2000). Here, we report a new RNA virus infecting the parasitoid wasp 

L. boulardi. From purified viral particles and L. boulardi cDNA library, we obtained a 4862 

bp sequence composed of two large ORFs. ORF1 encodes an unknown protein, possibly a 

coat protein, and ORF2 encodes a putative RNA-dependent RNA polymerase. Sequences 

corresponding to each ORF were identified in our normalized cDNA library suggesting that 

they are transcribed in L. boulardi females. The fact that these sequences were obtained from 

reverse-transcription of the genome of LbTV is unlikely since the reverse-transcription was 

done using oligo dTs. ORF2 showed amino acid sequence similarities with the RdRp of non-

segmented viruses belonging to the family Totiviridae. Treatment with nucleases of nucleic 

acids from purified viral particles suggested that, like other totiviruses, the genome of LbTV 

is made of double-stranded RNA. The two predicted ORFs of the LbTV molecular marker do 

not overlap and are located on the same frame whereas totiviruses typically exhibit two 
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partially overlapping ORFs on different frames (Wickner et al. 2005). However, we must 

stress that we do not have the complete genomic sequence of LbTV. Future ORF prediction 

with longer genomic sequenceswill possibly reveal overlapping ORFs. The phylogenetic 

analysis of the RdRp conserved domains showed that LbTV is related to the group of 

totiviruses infecting other arthropods, although LbTV is distantly related to the other members 

of this group. Surprisingly, LbTV was not particularly related to DTV, a virus that was 

discovered in cell lines of D. melanogaster (Wu et al. 2010) which is a common host of L. 

boulardi. 

 LbTV was very frequent in laboratory lines of L. boulardi whereas it was not found in 

the sibling species L. heterotoma, in D. melanogaster or in D. simulans lines. Thus, LbTV 

seems to specifically infect L. boulardi. However, future work should address the question of 

LbTV transmission to Drosophila hosts via parasitism by LbTV-infected parasitoids since 

Drosophila is thought to be a susceptible host for toti-like viruses (Wu et al. 2010). LbTV 

was also found in most L. boulardi females directly sampled from two natural populations. In 

both laboratory lines and field-collected females, LbTV infection status was uncorrelated to 

the presence of LbFV in parasitoids, suggesting that there is no strong within-host 

competition between these viruses. 

 Like many parasitoid viruses, LbTV is vertically-transmitted. However, parasitoid 

viruses are usually only transmitted from mother to offspring, except for polydnaviruses that 

are integrated into the wasp genome. We found that LbTV can be paternally-transmitted, 

although this mode of transmission was much less efficient than maternal transmission. 

Paternal transmission is occasionally detected in maternally-transmitted bacteria such as in 

aphids (Moran & Dunbar 2006) and is a common route of transmission for Drosophila sigma 

viruses (Longdon et al. 2011). Future work should investigate the localization of LbTV 

particles inside parasitoid females. Its presence should be monitored in the reproductive 

apparatus of females (calyx and oviducts), which is a good location for maternal transmission, 

as it seems to be the case in various parasitoid-virus associations (Krell 1987 ; Stoltz et al.

1988 ; Hamm et al. 1990 ; Varaldi et al. 2003). LbTV may be injected along with the eggs 

during oviposition and infect parasitoid offspring inside the Drosophila larva, as it is thought 

to occur for LbFV. However, contrary to LbFV, LbTV is not able to be horizontally-

transmitted in the context of superparasitism, at least in the presence of LbFV. Therefore, the 

vertical transmission of LbTV is more likely transovarian. After oviposition, LbTV particules 
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might only be found inside parasitoid eggs but not in the Drosophila hemolymph, accounting 

for the absence of horizontal transmission.  

Nevertheless, the horizontal transmission of LbTV in the absence of LbFV remains to 

be verified. However, since LbFV-free females rarely superparasitize, we do not expect a high 

contribution of horizontal transmission to LbTV’s fitness. Given that the behavioral 

manipulation is costly for the parasitoid female in most conditions (Gandon et al.2006), we 

also expect LbTV’s fitness to be negatively affected by the presence of LbFV since, as wasp’s 

genes, LbTV is only vertically-transmitted. In this context, LbTV should be selected to 

counteract the behavioral manipulation. Such “sabotage” strategy (Thomas et al. 2002) was 

observed in the crustacean Gammarus pulex infected by the trophically-transmitted parasite 

Polymorphus minutus and by vertically-transmitted microsporidia (Haine et al. 2005). The 

behavioral manipulation exerted by P. minutus is almost completely suppressed in the 

presence of microsporidia. We did not observe significant modification of superparasitism 

behavior in lines coinfected by LbFV and LbTV. However, future work should investigate 

whether LbTV is able to partially decrease the intensity of superparasitism in LbFV-infected 

females with a controlled nuclear background.

 Finally, we found potential beneficial effect of LbTV infection. Indeed, the fitness of 

parasitoid females was clearly correlated to their LbTV-infection status. LbTV-infected 

females produced far more offspring than uninfected females (+ 60%). This difference was 

related to the fact that LbTV-infected females were slightly more efficient at parasitizing 

Drosophila larvae and that their progeny had a greater developmental success. However, we 

cannot completely rule out that such effects were the results of genetically-determined 

maternal effects. Indeed, by chance, the two lines originally infected by LbTV could have 

fitter genotypes, encoding beneficial maternal effects. In particular, parasitoid females inject a 

complex set of venoms and proteins inside the host (in addition to viruses) that are involved in 

the development of their progeny. Thus, we cannot rule out the possibility that LbTV-infected 

females had particularly beneficial alleles for these injected components. Phenotypic effects 

of LbTV should be further tested on more genotypes or using females with a similar nuclear 

background but differing in LbTV infection. What are the biological mechanisms allowing 

such beneficial effects will be the next question to be answered. LbTV might help the 

parasitoid larva in exploiting the Drosophila host resources as it seems to be the case in the 

parasitoid Diadromus pulchellus infected by the heritable ascovirus DpAV-4 (Stasiak et al.

