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Insights into function and evolution of parasitoid wasp venoms

Most species in the order Hymenoptera are parasitoids that lay eggs and develop in or on the body of arthropod hosts. Several factors contribute to successful parasitism including venoms that wasps inject into hosts when ovipositing. Here, we review the composition, function and diversity of parasitoid venoms with emphasis on studies of wasps that parasitize hosts in the genus Drosophila. The comparative literature indicates that some closely related species parasitizing the same host do not share any abundant venom protein while unrelated species sometimes have the same major venom component. Within species, studies also identify intraspecific variation that suggests parasitoid venoms may rapidly evolve. Overall, however, our picture of venom function remains largely unclear and will require additional comparative data on the composition of venoms from a greater diversity of species than exists currently. Further advances will come mainly from experimental data using functional tools, such as RNA interference.

Introduction

Venomous organisms are found in all major animal phyla and occupy virtually all habitats on Earth [START_REF] Casewell | ecological and evolutionary novelty of venom systems and the use of toxins to find potential novel targets for pharmaceutical discovery[END_REF]. Venoms have also convergently evolved to perform two key functions: subdue prey or hosts and/or provide defense against potential predators. Key areas of interest in the study of venoms include the characterization of the molecules in venom secretions, studying the function of particular venom components, and analyzing venom diversity among species, populations or individuals [START_REF] Duda | Geographic variation in venom allelic composition and diets of the widespread predatory marine gastropod Conus ebraeus[END_REF][START_REF] Rodrı | Mining on scorpion venom biodiversity[END_REF]. In this review, we discuss key features of the venoms produced by parasitoid wasps with emphasis on endoparasitic species that parasitize larval stage Drosophila sp.

All female hymenopterans produce venoms in a venom gland that is part of the reproductive tract (Figure 1). Venoms from bees, ants and other aculeates have a variety of functions, whereas venoms that parasitoid wasp females inject into hosts when laying eggs are often required for parasitism success. Parasitoid larvae develop on (ectoparasitoids) or in (endoparasitoids) a given arthropod host by consuming tissues. The hosts of parasitoids usually die after wasp offspring complete their development [START_REF] Quicke | Parasitic wasps[END_REF]. Parasitoids thus often play important ecological roles in controlling host populations, and are also widely used as biological control agents to manage economically important pest species. Endoparasitoids commonly induce a host immune response, called encapsulation, which results in layers of hemocytes surrounding the wasp egg or larva. Capsules also often melanize due to activation of the prophenoloxidase (PO) cascade, as shown for species that parasitize Drosophila larvae [START_REF] Nappi | The role of melanization and cytotoxic by-products in the cellular immune response of Drosophila against parasitic wasps[END_REF]. However, endoparasitoids have evolved different strategies to evade being encapsulated in permissive hosts. Theses include the injection of venoms into hosts, which contain immune suppressive molecules [START_REF] Poirie | Virulence strategies in parasitoid Hymenoptera as an example of adaptive diversity[END_REF][START_REF] Asgari | Venom proteins from endoparasitoid wasps and their role in host-parasite interactions[END_REF]. Parasitoid venoms also have other functions that include the alteration of host behavior (e.g. immobilization, foraging), metabolism, development and reproduction [START_REF] Quicke | Parasitic wasps[END_REF].

A diversity of venom proteins have been identified from different parasitoid species

Comparative studies from different animals indicate that venoms are usually complex mixtures of proteins and non-proteinaceous compounds whose production can be metabolically costly [START_REF] Casewell | ecological and evolutionary novelty of venom systems and the use of toxins to find potential novel targets for pharmaceutical discovery[END_REF]. Studies conducted in select species further suggest that individual venom components can also have a high degree of functional redundancy [START_REF] Casewell | ecological and evolutionary novelty of venom systems and the use of toxins to find potential novel targets for pharmaceutical discovery[END_REF]. Thus, studies comparing venoms between different families and species (diversity) as well as between different individuals of the same population (variability) are often highly challenging and require the use of multiple approaches.

In the case of parasitoid wasps, venoms have thus far been analyzed in 17 species belonging to 5 different families, using different approaches [7 ,8 ,9,10,11 ,12 ,13-17].

Only the most recent of these studies combine transcriptomics of venom glands and proteomics to identify the proteins in the venom that wasps inject into hosts. Among the diversity of proteins that have been identified in parasitoid venoms, more than 60 share significant homology with proteins which have known functions (Table 1). However, no predicted function nor experimental data exist for the vast majority of parasitoid venom proteins so their specific roles in parasitism largely remain unknown. The absence of experimental data also holds for the venoms produced by most other animals [1 ,18 ] resulting in venoms being functional 'black boxes'.

Current understanding of parasitoid venom composition and function is also strongly biased. Indeed, most available data focus on proteins that are highly abundant or are structurally related to genes in databases with predicted functions. Some of these factors, including serine proteases, metalloproteases or esterases are shared between many wasp species while others are known from only one or a small number of species (Table 1). Yet some enzymes, such as oxidoreductases, function in hosts at very low concentrations, which indicates that focusing solely on abundant components in venom can potentially lead to overlooking factors that also have important functions in parasitism.

A related challenge is how to compare the venom proteins produced by species in different taxa. Taxon sampling and knowledge on identified proteins at present are too shallow to assess whether venom composition in a given parasitoid species is most influenced by wasp phylogeny, the taxon of the host (e.g. Diptera, Lepidoptera, Homoptera), the host range of the wasp being studied (specialist versus generalist) or details regarding how the parasitoid interacts with host physiology (e.g. immunoevasion or immunosuppression, or use of venom alone versus use of venom in combination with symbiotic viruses).

