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Amount of venom that Leptopilina species inject into Drosophila melanogaster larvae in relation to parasitic success
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The Drosophila endoparasitoid wasps Leptopilina boulardi and L. heterotoma (Hymenoptera: Cynipidae) are pro-ovigenic species, i.e., females contain their lifetime number of mature eggs at emergence. They are therefore able to immediately parasitize many hosts when present. In response to parasitoid oviposition, the larval host D. melanogaster can mount an immune response, encapsulation, that can destroy the parasitoid eggs. This response is counteracted by the venom the wasp injects during oviposition. Here, we estimated the amount of venom injected into a D. melanogaster host larva using immunodetection of venom proteins and we attempted to correlate this amount with the number of eggs a female can lay on successive days. The venom reservoir of L. boulardi contains enough venom for at least 100 ovipositions while that of L. heterotoma contains venom for about 16 ovipositions. While a female L. boulardi may have enough venom for three days of parasitism when 20 or 40 larval hosts were presented each day, L. heterotoma certainly needs to synthesize new venom to parasitize the number of hosts offered. Interestingly, parasitism stopped (L. boulardi), egg protection (L. heterotoma) and egg hatching decreased (both species) after three days of parasitism. Thus, although venom does not appear to be a limiting factor for parasitism, our data suggest that it may have less effectiveness on the egg protection and on egg/host development after high repetitive egg laying.

Introduction

Parasitoid wasps lay eggs on (ectoparasitoids) or inside (endoparasitoids) the body of the insect hosts and the larva then develops by consuming the tissues of the living host, usually leading to its death [START_REF] Godfray | Parasitoids Behavioral and Evolutionary Ecology[END_REF][START_REF] Quicke | The Braconid and Ichneumonid Parasitoid Wasps: Biology, Systematics, Evolution and Ecology[END_REF]. Parasitoids control natural populations of their host(s) and are widely used as biological agents to manage agricultural insect pests. To prevent the survival and development of parasitoid eggs/larvae, many insect host species have evolved an effective innate immune response, encapsulation, which involves both cellular and humoral components. For example, a specialized type of hemocytes, the lamellocytes, are induced upon oviposition in D.

melanogaster and adhere to the parasitoid egg in successive layers. Further activation of the phenoloxidase cascade leads to the melanization of this capsule and the production of cytotoxic radicals that ultimately kill the parasitoid [START_REF] Carton | Parasite-Induced Changes in Nitric Oxide Levels in Drosophila paramelanica[END_REF][START_REF] Nappi | Cellular immunity and pathogen strategies in combative interactions involving Drosophila hosts and their endoparasitic wasps[END_REF]. To counter this process and use the resources of their host, parasitoid wasps have evolved diverse and original virulence strategies. They introduce or secrete various factors into the host's body during oviposition that will create a suitable environment for the correct development of the offspring. These factors include venom peptides and proteins [START_REF] Moreau | Venom Proteins from Parasitoid Wasps and Their Biological Functions[END_REF][START_REF] Poirié | Insights into function and evolution of parasitoid wasp venoms[END_REF]Rivers et al., 1993), wasp-specific polydnaviruses (PDVs) [START_REF] Beckage | Wasp parasitoid disruption of host development: Implications for New Biologically Based Strategies for Insect Control*[END_REF][START_REF] Strand | Polydnaviruses: Evolution and Function[END_REF], viruslike particles (VLPs) (Dupas et al., 1996;[START_REF] Gatti | Parasitoid Viruses[END_REF][START_REF] Rizki | Selective destruction of a host blood cell type by a parasitoid wasp[END_REF] and ovarian proteins [START_REF] Mabiala-Moundoungou | Deadly venom of Asobara japonica parasitoid needs ovarian antidote to regulate host physiology[END_REF][START_REF] Salvia | Role of Ovarian Proteins Secreted by Toxoneuron nigriceps (Viereck) (Hymenoptera, Braconidae) in the Early Suppression of Host Immune Response[END_REF]. Parasitoids therefore inject a complex mixture of proteinaceous and non-proteinaceous components that can induce host paralysis, disrupt host development, and interfere with host physiology and immune response. In recent decades, studies have focused on the physiological functions of parasitoid venoms, but although many venom proteins have recently been identified by proteo-transcriptomic approaches, only a few are suggested to be virulence factors directly involved in the parasitic success [START_REF] Asgari | Venom proteins from endoparasitoid wasps and their role in hostparasite interactions[END_REF][START_REF] Poirié | Insights into function and evolution of parasitoid wasp venoms[END_REF].