2005). DpAV-4 replicates in the parasitoid’s host leading to cell lysis which could enhance 
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the developmental success of the parasitoid larva (Bigot et al. 1997). However, unlike DpAV-

4, LbTV cannot be horizontally-transmitted and might not be present inside the parasitoid’s 

host tissues. 

The vertical transmission of LbTV and its potential beneficial effect on parasitoid 

fitness are consistent with its high prevalence in natural populations and laboratory lines. 

Vertically-transmitted symbionts are, indeed, selected to enhance the fitness of their host 

since it consequently increases their own transmission (Ewald 1987). However, the existence 

of LbTV-free lines suggests that either the maternal transmission is not perfect or that 

beneficial effects are counter-balanced by some costs on other parasitoid traits. 

In conclusion, LbTV is an additional example of the diversity of heritable viruses 

infecting parasitoids. Its discovery, however, extend the range of parasitoid viruses since this 

is the first description of a toti-like virus in Hymenopteran parasitoids (Renault 2011). Since 

LbTV and LbFV might compete for resources and because they display partially different 

routes of transmission, it raises the question of how the two viral species evolved in response 

to coinfection. Finally, the potential beneficial effects of LbTV infection suggest that, as 

polydnaviruses, LbTV could be a major player of parasitoid’s adaptation. 
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Alignment of RdRp amino acid sequences of LbTV and 28 other dsRNA viruses. Red 

rectangles: conserved domains used for the phylogenetic analysis (total size: 578 aa). 
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Bien que LbFV soit en conflit d’intérêts avec le parasitoïde pour l’expression du 

superparasitisme, sa transmission en partie verticale conduit néanmoins à un alignement 

d’intérêts pour certains traits du parasitoïde. En particulier, la survie du parasitoïde au sein de 

son hôte est une condition indispensable à la transmission du virus. D’autres virus transmis 

verticalement tels que les polydnavirus (Drezen et al. 2006) ou encore l’ascovirus Dp-Av-4 

(Renault et al. 2002) sont capables de supprimer la réponse immunitaire de l’hôte parasité. Il 

est possible que LbFV soit aussi sélectionné pour augmenter la virulence de L. boulardi vis-à-

vis de l’hôte drosophile. En particulier, le virus pourrait empêcher la réaction d’encapsulation, 

une réponse immunitaire des drosophiles qui conduit à la formation d’une capsule mélanisée 

autour du parasitoïde en développement, entraînant la mort de ce dernier. 

Nous avons ainsi posé la question du rôle potentiel de LbFV dans l’interaction 

drosophile-L. boulardi. Les lignées NSref et Sref, ne différant que par leur statut d’infection 

pour LbFV ont été utilisées pour infester deux lignées de D. melanogaster et deux lignées de 

D. simulans. Les quatres lignées de drosophiles étant infectées chacune par différentes 

souches de la bactérie Wolbachia, nous avons testé dans le même temps l’effet de cette 

bactérie en créant des lignées non-infectées grâce à un traitement antibiotique. Wolbachia, 

bien connue pour les manipulations de la reproduction qu’elle induit, confère également une 

protection à ses hôtes contre divers parasites tels que les virus à ARN, les vers parasites 

agents de la filariose ou encore Plasmodium, l’agent du paludisme (Hedges et al. 2008 ; 

Teixeira et al. 2008 ; Osborne et al. 2009 ; Walker et al. 2011 ; Moreira et al. 2009). Ainsi, 

Wolbachia pourrait potentiellement protéger les drosophiles des attaques de L. boulardi en 

augmentant l’intensité de la réponse immunitaire ou encore interagir avec les effets potentiels 

de LbFV. 

Différents traits de l’interaction drosophile-L. boulardi ont ainsi été mesurés selon le 

protocole standard décrit au chapitre 1. Les résultats ont montré que la bactérie Wolbachia 

n’avait globalement pas d’effet significatif sur l’interaction (à l’exception d’une interaction 

complexe avec LbFV et le bloc temporel pour une lignée de D. simulans infectée par la 

souche wAu). Par contre, la présence de LbFV modifie l’issue de l’interaction hôte-

parasitoïde. Bien qu’associé à une baisse du succès de développement des parasitoïdes, LbFV 
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diminue le taux d’encapsulation chez D. simulans(Manuscrit 4, Fig. 2). Une tendance 

similaire mais non significative a aussi été observée chez D. melanogaster. 

Dans une deuxième expérience nous avons pu montrer que l’effet du virus sur 

l’encapsulation était dû à un effet direct de la présence du virus dans la larve de drosophile 

(mesuré sur des larves mono-parasitées) mais également un effet indirect dû au 

superparasitisme (Manuscrit 4, Fig. 4). En effet, les résultats montrent que les larves de 

drosophiles encapsulent les parasitoides avec une efficacité moindre lorsqu’elles sont 

superparasitées. Les deux effets cumulés de LbFV (réduction du succès de développement 

mais diminution du risque d’être encapsulé) font qu’aucune différence de fitness entre les 

lignées de parasitoïdes infectées ou non par LbFV n’a été détectée (même nombre de 

descendants produits). 

Ces résultats montrent l’importance de la prise en compte du compartiment 

symbiotique dans les relations interspécifiques telles que les interactions hôte-parasitoïde. De 

plus, ils invitent à reconsidérer la balance coût-bénéfice de l’infection par LbFV pour le 

parasitoïde. En effet, les coûts associés à l’induction du superparasitisme et à la diminution du 

succès développemental des parasitoïdes peuvent être compensés en partie par le bénéfice 

procuré sur la diminution du taux d’encapsulation des hôtes. 
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Abstract 

 Symbionts are widespread and might have a large contribution on the outcome of 

interactions between species, such as in host-parasitoid systems. Here, we studied the 

influence of the virus LbFV, infecting the parasitoid wasp Leptopilina boulardi, and the 

bacterium Wolbachia, infecting Drosophilamelanogaster and D. simulans hosts, on the 

outcome of the host-parasitoid interaction. The virus is known to manipulate the 

superparasitism behaviour of the parasitoid whereas Wolbachia can manipulate the 

reproduction of its host. We used two different nuclear backgrounds for both Drosophila

species, infected with or cured of their respective Wolbachia strains, and offered them to one 

L. boulardi nuclear background, either infected or not by the virus. The main defence 

mechanism against parasitoids, i.e. encapsulation, and other important traits of the interaction 

were measured. The results showed that virus-infected parasitoids are less frequently 

encapsulated that uninfected ones. Further experiments showed that this viral effect involved 

both a direct protective effect against encapsulation and an indirect effect of superparasitism. 