Parasitoid species can also be classified along a gradient between two main groups based on their mode of egg production: synovigenic species that produce eggs continuously throughout their adult life and proovigenic species that mature eggs in the larval stage and emerge with a fixed and limited egg supply [START_REF] Jervis | Resource Acquisition, Allocation, and Utilization in Parasitoid Reproductive Strategies[END_REF][START_REF] Jervis | Life-history strategies in parasitoid wasps: a comparative analysis of "ovigeny[END_REF]. The number of eggs a female parasitoid lays over its lifetime is therefore determined by various factors such as the number of mature eggs, the number of suitable hosts present and available, and behavioral factors that can modulate the oviposition rate [START_REF] Jervis | Resource Acquisition, Allocation, and Utilization in Parasitoid Reproductive Strategies[END_REF]. In addition, a tradeoff may occur under conditions of high host availability, when females concentrate egg production early in life at the cost of lifespan [START_REF] Ellers | Life history evolution in Asobara tabida: plasticity in allocation of fat reserves to survival and reproduction[END_REF]. Therefore, a question arises on how many eggs can be protected by the venom in case of proovigenic species such as Leptopilina [START_REF] Jervis | Resource Acquisition, Allocation, and Utilization in Parasitoid Reproductive Strategies[END_REF][START_REF] Jervis | Life-history strategies in parasitoid wasps: a comparative analysis of "ovigeny[END_REF][START_REF] Le Ralec | Egg contents in relation to host-feeding in some parasitic Hymenoptera[END_REF], Hymenopteran endoparasitoids of Drosophila [START_REF] Carton | The Drosophila parasitic wasps, in: In: The genetics and biology of Drosophila[END_REF]. Indeed, when emerged Leptopilina females are provided with Drosophila larvae, they immediately parasitize them and quickly deposit their entire batch of eggs [START_REF] Boulétreau | Reproductive potential of a hymenopteran parasite of Drosophila melanogaster[END_REF][START_REF] Carton | Egg-laying strategy under natural conditions of Leptopilina boulardi, a hymenopteran parasitoid of Drosophila spp[END_REF].

Among the Leptopilina species, L. boulardi is considered a specialized parasitoid using D.

melanogaster primarily as a host [START_REF] Fleury | Ecology and life history evolution of frugivorous Drosophila parasitoids[END_REF] and is one of the species whose venom virulence factors are currently well characterized (Colinet et al., 2013a;[START_REF] Huang | Two novel venom proteins underlie divergent parasitic strategies between a generalist and a specialist parasite[END_REF]. In L. boulardi, two strains have been studied: the ISm strain (G431), highly virulent against D. melanogaster, and the ISy strain (G486) that can suppress the immune defenses of both D. melanogaster and D. yakuba hosts but depending on the host's resistance genotype [START_REF] Dupas | Local, Geographic and Phylogenetic Scales of Coevolution in Drosophila-Parasitoid Interactions[END_REF]. These parasitoid strains use different virulence strategies against Drosophila hosts: the main immune suppression factor of the ISm strain could be a RhoGAP domain-containing protein, called LbGAP, which is transported by venom vesicles (venosomes) and targets immune cellular components by altering the morphology of D. melanogaster lamellocytes (Labrosse et al., 2005b(Labrosse et al., , 2005a;;[START_REF] Wan | Parasitoid wasp venom vesicles (venosomes) enter Drosophila melanogaster lamellocytes through a flotillin/lipid raft-dependent endocytic pathway[END_REF][START_REF] Wan | Venom Atypical Extracellular Vesicles as Interspecies Vehicles of Virulence Factors Involved in Host Specificity: The Case of a Drosophila Parasitoid Wasp[END_REF]. In the ISy strain the virulence factor LbGAP is secreted in lower amounts than in the venom of the ISm strain, probably due to differences in cis regulation of transcription [START_REF] Colinet | The origin of intraspecific variation of virulence in an eukaryotic immune suppressive parasite[END_REF]. However, ISy venom targets the humoral component of D. yakuba encapsulation through the action of a venom serpin (LbSPNy) that inhibits activation of the host phenoloxidase cascade and then the melanization process [START_REF] Colinet | A serpin from the parasitoid wasp Leptopilina boulardi targets the Drosophila phenoloxidase cascade[END_REF][START_REF] Dubuffet | Variation of success of Leptopilina boulardi in Drosophila yakuba: the mechanisms explored[END_REF]. Serpin has been found in the venom of many different wasp species [START_REF] Laurino | Identification of major Toxoneuron nigriceps venom proteins using an integrated transcriptomic/proteomic approach[END_REF][START_REF] Moreau | Venom Proteins from Parasitoid Wasps and Their Biological Functions[END_REF][START_REF] Poirié | Insights into function and evolution of parasitoid wasp venoms[END_REF][START_REF] Scieuzo | An integrated transcriptomic and proteomic approach to identify the main Torymus sinensis venom components[END_REF] and its role in inhibiting the host phenoloxidase cascade has been confirmed [START_REF] Yan | A Venom Serpin Splicing Isoform of the Endoparasitoid Wasp Pteromalus puparum Suppresses Host Prophenoloxidase Cascade by Forming Complexes with Host Hemolymph Proteinases[END_REF].