Additionally, the Wolbachia strain wAu affected the encapsulation ability of its Drosophila

host but the direction of this effect was strongly dependent on the presence/absence of LbFV. 

Our results confirmed the importance of heritable symbionts in the outcome of antagonistic 

interactions. 
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Introduction 

Endosymbionts are extremely frequent in arthropods, especially in insects. By 

providing additional heritable genetic material, they may contribute to the adaptation of their 

insect host (Moran 2007; Gilbert et al. 2010). A growing literature reports examples of 

beneficial effects provided by heritable endosymbionts to their hosts when the latter are 

engaged in antagonistic relationships with other species (Oliver et al. 2003; Scarborough et al. 

2005; Goodrich-Blair and Clarke 2007; Teixeira et al. 2008; Jaenike et al. 2010). Host-

parasitoid systems are therefore of great interest, as both protagonists may harbour symbiotic 

organisms influencing the outcome of their interaction, thus offering additional routes towards 

resistance or virulence besides host nuclear factors (Schneider and Chambers 2008). Indeed, it 

has been found that several bacteria protect their insect host from parasitoid attacks in aphids 

(Vorburger et al. 2009; Oliver et al. 2010; Vorburger et al. 2010) or in Drosophila hydei(Xie 

et al. 2010). On the other hand, insect parasitoids can make use of their viral symbiont to cope 

with the host’s immune defences thus increasing their virulence (Renault et al. 2005; Stasiak 

et al. 2005; Bezier et al. 2009; Volkoff et al. 2010). These heritable viruses are injected into 

the parasitoid’s host together with the eggs, suppressing, to varying degrees the immune 

reaction of the parasitized host(Drezen et al. 2006). 

Whereas most studies have focused on the effect of a single symbiont either in the host 

or in the parasitoid (Fytrou et al. 2006), we have investigated here the potential influence of 

two symbionts found in the host and the parasitoid on the outcome of the host-parasitoid 

interaction. This system involves the parasitoid wasp Leptopilina boulardi that is able to 

parasitize both Drosophila melanogaster and D. simulans larvae. Parasitization may lead to 

three different outcomes: (i) the parasitoid avoids the immune system of the Drosophila larva, 

reaches the adult stage and ultimately kills the Drosophila; (ii) the Drosophila succeeds in 

killing the parasitoid by a cascade of immune reactions leading to the encapsulation of the 

young wasp (Carton and Nappi 1997); (iii) the interaction ends with the death of both 

protagonists. 

Drosophila species are often infected by the maternally-transmitted bacterium 

Wolbachia. Different strains have been described, some exerting cytoplasmic incompatibility, 

a well-known reproductive manipulation in arthropods, while others have unknown effect. 

This raises the question of the mechanism explaining their prevalence in natural populations 

(Hoffmann et al. 1996; Merçot and Charlat 2004). One hypothesis is that non-manipulating 

Wolbachia strains may increase the resistance of their Drosophila host to parasitoid attacks. 

Indeed, it has been found that Wolbachia can confer resistance against various parasites such 

as RNA viruses(Hedges et al. 2008; Teixeira et al. 2008; Osborne et al. 2009),filarial 



����

�

nematodes as well as Plasmodium(Kambris et al. 2009; Moreira et al. 2009; Hughes et al. 

2011). Moreover, manipulating strains could combine the advantage from both a reproductive 

manipulation and a protective effect rendering their invasive potential even higher. In contrast 

to these expectations, a previous study has shown that Wolbachia-infected D. simulans had 

reduced encapsulation ability (Fytrou et al. 2006).

The parasitoid L. boulardi is often infected by a maternally-transmitted DNA virus 

called LbFV (Leptopilina boulardi Filamentous Virus), whose prevalence may exceed 90% in 

some locations (Patot et al. 2010). This virus manipulates the behavior of adult females in a 

way that favours its own transmission (Varaldi et al. 2003). Whereas virus-free females lay a 

single egg in encountered Drosophila larvae and usually avoid superparasitism, i.e. laying 

eggs in already parasitized larvae, virus-infected females readily lay eggs in previously 

parasitized host larvae. Infected offspring are consequently exposed to strong competition, as 

only one parasitoid is able to fully develop inside a single host larva. Superparasitism is 

adaptive for the virus as it enables its horizontal transmission among the parasitoid larvae 

competing within the same fly larva. Theoretical work has shown that the virus is selected for 

increasing the natural superparasitism tendency of the parasitoid because it allows infection of 

new parasitoid matrilines (Gandon et al. 2006). Additionally, both the vertical and the 

horizontal transmission of the virus may benefit from increased virulence of the parasitoid 

against Drosophila’s immune response. 

In this paper, we tested the combined effect of LbFV (infecting the parasitoid) and 

different strains of Wolbachia (infecting the Drosophila host) on the outcome of the host-

parasitoid interaction using two different genetic backgrounds ofD. melanogaster and D. 

simulans and one genetic background of L. boulardi. We measured the successful 

encapsulation rate by counting adult flies that survived parasitoid attack. In a second 

experiment, we also controlled for the occurrence and effect of superparasitism by measuring 

encapsulation in Drosophila larvae. The results showed that symbionts indeed influence the 

final outcome in this host-parasitoid interaction. 

Materials and Methods 

Insect lines and rearing conditions 

Two different nuclear backgrounds of each of Drosophilamelanogaster (YW-BNE 

and w1118) and D. simulans (CO and DSR) were used, either infected with or cured from 

different Wolbachia strains, leading to eight inbred lines as described in Table 1. All flies 
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were reared under a 12L:12D photoperiod at 20°C and fed with a standard diet (David 1962). 