The other Leptopilina species studied so far is L. heterotoma, a species closely related to L. boulardi, which is considered generalist because it has a wider host range of Drosophila species [START_REF] Carton | The Drosophila parasitic wasps, in: In: The genetics and biology of Drosophila[END_REF][START_REF] Fleury | Ecology and life history evolution of frugivorous Drosophila parasitoids[END_REF]. It also differs in the effects of its venom on the Drosophila host and the changes in expression profiles of host genes induced by parasitism [START_REF] Lee | Virulence factors and strategies of Leptopilina spp.: selective responses in Drosophila hosts[END_REF].The venom composition of L. heterotoma differs from that of L. boulardi [START_REF] Heavner | Novel Organelles with Elements of Bacterial and Eukaryotic Secretion Systems Weaponize Parasites of Drosophila[END_REF][START_REF] Huang | Two novel venom proteins underlie divergent parasitic strategies between a generalist and a specialist parasite[END_REF] but host envenomation also results in changes in the morphology of circulating lamellocytes followed by a rapid disintegration of these cells as well as the disintegration of lymph glands lobes that are involved in their production [START_REF] Ramroop | A parasitoid wasp of Drosophila employs preemptive and reactive strategies to deplete its host's blood cells[END_REF][START_REF] Rizki | Effects of lamellolysin from a parasitoid wasp on Drosophila blood cells in vitro[END_REF][START_REF] Rizki | Selective destruction of a host blood cell type by a parasitoid wasp[END_REF][START_REF] Godfray | Parasitoids Behavioral and Evolutionary Ecology[END_REF]. None of the proteins in the venom of L. heterotoma is yet clearly identified as a virulence factor, but one of the major proteins, N-aspartylglucosaminidase (AGA), has been suggested to have potential implications in the short-lived host paralysis that occurs during parasitization (Colinet et al., 2013a;[START_REF] Coulette | Biochemical characterization and comparison of aspartylglucosaminidases secreted in venom of the parasitoid wasps Asobara tabida and Leptopilina heterotoma[END_REF][START_REF] Moreau | Identification of an aspartylglucosaminidase-like protein in the venom of the parasitic wasp Asobara tabida (Hymenoptera: Braconidae)[END_REF].

To date, it is quite difficult to determine which wasp venom molecule is or not a virulence factor. One approach is to use RNAi removal of the venom factor [START_REF] Colinet | Development of RNAi in a Drosophila endoparasitoid wasp and demonstration of its efficiency in impairing venom protein production[END_REF][START_REF] Werren | Larval RNAi in Nasonia (Parasitoid Wasp). Cold Spring Harbor protocols[END_REF] but this may induce side effects on the other venom components that need to be evaluated [START_REF] Alic | Detrimental Effects of RNAi: A Cautionary Note on Its Use in Drosophila Ageing Studies[END_REF][START_REF] Rougeot | Effect of using green fluorescent protein doublestranded RNA as non-target negative control in Nasonia vitripennis RNA interference assays[END_REF]. Furthermore, once a venom protein is described, the protein (purified or recombinant) is microinjected into the host to monitor its various physiological effects, including on immune cells and phenoloxidase activity. However, in most cases, the actual amount of venom, and therefore of a specific protein, naturally injected at the time of oviposition, and even of the real amount present in the wasp reservoir, is unknown. This could lead to overestimate the effect of a protein because its microinjected amount has no relation to the actual amount injected by the wasp. Surprisingly, very few studies have addressed this issue. [START_REF] Leluk | Chelonus sp. near curvimaculatus venom proteins: analysis of their potential role and processing during development of host Trichoplusia ni[END_REF] reported that Chelonus near curvimaculatus (Braconidae) injects about 1/200th of a reservoir during parasitization of a single host egg (Trichoplusia ni) and [START_REF] Strand | Development and partial characterization of monoclonal antibodies to venom of the parasitoid Microplitis demolitor[END_REF] using an enzyme-linked immunosorbent assay and specific monoclonal antibodies, estimated that females of Microplitis demolitor (Braconidae) injected 0.02-0.05 (1/20-1/50) equivalents of a venom gland reservoir into its host, Pseudoplusia includens. However, both species are primarily dependent on PDVs for their parasitic success [START_REF] Chelliah | Biochemical and immunological studies of proteins from polydnavirus Chelonus sp. near curvimaculatus[END_REF][START_REF] Wetterwald | Identification of bracovirus particle proteins and analysis of their transcript levels at the stage of virion formation[END_REF] and the role of the venom in these species remains largely unknown [START_REF] Soller | Polydnavirus and Venom of the Egg-Larval Parasitoid Chelonus inanitus (Braconidae) Induce Developmental Arrest in the Prepupa of its Host Spodoptera littoralis (Noctuidae)[END_REF].

As we were interested in identifying the exact effect of the different proteins/compounds present in the venom of Drosophila parasitoids, we raised different antibodies against some of these proteins (LbGAPs, LbSPN, AGA) and used them in a real situation, i.e., to estimate the amount of venom proteins directly injected into the whole D. melanogaster larvae during oviposition and to deduce the volume of venom injected. We then compared the potential protection that a finite venom reservoir can confer to eggs in a situation where parasitoids were supplied with hosts for several days and then whether venom could be depleted/altered or is continuously produced to sustain many successive ovipositions. This manuscript provides new information on the Drosophila parasitoids interaction and highlights new differences between L. heterotoma and L. boulardi parasitoids described to have different host range and oviposition strategies, particularly on host patch exploitation, host acceptance and superparasitism avoidance [START_REF] Fleury | Ecology and life history evolution of frugivorous Drosophila parasitoids[END_REF].

Materials and methods

Biological Material

The L. boulardi ISm (Lbm; Gif stock G431), ISy (Lby; Gif stock G486) and L. heterotoma (Lh) (from Gotheron, France) used in this study have been described previously [START_REF] Dubuffet | Variation of Leptopilina boulardi success in Drosophila hosts: what is inside the black box?[END_REF]. All parasitoid lines were reared at 25°C on a susceptible strain of D. melanogaster (Gif stock 1333).

After emergence, adults of both lines and species were kept at 18°C on agar medium with honey. Mated naïve females aged 5-8 days were used throughout the study.

The venom apparatus of the female consists of a unique long gland connected to a large reservoir (Fig S1). 20 venom apparatus were obtained by a traction on the ovipositor and the reservoir was separated from the gland and dilacerated in a 20µl drop of Insect Ringer Solution implemented with a protease inhibitor (IR/PI) cocktail (SIGMAFAST™, Sigma). This reservoir venom extract was then centrifuged for 5 min at 500x g to remove the residual tissues and used as a stock solution for the different experiments.

For volume measurement, intact reservoirs were mounted on a 20µl drop of IR/PI on a slide (to avoid squeezing it) and digitally microphotographed (axioskop, Zeiss; objx5 and x20). The total length of the reservoir (L) and the diameter at three different positions (near the ovipositor, in the middle and near the canal junction) were measured using Image J software (http://imagej.nih.gov/ij/) and the pixel transformed in µm using a caliper photographed under the same conditions (Fig S1). For simplicity, the reservoir was assumed to be equivalent to a cylinder and the volume (V) was obtained using the length (L) and average radius (r) of the three measurements along the reservoir : V= r 2 L.

Parasitism experiment

For bioassays, batches of 20-30 second to early third instar D. melanogaster larvae (48h old) were placed on individual disks with fly medium (25 mm in diameter, 1.5 mm thick) and subjected to parasitism by two females either for 2h or 4h at 25°C. After this time, the population of parasitized larvae was separated in two halves, one half was used to estimate the rate of parasitism 48h later by dissecting late third instar host larvae and counting the number of parasitoid larvae retrieved.

Larvae from the other half were individually deposited in a microtube containing 10µl of IR/PI mixed with 10µl of reducing Laemmli sample buffer, frozen 24h at -20°C to break the tissues, thawed and crushed with a pestle to homogeneity. The average mass of a larval instar is less than about 1.5 mg (1.5µl), so the change in total volume remained negligible. The solution was then centrifuged (500x g, 5min, RT) and 15µl of supernatant heated at 95°C and used immediately or stored at -20°C.

For repetitive parasitism, one female (L. boulardi or L. heterotoma) was left in contact with 20 or 40 second instar larvae of D. melanogaster for 24h and moved to a new tube containing the same number of larvae. This was repeated for five successive days. All host fly larvae were dissected 48h after parasitism and the percentage of parasitoid eggs, parasitoid-free larvae (single), encapsulated parasitoid eggs or larvae and superparasitism (presence of more than one egg per host during parasitism) were calculated from the total parasitized larvae. The total number of eggs laid by each female parasitoid was also estimated.

Gel electrophoresis, Western blotting and immunodetection.

For SDS-PAGE, 2 µl of each individual D. melanogaster larval extract was loaded onto a 12.5% polyacrylamide gel and the gel was silver-stained after migration to check the quality of the extraction and the variability of the amount of protein loaded on the gel. Samples with too little protein were then discarded from the analysis. A similar gel was run with 12 µl of each extract and a series of dilutions of the stock reservoir venom solution. Proteins were transferred to a nitrocellulose membrane, blocked with TBS-Tween 2% low fat milk, and probed overnight at 4°C with either a rabbit polyclonal antibody raised against the recombinant LbGAP (1:5000) (Labrosse et al., 2005a), the recombinant LbGAP2 (1:2500) (supplemental Fig. S1) or against a peptide of the ISm serpin (LbSPN) (Colinet et al., 2013a;2013b) or peptides of N-Aspartylglucosaminidase (AGA; 1:2500) from L. heterotoma [START_REF] Coulette | Biochemical characterization and comparison of aspartylglucosaminidases secreted in venom of the parasitoid wasps Asobara tabida and Leptopilina heterotoma[END_REF]. After washing and 2h incubation at room temperature with goat anti-rabbit IgG horseradish peroxidase conjugate (1:10,000, Sigma), chemiluminescence signal detection was performed (Westdura, Pierce) and a digital image acquired with a cooled CCD camera. The intensity of the immunoreactive bands was quantified using Image J software (https://imagej.nih.gov/ij) by the total pixel intensity of a closed box drawn around the band and subtracted from the average intensity of the gel background measured using the same box area above or under the reactive band. The intensity values were then corrected for the amount of sample loaded. None of the pre-immune sera gave a significant signal at the expected protein sizes on a D. melanogaster larval extract.

Protein estimations

The amount of reservoir protein was measured from single female parasitoid individuals. The reservoir was separated from the gland and dilacerated in 20µl of IR/PI before being measured on microplate by the micro-BCA assay as described by the supplier (Thermo Fisher Scientific). The concentration of purified recombinant proteins was obtained by the same method. Purified Bovine serum albumin fraction V (Sigma) was used as a reference protein. For estimation of the amount of LbGAP and LbGAP2, known amounts of purified recombinant proteins were loaded onto a 12% SDS-PAGE along with different volumes of reservoir, transferred to nitrocellulose and probed with the respective antibodies. The intensities of the immunoreactive bands were measured as described above.