Cured lines were obtained by mixing in each fly vial, 0.5mL of a 100µg/mL rifampicin 

antibiotic solution to the 10mL/vial fly food, for three generations. To eliminate any potential 

direct effect of the antibiotics, Drosophila lines were then reared on antibiotic-free food for 

several generations before the start of the experiments. Their Wolbachia infection status was 

checked by PCR detection using the 81F-691R wsp primers specific to Wolbachia(Zhou et al. 

1998). 

Two reference lines of L. boulardi, designated NSref and Sref, with the same nuclear 

genetic background but a different virus-infection status were used (Table 1). NSref is an 

inbred uninfected line (with an estimated homozygosity greater than 82%) originating from 

Sienna, Italy (Varaldi et al. 2006b). Females of this line lay only one egg per Drosophila larva 

according to the results of a prior standard experimental procedure. Sref is LbFV-infected and 

derives from the former line that has been infected with natural horizontal transfer, i.e. via 

superparasitism, of viral particles originating from the south of France (Valence). This newly 

infected line proved stable over generations for virus infection and susceptible to the 

behavioral manipulation exerted by LbFV (increase in superparasitism tendency). Before the 

start of our experiments, parasitoids were maintained under a 12L:12D photoperiod at 26°C, 

on a laboratory Wolbachia-free D.melanogaster line originating from Lyon (France). Both 

NSref and Sref have been shown to be Wolbachia-free in a previous study (Varaldi et al. 

2006b). Viral infection status of these two L. boulardi lines was determined by diagnostic 

PCR using the primers 500-R/102F designed for specific detection of LbFV (Patot et al. 

2009). LbFV has, to date, never been found in Drosophila hosts (Patot et al. 2009). 
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Experimental set-up 

In experiment 1, adult flies from each line laid eggs overnight onto a small Petri dish 

of standard diet. One hundred eggs were then transferred into each rearing vial and 40 vials 

per Drosophila line were prepared (320 vials in total). Twenty four hours later, a single 

female parasitoid, either LbFV-infected or not, was introduced into each vial (n=15 for each 

parasitoid infection status). Ten control vials were kept without parasitoid. Experiments were 

carried out in large incubators at 26°C under 12L:12D photoperiod and 70% relative 

humidity. Parasitoids were removed from the vials after 24 hours.  

From day 7, Drosophila flies that were not parasitized, or were parasitized but 

survived, started to emerge and were collected and counted daily. In response to parasitism, 

Drosophila larvae can initiate a protective immune reaction, which can lead to the 

encapsulation of the parasitoid egg or larva (Carton and Nappi 1997). Successful 

encapsulations are easily detected in the adult flies’ abdomens, under a stereomicroscope, by 

crushing the entire individual between two glass slides. The number of flies containing 

capsules was recorded. Parasitoids started to emerge 12 days after the emergence of the first 

flies (day 19). They were removed from the vials and counted. For technical reasons, the 

experiment was split into two temporal blocks, half of the vials being launched on one day 

and the other half on the following day.

Fitness-related traits involved in the Drosophila-parasitoid interaction 

Different key life-history traits influencing the outcome of the Drosophila-parasitoid 

interaction were measured (Figure 1). The parasitism rate ( iPR ), or the proportion of 

Drosophila larvae parasitized by a single female parasitoid in a given vial i, was estimated by 

comparing the number of emerged flies in the treatment vial i ( iNd ) to the mean number of 

flies in the control vials ( Nc ) of each Drosophila line as follows:  

c i i
i

c

N Nd Ncap
PR

N

− +=

with Ncapi being the number of adult flies containing capsules in vial i. 

From this estimator, the successful encapsulation rate ( iSER ), defined as the proportion of 

parasitized Drosophila larvae that survived up to the adult stage, was calculated by dividing 

the number of flies containing capsules by the estimated number of parasitized larvae: 
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fitness relative to their natural survival, i.e. in the absence of parasitoid. Drosophila fitness (

relSd ) exposed to parasitoids was thus defined as the fly survival in vial i ( iSd ) relative to 

their respective survival in control vials ( cSd ): 

/100

/100
i i

rel
c c

Sd Nd
Sd

NSd
= =

Direct and indirect effect of the virus on encapsulation 

Virus-infected and uninfected parasitoids display contrasting egg-laying strategies 

(frequent superparasitism for Sref and rare for NSref). The virus’ effects on the outcome of 

host-parasitoid interactions may therefore either result from a direct effect of the virus or from 

an indirect effect through the occurrence of superparasitism. In order to distinguish between 

these effects, we performed a second experiment using only the cured DSR line. We chose 

this particular line for its successful encapsulation rate, clearly dependent on the parasitoid 

infection status. Forty vials were prepared for both uninfected and virus-infected parasitoid 

lines. Half of these contained 100 Drosophila eggs deposited on day 1 (experiment 2.1), and 

the other half contained 125 eggs deposited on day 2 (experiment 2.2). We used two 

Drosophila densities (100 eggs or 125 eggs) in order to vary the host/parasitoid ratio and 

possibly the frequency of superparasitism. For each larval density, ten additional vials without 

parasitoid were used as controls. From each treatment vial, ten randomly chosen Drosophila

pupae were dissected under a stereomicroscope. We recorded the number of parasitoid eggs, 

parasitoid larvae and the number of capsules found in each pupa. The larval encapsulation rate 

(LERi) is the proportion of fly larvae that encapsulated all parasitoids. For this analysis, we 

only considered fly larvae containing either one or two parasitoids since larvae containing 

more than two parasitoids were too rare to support strong statistical analyses. The 

encapsulation rate at adult stage ( iSER ) was measured as previously described in this paper 

except that dissected larvae were taken into account by subtracting 10 flies from the mean 

number of flies in the control vials ( Nc ). 
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Statistical analyses 

All data sets were analysed with the R software (version 2.11.1) (R Development Core 

Team, 2005). Except for the larval encapsulation rate, all life-history traits were analysed 

using linear models after adequate transformation to reach the assumptions of normality and 

homoscedasticity. The larval encapsulation rate was analysed using a generalized linear 

model with a binomial error structure (logit link function) given the binary nature of the data 

(encapsulation of all parasitoids or not). 

Results 

Successful encapsulation rate 

Successful encapsulation rates were relatively low: on average 7.5% of parasitized fly 

larvae encapsulated and survived to the adult stage (Figure 2a). Although there was a strong 

temporal block effect and complex interactions between the block and the other variables on 

encapsulation rates, significant differences between Drosophila nuclear backgrounds were 

detected (Figure 2a; Table 2). Moreover, virus-infected parasitoids were less frequently 

encapsulated than their uninfected counterparts (4.4% versus 10.6%) (Figure 2a; Table 2). 

Presence/absence of Wolbachia had no significant additive effect on encapsulation but 

showed significant interactions of second, third and fourth order with the virus, with 

Drosophila nuclear background and with temporal block (Figure 2a; Table 2). Analysis of the 

data per Drosophila nuclear background indicated that infected parasitoids are less often 

encapsulated than uninfected ones in both D. simulans nuclear backgrounds (Table 2). In D. 

melanogaster, a similar trend was observed but was not significant when corrected for 

multiple comparisons (Table 2). The analysis of the significant virus-by-Wolbachia

interaction in CO flies revealed that wAu reduced the successful encapsulation rate of virus-

free parasitoids (Tukey's honest significance test, P = 0.01), whereas it slightly increased 

encapsulation rate of virus-infected parasitoids (Tukey's honest significance test, P = 0.02). 

However, this virus-by-Wolbachia interaction was highly dependent on the temporal block 

effect, according to the significant interaction of third order in Table2. This strong CO-

specific pattern was most likely responsible for the complex interactions observed in the 

global analysis. A similar analysis excluding data from CO flies no longer showed significant 

interactions between Drosophila nuclear background, virus, Wolbachia and temporal block. 

The virus and the temporal block effects were conserved (F1,143 = 34.51 ; P< 0.0001 and 
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F1,143= 16.45 ; P< 0.0001), the Wolbachia effect remained non-significant (F1,143 = 0.74 ; P = 

0.39), and the Drosophila nuclear background effect was lost (F2,143 = 1.85 ; P = 0.16). 

Figure 2. Fitness-related traits under different Drosophila nuclear backgrounds, 

Wolbachia and virus infection statuses (experiment 1). Red data points for virus-

infected, black for virus-free parasitoids. (Dm) for D. melanogaster and (Ds) for D. 

simulans. (NI) stands for Not Infected and indicates Wolbachia-cured Drosophila lines. 
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Table 2. Analysis of variance of successful encapsulation rate based on square root-

transformed data (experiment 1). Chosen level of significance is � = 5% in the global 

analysis and � = 1.25% in per Drosophila nuclear background analyses (Bonferroni 

correction for multiple comparisons). (*) indicates significant effect. 

 Global analysis Analysis per nuclear background 

   D. melanogaster D. simulans

df F P YW-BNE w1118 CO DSR 

Drosophila

nuclear 

background (1) 

3 4.203 < 0.0001* - - - - 

virus (2) 1 48.669 < 0.0001* 0.03 0.07 0.0004* < 0.0001* 

Wolbachia (3) 1 0.792 0.37 0.71 0.76 0.77 0.39 

block (4) 1 11.604 < 0.0001* 0.01* 0.004* 0.82 0.22

interactions      

(1) × (2) 3 4.192 0.007* - - - - 

(1) × (3) 3 0.133 0.94 - - - - 

(2) × (3) 1 3.011 0.08 0.73 0.03 < 0.0001* 0.61 

(1) × (4) 3 2.227 0.08 - - - - 

(2) × (4) 1 0.156 0.69 0.61 0.29 0.97 0.77 

(3) × (4) 1 0.209 0.65 0.78 0.49 0.2 0.42 

(1) × (2) × (3) 3 8.562 < 0.0001* - - - - 

(1) × (2) × (4) 3 0.416 0.741 - - - - 

(1) × (3) × (4) 3 0.809 0.49 - - - - 

(2) × (3) × (4) 1 7.778 0.006* 0.53 0.31 < 0.0001* 0.57 

(1) × (2) × (3) × 

(4) 

3 4.191 0.007* - - - - 

residuals 191

Parasitism rate 

The parasitism rate varied significantly among Drosophila nuclear backgrounds and 

showed significant interactions, most of them involving Wolbachia presence/absence (Figure 

2b; Table 3). The analysis per Drosophila nuclear background revealed a significant virus-by-

Wolbachia interaction term (F1,48= 8.45 ; P = 0.006) once again restricted to CO flies. Further 

analysis of this interaction showed that the only significant difference is detected in virus-
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infected parasitoid that parasitized more wAu-free CO larvaethan wAu-infected larvae 

(Tukey's honest significance test, P = 0.03). As for the successful encapsulation rate, this 

pattern depended on a complex interaction with the temporal block effect (Table 3). 

Parasitoid developmental success 

Analysis of the parasitoid developmental success revealed that all additive effects were 

significant and complex significant interactions occurred between them (Figure 2c; Table 3). 

Parasitoids exhibited variable survivals depending on the Drosophila nuclear background, 

with highest parasitoid mortality observed in CO flies. The virus infection had an overall 

negative effect on parasitoid developmental success (Figure 2c; Table 3), although the 

decrease was only significant in YW-BNE flies (F1,52 = 18.12; P< 0.0001). Wolbachia

presence also decreased the parasitoid developmental success but was in strong interaction 

with the other variables (Figure 2c; Table 3). Infection with wAu again showed a clear effect. 

The presence of the wAu-infection decreased the parasitoid developmental success in CO flies 

(F1,48 = 14.11; P< 0.0001). This strong effect most likely drives the observed overall 

difference between Wolbachia-cured and infected flies, as suggested by the analysis 

excluding data from CO flies. In this analysis, the Wolbachia effect disappeared (F1,143 = 

0.51; P = 0.47) but the Drosophila nuclear background effect persisted (F2,143 = 7.65; P = 

0.0007). 