Results

Leptopilina spp reservoir metrics

The venom apparatus from L. boulardi ISm, ISy, and L. heterotoma (Lh) were carefully isolated and immediately micro-photographed (Fig. S1). The length and the diameter at three different positions along the reservoir were measured to estimate its volume. Statistics indicated that the reservoir volume of the ISm strain (19.6 ± 6.3 nl (mean ± sd, n=13) differed significantly from those of the ISy strain (10.1 ± 3.4 nl; n=10) and Lh (12.4 ± 4.6 nl; n=10), with the latter two volumes not differing from each other (see Table S1). Although the length of the reservoir statistically differed between the three wasps (686 ± 78, 576 ± 108 and 792 ± 113 µm respectively for ISm, ISy and Lh), the main difference was observed in the mean diameter between ISm (188 ± 28 µm) and ISy (148 ± 14 µm), and ISm and Lh (139 ± 16 µm) (Table S1).

The total protein content of individual reservoirs of these wasps was also estimated. An ISm reservoir contains 3.2 ± 1.1 µg (mean ± sd; n=30) of proteins, compared to 2.0 ± 0.9 µg (n=30) for ISy and 4.0 ± 1.5 µg (n=30) for Lh. Statistical differences exist between these wasps (one-way anova; F(2,87)=21.18, p<0,0001) but the significance was higher for the difference between ISy and the two other wasps. Based on these protein amounts and volume, we estimated the protein concentration in the reservoir to be approximately 160 mg/ml for ISm, 200 mg/ml for ISy and 333 mg/ml for Lh.

Immunodetection limits of the venom protein markers

Polyclonal antibodies against Serpin, LbGAP and LbGAP2 (another RhoGAP protein present in L.

boulardi ISm venom (Colinet et al., 2013b;[START_REF] Wan | Venom Atypical Extracellular Vesicles as Interspecies Vehicles of Virulence Factors Involved in Host Specificity: The Case of a Drosophila Parasitoid Wasp[END_REF], recognized bands in both ISm and ISy venom but the response was much more intense with ISm than ISy, particularly with anti-LbGAP (Fig. 1) in agreement with our previous results (Colinet et al., 2013a[START_REF] Colinet | The origin of intraspecific variation of virulence in an eukaryotic immune suppressive parasite[END_REF]. Because of the differences in reaction levels observed between ISm and ISy, we focused the remainder of the experiments on the ISm strain.

For L. heterotoma we used a polyclonal antibody primarily recognizing the beta-chain of N-aspartylglucosaminidase (AGA), which is a major protein of the venom (Colinet et al., 2013a;[START_REF] Coulette | Biochemical characterization and comparison of aspartylglucosaminidases secreted in venom of the parasitoid wasps Asobara tabida and Leptopilina heterotoma[END_REF]. The anti-AGA polyclonal showed an intense band around 20 kDa in Lh venom and was then used for the following experiments. As we did not have recombinant LhAGA protein, we could not quantify it exactly in the venom (see discussion). Using the recombinant proteins LbGAP and LbGAP2 to obtain a standard curve (supplemental Fig. S2) we estimated their respective amounts in ISm to be approximately 67 ± 33 ng/reservoir (mean ± sd; n=16) and 24 ± 12 ng/reservoir (n=9), respectively. We also determined the detection limit for the different polyclonal antibodies using dilution series of the venom reservoir (supplemental Fig. S3). Antibodies against LbGAP and Serpin gave a measurable signal down to a dilution of 1/512 th of an ISm reservoir of L. boulardi while the anti-LbGAP2 antibody had a sensitivity of 1/256 th of a reservoir. For L. heterotoma, the anti-AGA antibody had a lower sensitivity detecting a band up to 1/64 th of a reservoir.

Immunodetection of venom proteins in D. melanogaster larvae

The amount of venom injected during oviposition by L. boulardi ISm and L. heterotoma was estimated using second instar larvae of D. melanogaster that were left with two parasitoids for two or four hours. Part of the larvae were collected and processed for immunoblotting and the remainder were dissected 48h later to estimate the level of parasitism.

Figure 2 shows examples of immunoblots of individual D. melanogaster larvae after 2h or 4h of parasitism with L. boulardi ISm. For LbGAP, a clear reactive band, although with variation in intensity, was observed in almost all larvae subjected to parasitism. This band was absent in control larvae and its molecular weight was the same as that of LbGAP in venom run on the same gel. After 2h of parasitism, a signal was observed also with the anti-LbGAP2 polyclonal and anti-serpin polyclonal although less intense. After 4h, the signal with these two antibodies was reduced or below the quantification threshold and, in some cases, a degradation of LbGAP2 could be observed. In larvae parasitized by L. heterotoma, the polyclonal anti-AGA surprisingly labeled two bands (Fig. 3) whereas only one main band was visible in the control venom. These bands were clearly visible in some larvae while they were at the limit of detection in others. The intensity of the lower band was equal to or greater than that of the expected band, and it was mainly this lower band that was visible in larvae collected after 4h of parasitism, suggesting a processing/cleavage of the protein. After two hours, two bands were already observed with the antibody indicating a cleavage of the protein since only the higher band is visible in the crude venom (Lane T). Lanes 1-7, parasitized larvae; C, "unparasitized larva".