Parasitoid fitness 

The number of parasitoid offspring varied according to Drosophila nuclear 

background (Figure 3a; Table 3). This is partly due to the much lower natural survival of D. 

simulans larvae compared to D.melanogaster as observed in control vials without parasitoids 

(YW-BNE: 82%; w1118: 83.2%; CO: 66.7%; DSR: 44%; nuclear background effect: F3,72 = 

182.12; P< 0.0001). Wolbachia presence also had a slight negative effect on the number of 

parasitoid offspring (Figure 3a; Table 3) but the analysis showed a highly significant 

interaction with the Drosophila nuclear background. This interaction suggests that the overall 

Wolbachia effect was the consequence of a strong negative influence of wAu in CO flies 

(F1,48 = 17.88; P = 0.0001). Indeed, further analysis excluding data from CO flies revealed no 

significant Wolbachia effect (F1,143 = 0.0013; P = 0.97). Both virus-infected and virus-free 

parasitoids produced a similar number of offspring (Figure 3a; Table 3). 
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Drosophila fitness 

Drosophila relative survival depended on the flies’ nuclear background, viral infection 

status and the temporal block, with many significant interactions between these factors 

(Figure 3b; Table 3). The virus negatively affected Drosophila survival, which was consistent 

with the lower successful encapsulation rate of virus-infected parasitoids. Analysis per 

nuclear background showed that a decrease of the relative survival rate due to virus infection 

was only significant in CO (F1,48 = 21.43; P< 0.0001) and DSR flies (F1,41 = 9.66; P = 0.003) 

though only a non-significant similar trend was observed in YW-BNE and w1118 (F1,50 = 3.95; 

P = 0.052 and F1,50 = 3.84; P = 0.056 respectively). No Wolbachia effect was detected in 

YW-BNE (F1,52 = 1.56; P = 0.22), w1118 (F1,50 = 1.94; P = 0.17) nor DSR (F1,41 = 1.87; P = 

0.18). wAu infection, however, increased the survival of CO flies (F1,48 = 7.08; P< 0.01) with 

a significant virus-by-Wolbachia interaction (F1,48 = 29.18; P< 0.0001). Analysis of this 

interaction revealed that wAu had no effect when CO flies were exposed to virus-free 

parasitoids (Tukey's honest significance test, P = 0.61). In contrast, wAu-free flies had a lower 

survival than wAu-infected flies when exposed to virus-infected parasitoids (Tukey's honest 

significance test, P = 0.001). Note that, once again, this virus-by-Wolbachia interaction 

depended on the temporal block effect (Table 3). 
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Figure 3. (a) Number of parasitoid offspring and (b) Drosophila relative survival  under 

different Drosophila nuclear backgrounds, Wolbachia and virus infection statuses 

(experiment 1). Red data points for virus-infected, black for virus-free parasitoids. (Dm) 

for D. melanogaster and (Ds) for D. simulans. (NI) stands for Not Infected and indicates 

Wolbachia-cured Drosophila lines. 
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Table 3. Analysis of variance of the life-history traits investigated. Prior to statistical 

analysis, parasitism rate was arcsine square root-transformed, parasitoid developmental 

success was square-transformed, number of parasitoids was square root-transformed 

and Drosophila relative survival was log-transformed (experiment 1). (*) indicates 

significant effect. Level of significance is � = 5%. 

Parasitism rate Parasitoid 

developmental 

success 

Number of 

parasitoid 

offspring 

Drosophila

relative survival 

df F P F P F P F P 

Drosophila

nuclear 

background (1) 

3 5.778 < 0.0001* 20.86 < 0.0001* 36.073 < 0.0001* 8.536 < 0.0001*

virus (2) 1 3.72 0.06 13.655 0.0003* 0.847 0.36 32.405 < 0.0001*

Wolbachia (3) 1 0.007 0.94 7.838 0.006* 4.09 0.04* 0.436 0.51 

block (4) 1 1.765 0.19 12.666 0.0004* 1.652 0.2 9.426 0.002* 

Interactions     

(1) × (2) 3 0.191 0.9 3.376 0.02* 1.961 0.12 1.517 0.21 

(1) × (3) 3 4.688 0.003* 3.901 0.01* 5.516 0.001* 3.825 0.01* 

(2) × (3) 1 6.797 0.01* 0.002 0.96 3.279 0.07 8.337 0.004* 

(1) × (4) 3 1.283 0.28 2.909 0.04* 0.604 0.61 0.356 0.78 

(2) × (4) 1 3.276 0.07 6.493 0.01* 0.096 0.76 4.155 0.04* 

(3) × (4) 1 11.164 0.001* 4.596 0.03* 1.76 0.19 16.165 < 0.0001*

(1) × (2) × (3) 3 1.437 0.23 1.428 0.24 0.581 0.63 5.018 0.002* 

(1) × (2) × (4) 3 2.91 0.04* 5.946 < 0.0001* 6.741 0.0002* 3.734 0.01* 

(1) × (3) × (4) 3 0.355 0.79 8.299 < 0.0001* 0.665 0.574 1.082 0.36 

(2) × (3) × (4) 1 3.481 0.06 1.276 0.26 0.003 0.95 11.463 0.0009* 

(1) × (2) × (3) × 

(4) 

3 4.079 0.008* 0.775 0.51 0.635 0.59 6.653 0.0003* 

Residuals 191   

Encapsulation rates at larval and adult stages in cured DSR flies 

As the virus modifies the way females distribute their eggs among Drosophila larvae, 

we tried to distinguish between direct and indirect effects of the virus on encapsulation using 

the cured DSR Drosophila line. Measures on adult flies confirmed the result from experiment 
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1: virus-infected parasitoids are less often successfully encapsulated than virus-free 

parasitoids (Figure 4b & d; F1,75 = 15.3; P< 0.0001). There was also a high variability 

between experiments 2.1 (low larval density) and 2.2 (high larval density) with a significantly 

lower successful encapsulation rate in experiment 2.2 (F1,75 = 38.18; P< 0.0001).  

Under these experimental conditions, virus-infected parasitoids had a substantial 

superparasitism rate (� 61% and 30% for low and high larval density respectively) as did 

uninfected ones (� 30% and 26% for low and high larval density respectively). In low larval 

density conditions (experiment 2.1), virus-infected parasitoids superparasitized more often 

than virus-free parasitoids ( ²iχ = 15.86; df = 1; P< 0.0001). That difference was not 

significant under high larval density conditions (experiment 2.2) ( ²iχ = 0.26; df = 1; P = 

0.30). 