To establish whether the number of immune-positive larva accurately reflected the number of host larvae actually parasitized (i.e., with at least one egg deposited by the parasitoid), we compared this number with the number of parasitoid larvae obtained by dissection after 48h of the same parasitization batch (Table I). For L. boulardi ISm, more larvae were positive with LbGAP antibodies (mean 75 %) after 2h of parasitism than by dissection 24 h later (51%). After 4h, immunoblotting and dissection were more concordant (77 vs 75 %). A better correlation was observed for LbGAP2 after 2h of parasitism (95% of larvae positive by immunoblotting and 85 % by dissection). For L. heterotoma, 61% of the larvae were positive with anti-AGA and 66% by dissection after 2h of parasitism, whereas a great divergence was observed after 4h of parasitism with only 34% of the larvae positive for anti-AGA and 66% by dissection. Then, a good agreement was found between the number of immune-positive larvae for LbGAP at 2h and 4h and at 2h for LhAGA and the number of parasitized fly larvae found by dissection. However, a statistical difference was observed after 4h of parasitism for LhAGA, maybe due to the low level of the immunoreactive protein remaining at this time (p=0.0019; t test, paired).

Mean intensity values and distribution of the immunoreactive bands were estimated only for LbGAP, LbGAP2, and LhAGA after 2h and 4h of parasitism. Table II shows the results for larvae where the signal could be quantified above background. After 2h and 4h, the intensity spanned a wide range of values for all proteins although the extreme values concerned only a small number of larvae (less than 5%). A decrease in the mean intensity values was observed between 2h and 4h of parasitism for all antibodies although it was much stronger with LbGAP2 and LhAGA, for which a statistical difference could be observed. When these average intensity values were plotted against the reference curve (supplemental Fig. S3) for LbGAP at both 2h and 4h, they were close to about 1/400 th of a reservoir. For LbGAP2 at 2h, it represented 1/100 th of a reservoir but decreased to 1/180 th after 4h. For LhAGA after 2h of parasitism, it was equivalent to about 1/16 th of a reservoir and only 1/64 th after 4h. (3.9 ± 2.9) x10 5 3.4 x10 4 to 1x10 6 n= number of separate experiments

Protection of eggs during repetitive parasitism

Since females of the two Leptopilina species injected different amounts of venom, the total number of eggs that could be protected from the immune response of host fly larvae could potentially differ.

Therefore, we monitored the outcome of parasitism for a female parasitoid for five successive days with 20 and 40 host fly larvae. During the first three days, L. boulardi ISm females parasitized about 80% of the 20 larvae and between 50 and 80% of the 40 larvae (Fig. 4). During these three days, the percentage of host larvae with a single egg/ parasitoid larva (those most likely to develop) remained high (about 50-80 %) (Fig. 5) and a high percentage of superparasitized larvae was observed when only 20 host larvae were present (20-40% superparasitized with a peak on day 2). For days 4 and 5 of parasitism, the number of parasitized D. melanogaster larvae decreased sharply, and only unhatched parasitoid eggs were observed for day 4 of parasitism while on day 5, some free parasitoid larvae were found. No hemocyte capsule (forming or melanized) was observed under any of these conditions. The total number of eggs laid by a female in five days with 20 larvae and 40 larvae was almost the same: 82 ± 19 (mean ± sd; n=5) and 95 ± 12 (n=3), respectively (ns; P=0.31; nonparametric Man & Witney ttest). L. heterotoma females showed a high degree of parasitism (about 80%) for four days with 20 host larvae, then a slight decrease occurred on day 4 th and increased again on day 5 th (see Fig. 4). With 40 host larvae, a 50% decrease in parasitism occurred on day 4 th that persisted on day 5 th . During the first four days, superparasitism was constant (10-15%) under both conditions but was not observed on day 5 th (Fig. 5). With 20 larvae, the percentage of free parasitoid larvae varied during the first three days but remained between 40-70 % and decreased drastically on day 4 th to be replaced by unhatched eggs only. With 40 fly larvae, the number of free parasitoid larvae decreased steadily from day 1 st to day 3 rd while the number of unhatched eggs increased to a maximum on day 4 th . On day 5 th , approximately the same number of free larvae and eggs were observed.

In contrast to L. boulardi, with L. heterotoma up to 30% encapsulated eggs or larvae were observed since day 2 with both 20 and 40 fly larvae (Fig. 6), with encapsulation appearing to be more frequent with 40 larvae. Interestingly L. heterotoma females laid almost twice as many eggs when in contact with 40 larvae (155 ± 41; mean ± sd; n=6) as when in contact with 20 larvae (83 ± 36; n=5) (p=0.014;

nonparametric Man & Witney t-test). melanogaster hosts were presented to a L. heterotoma female each day for five successive days.

Discussion

Leptopilina are pro-ovigenic species meaning that females emerge with a fixed and limited egg supply. In their study, [START_REF] Boulétreau | Reproductive potential of a hymenopteran parasite of Drosophila melanogaster[END_REF] showed that a female was able to produce more than 120 offspring during the first two days of parasitism when provided a large number of D.

melanogaster hosts each day and about 200 during its reproductive lifetime (about 16 days) (see also [START_REF] Fleury | Drosophila melanogaster, Drosophila simulans: So Similar, So Different[END_REF]. This leads to the question of the protection of these eggs from the host immune response by the venom injected at oviposition. The reservoir has a finite volume, and venom turnover may take time since it depends on the production and secretion of venom proteins, which is certainly metabolically expensive. Therefore, parasitic success should decline rapidly if there is not enough venom (or virulence factors to inject) relative to the number of eggs ready to be deposited at emergence.