Larval encapsulation rate was lower for virus-infected parasitoids, consistent with 

variations of the successful encapsulation rate. This difference involved both a direct and an 

indirect effect of the virus (Figure 4a & c; Table 4). Analysis of monoparasitized Drosophila

larvae demonstrated a direct effect of the virus, with infected parasitoids being encapsulated 

11.8% less often than uninfected ones (Dev = 5.34; df = 1; P = 0.02). Additionally, 

monoparasitized larvae encapsulated all parasitoids 11.7% more often than superparasitized 

larvae (Table 4). 
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Figure 4. Encapsulation rates in cured DSR flies in (top) experiment 2.1 (low laral 

density) and (bottom) experiment 2.2 (high larval density). (a & c) Larval encapsulation 

rate and (c and d) Successful encapsulation rate with “n” giving the number of dissected 

larvae andvertical segments standing for standard errors. 
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Table 4. Generalized linear model for the larval encapsulation rate in cured DSR flies of 

experiments 2.1 (low larval density) and 2.2 (high larval density). (*) indicates a 

significant effect. Level of significance is � = 5%.

df Deviance P 

Virus 1 8.297 0.004* 

Superparasitism 1 5.6 0.02* 

Experiment 1 35.833 < 0.0001* 

Interactions 

virus × superparasitism 1 0.234 0.63 

virus × experiment 1 0.281 0.59 

superparasitism × experiment 1 1.617 0.2 

virus × superparasitism × 

experiment 

1 1.182 0.28 

Discussion 

Drosophila hosts can suffer high mortality rates due to parasitoid attacks (Fleury et al. 

2004; Patot et al. 2010). As a consequence, resistance against parasitoids should be strongly 

selected for, and encapsulation is one very common host defensive strategy (Carton and 

Nappi 2001). The expression of resistance is however affected by various factors such as host 

genotype-by-parasitoid genotype interactions (Dupas et al. 2003; Dubuffet et al. 2007) or 

competition for resources (Kraaijeveld et al. 2001). The influence of bacterial symbionts on 

encapsulation was only recently investigated (Fytrou et al. 2006; Xie et al. 2010). Here, we 

tested the effect of two symbionts on the outcome of the interaction between several 

Drosophila nuclear backgrounds and the parasitoid Leptopilina boulardi. We demonstrated 

that the behavior-manipulating virus LbFV of the wasp can interplay with the Drosophila’s 

immune reaction by increasing the virulence of the parasitoid. Additionally, the Wolbachia

strain wAu alsoaffected the encapsulation rate in CO flies, however, the direction of this 

effect depended on the parasitoid’s infection status and was not observed with any of the other 

Wolbachia strains tested. 

 In a first experiment, we tested the effect of LbFV and Wolbachia across different 

Drosophila nuclear backgrounds. Drosophila parasitized by virus-infected parasitoids had a 

lower successful encapsulation rate. This trend was consistent for all four Drosophila nuclear 

backgrounds tested but only significant in the D. simulans CO and DSR backgrounds. The 
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non-significant trend in YW-BNE and w1118 possibly results from a low statistical power due 

to the overall low encapsulation rate rather than a true absence of virus effect.  

 In a second set of experiments using Wolbachia-cured DSR flies as hosts, we tested 

whether this virus effect is caused by a direct effect on the encapsulation or by an indirect 

effect of the increased tendency to superparasitize of virus-infected females. Considering that 

encapsulation is a costly physiological process, we should expect that flies would not 

encapsulate more than a few parasitoids. Thus, the higher the superparasitism rate is, the 

lower the encapsulation rate should be. Dissections of larvae showed that the successful 

encapsulation rate variation was indeed partly explained by the occurrence of superparasitism. 

Superparasitized larvae often failed to encapsulate all parasitoids whereas monoparasitized 

larvae succeeded more frequently, a result that is consistent with earlier studies. In 

Spodoptera littoralis exposed to superparasitism by Microplitis rufiventris, a decrease in both 

cellular (encapsulation) and humoral response efficiencies was demonstrated. In another study 

(Giordanengo and Nenon 1990), a negative relationship between successful encapsulation in 

Phenacoccus manihoti and superparasitism by Epidinocarsis lopezi was reported. 

 In addition to this indirect effect of the virus on encapsulation rate through the 

induction of superparasitism, we also demonstrated a significant direct effect of the virus. In 

monoparasitized larvae, the presence of LbFV was associated with a decrease in larval 

encapsulation rate. The mechanism responsible for this protection, yet unknown, could 

involve either a virus-driven immune suppression as observed with polydnaviruses (Beckage 

1998) or an evasion of the immune system (Asgari et al. 1998; Kinuthia et al. 1999). Another 

possibility is that the virus may also somehow improve the parasitoid embryos’ quality and 

therefore their survival. 

 Whereas the direct protective effect of the virus is clearly advantageous for the 

parasitoid, the fitness reward from the indirect effect of superparasitism is unclear. In our 

experiment, one single female was put in each treatment vial, therefore females could directly 

benefit from self-superparasitism. In nature, however, conspecific-superparasitism is likely to 

be much more frequent than self-superparasitism. In such conditions, it is unknown if the 

superparasitizing female would benefit from the protective effect offered by superparasitism 

since this would depend on the outcome of the within-Drosophila competition between 

parasitoid larvae. To clarify this issue, the model developed by Gandon et al. (2006), which 

predicted the evolutionarily stable strategy regarding superparasitism both for the virus and 

the parasitoid, could be extended to include this potential benefit of superparasitism for the 

parasitoid. 

 A positive effect of Wolbachia on the successful encapsulation rate was expected, at 

least for wMel and wMelPop since these strains previously proved to increase hemolymph 
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melanization, a key reaction involved in encapsulation, in both D. melanogaster and D. 

simulans(Thomas et al. 2011b). No effect was however detected for wMel, wMelPop nor wRi. 