Our data showed that the protein concentration estimated in the venom reservoir of the Leptopilina species is very high, much higher than that of human blood plasma (80-100mg/ml) but is within the range of those reported for snakes' venom [START_REF] Bocian | Comparison of Methods for Measuring Protein Concentration in Venom Samples[END_REF]. Based on immunoreaction of important venom proteins, L. boulardi injected at least 1/100 th of its reservoir volume (representing about 0.2 nl) compared to about 1/16 th of its reservoir volume for L. heterotoma (representing about 0.8 nl). Although these values may be underestimated, they are in the range of those previously reported for Chelonus curvimaculatus [START_REF] Jones | Venom proteins of the endoparasitic wasp Chelonus near curvimaculatus: characterization of the major components[END_REF] and Microplitis demolitor [START_REF] Strand | Development and partial characterization of monoclonal antibodies to venom of the parasitoid Microplitis demolitor[END_REF]. We observed that the measured amount of injected proteins varied between 2h and 4h of parasitism, certainly due to the timing of oviposition, the last parasitized host may have more venom proteins due to less degradation. Alternatively, in case of superparasitism, a larger amount of venom may be injected into the larva. However, the large variation observed between hosts parasitized for 2h, even for L. heterotoma for which superparasitism was low, suggests that the female may also adjust the amount of venom to the host condition, an hypothesis worth testing in the future.

Interestingly, the different proteins of the two species tested showed different behaviors after injection: LbGAP retained high intensity after 4h and might be less sensitive to degradation since it could be recovered from the larval hemolymph after 48 h [START_REF] Wan | Venom Atypical Extracellular Vesicles as Interspecies Vehicles of Virulence Factors Involved in Host Specificity: The Case of a Drosophila Parasitoid Wasp[END_REF] whereas LbGAP2 and LbSPN seem to be less stable since their signals strongly decreased after 4h. LhAGA is also less stable, it is rapidly cleaved after 2h, and is almost undetectable in the host after 4h. In any case, based on these protein estimates, we suggest that a female L. boulardi may have enough venom in the reservoir to protect at least 100 eggs whereas L. heterotoma may protect much less, only between 15 and 20 eggs.

When L. boulardi females were offer 20 host larvae per day, they parasitized about 80% of them during the first 3 successive days and almost stopped on the fourth day, a similar pattern as when offered 40 hosts to parasite each day. Since the total number of eggs oviposited in both conditions was almost the same, this cessation of parasitism (at least with 20 host larvae) cannot be due to egg depletion. In addition, with 20 hosts, the percentage of superparasitized hosts was important (up to 40%), indicating that many more eggs were injected and will be lost since in Leptopilina species, a parasitized host always produces only one parasite due to the elimination of supernumerary larvae by one of the larvae (Eijsackers & Bakker, 1971). In our study, the fourth day appeared to be a "break" in the oviposition for L. boulardi since parasitized hosts could be found on day 5 th . It is to note that in both situations, the percentage of free-living larvae (those most likely to produce a parasitoid) was high during the first three days and almost zero on the 4th day, while it increased again on the 5th day. [START_REF] Boulétreau | Reproductive potential of a hymenopteran parasite of Drosophila melanogaster[END_REF] observed that after 4 days the number of parasitized hosts decreased sharply and then remained at a low level before stopping after 15 days. Since we did not observed capsules with L. boulardi in the two conditions used here, this suggests that the reservoir contained or produced enough venom to protect the number of eggs laid.

L. heterotoma showed almost constant parasitism during the first three days, which slowly decreased during the 4 th and 5 th days with 20 or 40 host larvae. A total of about 70 hosts were parasitized during the 5 days when 20 hosts were offered and twice that number (about 140) when 40 were offered, in correlation with the number of eggs laid, suggesting that the female tightly controls its oviposition to avoid superparasitism as described [START_REF] Bakker | Host Discrimination In Pseudeucoila Bochei (Hymenoptera: Cynipidae)[END_REF]. However, with 20 hosts, the number of free larvae recovered decreased sharply after 3 days, replaced by a high number of unhatched eggs on day four, whereas with 40 hosts, the number of free larvae decreased each day and the number of unhatched eggs increased to finally reach almost 100% on the fourth day. Thus, although no interruption of parasitism on day 4 was visible, it also occurred in this species in terms of egg development since unhatched eggs have much lesser chance to develop further.

Based on this observation, we suggest that L. heterotoma is certainly capable of actively and rapidly synthesizing venom to replenish its reservoir since it can lay and protect many more eggs than expected in the absence of renewal. However, the large increase in the number of encapsulated eggs/larvae after 2 days (up to 30%) in both conditions suggested less protection from host immunity, possibly related to a decrease in the quantity/quality of injected venom. These differences in venom utilization of L. boulardi and L. heterotoma and in egg development may be important in case of competition between the two species for a host patch. In laboratory studies, L. boulardi has been shown to out-compete L. heterotoma under all conditions tested, which explains why L. heterotoma is almost excluded during the season when L. boulardi populations are growing [START_REF] Fleury | Ecology and life history evolution of frugivorous Drosophila parasitoids[END_REF].