Fytrou et al. (2006) found that wRi-infected DSR flies were less efficient in encapsulating the 

parasitoid Leptopilina heterotoma. Their results differ from our findings on the similar DSR 

Drosophila line, and indicate that the final outcome of host-parasitoid interactions also 

depends on the parasitoid species (L. boulardi in our case) and its infection status. 

Interestingly, we found an effect of wAu which globally decreased encapsulation in CO flies 

but with a complex interaction with the viral infection status. The encapsulation rate 

decreased with wAu against virus-free parasitoids whereas the opposite trend was observed 

against virus-infected parasitoids. Despite a strong effect of the temporal block, the slight 

increase in the encapsulation rate of virus-infected parasitoids suggests that a wAu-mediated 

protection could be activated in presence of LbFV. This is consistent with the strong antiviral 

protection of wAu in CO flies, allowing resistance against the RNA virus DCV (Osborne et al. 

2009). However, we did not found the effect on encapsulation for the other Wolbachia strains 

tested, although protection has also been demonstrated for strains belonging to the wMel 

group (wMel in w1118 flies, wMelCS in ORC flies, wMelPop in w1118 flies) as well as wRi in 

DSR flies (Hedges et al. 2008; Teixeira et al. 2008; Osborne et al. 2009).  

 The other fitness-related traits tested for were also affected by the presence of one or 

both symbionts. In CO flies, virus-infected parasitoids parasitized more the Wolbachia-free 

than the Wolbachia-infected larvae, whereas virus-free parasitoids displayed a similar 

parasitism rate whatever the infection status of CO flies. Parasitism rate is determined by (i) 

the ability of parasitoids to locate Drosophila larvae, (ii) the parasitoid’s egg-laying 

preferences and (iii) the Drosophila larvae’s ability to avoid parasitoid detection. Further 

investigations should determine to which extent each of these processes are involved in the 

observed variations of parasitism rate in CO flies. However, this wAu effect strongly varied 

between the temporal blocks and might only be due to a high environmental stochasticity 

influencing the parasitism rate. 

 The parasitoid developmental success was negatively affected by the virus. This virus 

effect is either due to a direct effect of the physiological cost of infection or to an indirect 

effect for infected parasitoids. Indeed, virus-infected parasitoids are expected to develop more 

frequently in superparasitized larvae and must cope with an intense competition. Parasitoid 

developmental success was also negatively affected by Wolbachia infection in CO flies, for 

both uninfected and virus-infected parasitoids. wAu is thus costly for the parasitoid, but this 

effect does not positively influence the Drosophila’s fitness. Indeed, the parasitoid 

developmental success concerns Drosophila larvae that failed to encapsulate the parasitoid 

and that are condemned to death (see Figure 1). 
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 Overall, virus-infected and uninfected parasitoids produced similar number of 

offspring, and therefore have similar fitness in all tested host-parasitoid combinations. 

Therefore, the virus partly compensates its cost on the parasitoid developmental success by 

decreasing the successful encapsulation rate. Wolbachia did not affect Drosophila’s fitness 

except for CO flies where the relative Drosophila survival showed a strong virus-by-

Wolbachia interaction. Indeed, Wolbachia-free CO flies suffered more from virus-infected 

parasitoid attacks than wAu-infected flies did. This effect is likely the result of the lower 

parasitism rate and the higher successful encapsulation rate in Wolbachia-infected CO flies 

which are thus at an advantage compared to Wolbachia-free CO flies when exposed to virus-

infected parasitoid. Therefore, wAu might have a positive fitness effect on its Drosophila host 

in the case where most of the parasitoids from the population are infected by the virus. A 

previous study had unsuccessfully attempted to explain the spread and maintenance of wAu 

into Australian Drosophila populations (Hoffmann et al. 1996). The wAu effect on 

Drosophila survival attacked by virus-infected parasitoids, via an effect on encapsulation and 

parasitism rate, that we describe in the present study may be a first step to the understanding 

of wAu’s success in natural populations without manipulating the host reproductive system. 

Benefit from wAu would, however, require LbFV-infected parasitoids to be sympatric with D. 

simulans in Australia, a situation that has not yet been confirmed.  

 No fitness advantage of Wolbachia infection was observed for the three other 

Wolbachia strains tested. wRi shows a very high level of cytoplasmic incompatibility (CI), a 

sufficient explanation for its widespread distribution (Turelli and Hoffmann 1995). wMel, in 

comparison, induces only low CI and exhibits highly variable prevalence throughout 

Australia. In a previous study (Harcombe and Hoffmann 2004), the case of wMel was 

investigated but no direct benefit conferred by the strain was identified, suggesting that it 

might provide protection against natural enemies. Our results do not support this hypothesis. 

Concerning wMelPop, its origin is unknown since this strain has only been found in a 

laboratory stock (Min and Benzer 1997). This strain displays CI in addition to a pathogenic 

phenotype reducing the insect lifespan in laboratory. It is therefore unknown how and if this 

strain could be maintained in natural populations. 

 In conclusion, our data confirm that symbionts in hosts and parasitoids contribute to 

variation in extremely important phenotypes such as resistance and virulence, in addition to 

classical nuclear factors (Dupas et al. 1998; Dupas et al. 2003). Results also encourage 

reconsidering the cost-benefit balance of LbFV infection for L. boulardi. A virus-induced 

increase in L. boulardi’s virulence might depict an ongoing evolution towards a mutualistic 

association between the virus and the parasitoid, similar to what is believed to have occurred 

between ancestral polydnaviruses and their wasp carriers (Bezier et al. 2009). From the host 
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side, we found that Wolbachia might not only be a reproductive parasite in arthropods, but 

may as well contribute to variation of traits involved in host-parasitoid interactions. Because 

symbionts benefit from vertical transmission, they produce heritable variation on which 

natural selection can act and directly contribute to the adaptation of their host. As such, there 

is a crucial need to view infections by so-called parasites in a broader ecological context by 

considering several life-history traits of their hosts and their interactions with other species 

within the community (Sternberg et al. 2011). Furthermore, we should also take them into 

account as a potential force shaping this community (Ferrari & Vavre, 2010). 
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