The possibility that a female L. boulardi can immediately protect more eggs with its venom than a female L. heterotoma may also explain some of these results. Conversely, female L. heterotoma avoided superparasitism and showed a tendency to leave patches, a behavior not observed with L.

boulardi [START_REF] Varaldi | Superparasitism acceptance and patchleaving mechanisms in parasitoids: a comparison between two sympatric wasps[END_REF], suggesting that she laid fewer eggs at a time, may be allowing her more time to replenish her venom reservoir. Whether venom use also plays a role in the host range of the two parasitoid species remains to be investigated.

In conclusion, the amount of venom at emergence does not appear to be a limiting factor for oviposition or the Leptopilina species when not in competition, and certainly due to a high synthetic capacity of the venom gland to replenish it whenever it is used it can sustain the oviposition of a large number of eggs. However, it seems that its quantity/quality may decrease with time and affect the success of the parasitism either by a decrease in the protection of parasitoid eggs/larvae for L.

heterotoma or, for both Leptopilina species, by a direct or an indirect effect on egg development.

Indeed, for both species, the number of unhatched eggs increased significantly after three days of oviposition. Whether the venom has a direct effect on egg maturation/hatching once oviposition has occurred remains to be determined. Another possibility is that the venom becomes less effective at altering the host physiology to provide the eggs with certain essential nutrients [START_REF] Asgari | Venom proteins from endoparasitoid wasps and their role in hostparasite interactions[END_REF][START_REF] Mrinalini | Parasitoid venom induces metabolic cascades in fly hosts[END_REF]. The relationship between venom and egg hatching has not been studied to our knowledge but the large number of different proteins and components present in the venom suggests a possible direct or indirect role that will be interesting to investigate.

Figure 1 :

 1 Figure 1: Western blot of Leptopilina venom with the different antibodies used. The venoms of L. boulardi (Lb) ISm and ISy and L. heterotoma (Lh) were separated by SDS-PAGE and transferred to nitrocellulose for probing with anti-LbGAP, anti-LbGAP2, anti-Serpin (L. boulardi ISm and ISy) and anti-LhAGA (L. heterotoma) antibodies. The L. boulardi ISm and ISy serpins are encoded by two alleles of the same gene explaining the observed difference in molecular weight[START_REF] Colinet | A serpin from the parasitoid wasp Leptopilina boulardi targets the Drosophila phenoloxidase cascade[END_REF].

Figure 2 :

 2 Figure 2 : Amount of venom proteins injected into an individual D. melanogaster larva by a L. boulardi. female Extracts from individual D. melanogaster larvae after 2h or 4 hours of parasitism were separated by SDS-PAGE and blotted for probing with the different of L. boulardi antibodies (LbGAP, LbGAP2, Serpin). Lanes 1-7, parasitized larvae; C, "unparasitized larva".

Figure 3 :

 3 Figure 3 : Amount of venom AGA injected in individual D. melanogaster larva by a L. heterotoma female. Extracts from individual D. melanogaster larvae after 2h or 4 hours of parasitism were separated by SDS-PAGE and blotted for probing with the L. heterotoma anti-aspartylglucosaminidase (AGA) antibody.

Figure 4 :

 4 Figure 4 : Parasitism of D. melanogaster larvae. Percentage of parasitism when 20 (white column) or 40 (filled column) D. melanogaster larvae were presented to a female L. boulardi (upper panel) or L. heterotoma (lower panel) each day for five successive days.

Figure 5 :

 5 Figure 5 : Details of the parasitism of D. melanogaster larvae by L. boulardi and L. heterotoma. Percentages of free larvae, unhatched eggs, or superparasitism measured when 20 (upper panel) or 40 (lower panel) larvae were presented to a female L. boulardi (left panel) or L. heterotoma (right panel) each day for five successive days.

Figure 6 :

 6 Figure 6 : Percent of capsule retrieved in D. melanogaster larvae parasitized by L. heterotoma. Percentage of capsules among the parasitized larvae found when 20 (empty column) or 40 (filled column) D.

TABLE I : parasitism estimated by immunoblot and dissection

 I 

			2h		4h
			Dissection	WB	Dissection	WB
	L. boulardi	LbGAP	75±40% (n=4) 51±27% (n=4) 77±29% (n=8)	75±21% (n=8)
	L. heterotoma	LhAGA	66±27% (n=4) 61±21% (n=4) 80±12% (n=5)	34±21% (n=5)
	mean ± SD; n= number of separate experiments	

TABLE II : Estimated values obtained on Western blot for the different proteins after 2 or 4 hours of parasitism.

 II Intensity values expressed in arbitrary units.

		Time	Mean ± SD	Min-Max	Stat. (Student t-test)
	LbGAP	2h (n=22) 4h (n=43)	(7.8 ± 4.1) x10 5 (5,6 ± 4.6) x10 5	1.8x10 5 to 1.6x10 6 6.x10 4 to 1.9x10 6	n.s.
	LbGAP2	2h (n=44) 4h (n=41)	(1.8 ± 1.3) x10 6 (6.1 ± 4.7) x10 5	1.3x10 5 to 6.8x10 6 5.3x10 4 to 2.3x10 6	p=0.0001
	LhAGA	2h (n=18) 4h (n=13)	(2.3 ± 1.8) x10 6	2.6x10 5 to 7.9x10 6	p=0.0006
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