Variation in venom composition also exists between closely related species or strains: the example of Leptopilina wasps

Recent work on wasps from the genus Leptopilina (Fig- itidae) reveals that venom composition can mainly differ between closely-related species that parasitize the same host, yet the most abundant venom protein in a given species can be quite similar to those in a more phylogenetically distant species [11 ,12 ]. Comparison of venom proteins between strains of Leptopilina boulardi also identifies many quantitative differences [START_REF] Colinet | Extensive inter-and intraspecific venom variation in closely related parasites targeting the same host: the case of Leptopilina parasitoids of Drosophila[END_REF]. The variation in cis-regulation of one of these venom genes (LbGAP) was previously suggested to explain the variation that exists in L. boulardi virulence [START_REF] Colinet | The origin of intraspecific variation of virulence in an eukaryotic immune suppressive parasite[END_REF]. Altogether, these findings suggest the abundance of certain venom components in L. boulardi rapidly evolve through changes in gene expression levels. The presence or abundance of some venom proteins may thus reflect short-term adaptations rather than phylogenetic relationships. Understanding of the molecular mechanisms underlying changes in venom gene expression (e.g. cis-regulation, epigenetic regulation) is currently an important challenge.

Inter-individual variation in parasitoid venoms

Little is known about the variability of parasitoid venom at the individual level. However, we recently used a method based on one-dimensional SDS-PAGE analysis (<10 to >200 kDa range) [START_REF] Leluk | Comparative studies on the protein composition of hymenopteran venom reservoirs[END_REF] to compare venom protein profiles between individual wasps of the same species. This yielded the first evidence of inter-individual variation of venom in laboratory strains and natural populations of Leptopilina and Psyttalia (Braconidae) wasps [START_REF] Vincent | The venom composition of the parasitic wasp Chelonus inanitus resolved by combined expressed sequence tags analysis and proteomic approach[END_REF]. Figure 1 illustrates these differences in the case of Leptopilina sp.

Digital imaging techniques and the use of R functions further allow semi-automated analysis and comparison of individual protein profiles from large samples (Mathe ´-Hubert et al., unpublished). This enables several new questions to be addressed including whether venom composition varies within and between populations of the same wasp species, and whether venom composition responds to selection associated with host resistance or availability and which are the proteins that evolve. Parasitoids can indeed adapt to a variety of hosts, each of which being most efficiently subdued with a different venom formulation. Venom of generalist species may thus either contain factors efficient against multiple hosts, or 'cocktails' of virulence factors active against different hosts. In this last case, variation of venom composition may occur depending of the hosts availability. Finally, venom profiles could be used as 'quality control' markers to assess whether the appropriate strain of a given species is used for efficient biological control of a given pest.

Venom gland proteins with roles in secretion

Like other secretory organs, venom glands rely on a cellular secretome to secrete the proteins present in venom. Core proteins associated with the cellular secretome may have several functions including regulation of the secretion process itself (e.g. folding, quality control), post-secretory protein modifications (e.g. proteolysis, sugar modifications) and stabilization of venom components (e.g. inhibition of protease activity, antioxidant activity). Molecular chaperones, such as endoplasmin or heat shock protein 70, have also been proposed to be involved in the secretion and stabilization of venom proteins [START_REF] Colinet | Identification of the main venom protein components of Aphidius ervi, a parasitoid wasp of the aphid model Acyrthosiphon pisum[END_REF][START_REF] Zhu | Proteomic analysis of the venom from the endoparasitoid wasp Pteromalus puparum (Hymenoptera: Pteromalidae)[END_REF]. An extracellular superoxide dismutase, identified in low abundance in venom may also protect stored venom proteins from oxidation rather than act as a virulence factor [START_REF] Colinet | Extracellular superoxide dismutase in insects: characterization, function, and interspecific variation in parasitoid wasp venom[END_REF]. Thus, some of these core factors are present in venom although they may have no functions when injected into hosts, whereas others have potentially evolved functions in parasitism. For instance, some of the proteases and serine protease inhibitors (serpins) identified in parasitoid venom act as inhibitors of the PO cascade, thus altering the host immune response [START_REF] Asgari | A serine proteinase homolog venom protein from an endoparasitoid wasp inhibits melanization of the host hemolymph[END_REF][START_REF] Colinet | A serpin from the parasitoid wasp Leptopilina boulardi targets the Drosophila phenoloxidase cascade[END_REF], while others might be involved in post-secretory modifications or protection of venom proteins. Another example is aspartylglucosaminidase (AGA), a lysosomal asparaginase, abundant in L. heterotoma and Asobara tabida venom [11 ,12 ,25], which plays a role in glycoproteins degradation by cleaving the bonds between an asparagine and an N-acetylglucosamine. AGA may thus have a role in post-secretory modifications of venom proteins. Yet asparaginase is used in leukemia treatment to hydrolyze circulating asparagine (ASN), leading to its continuous depletion and the death of leukemic blast cells that are unable to produce ASN [START_REF] Pieters | L-asparaginase treatment in acute lymphoblastic leukemia: a focus on Erwinia asparaginase[END_REF]. Similarly, parasitoid AGA might modulate host ASN and thus affect cells requiring high levels of extracellular ASN. Putative targeted effects through amino acid metabolism are also illustrated by the case of a gamma glutamyl transferase (AeGGT), a major protein in the venom of the braconid wasp Aphidius ervi [START_REF] Colinet | Identification of the main venom protein components of Aphidius ervi, a parasitoid wasp of the aphid model Acyrthosiphon pisum[END_REF][START_REF] Falabella | A gamma-glutamyl transpeptidase of Aphidius ervi venom induces apoptosis in the ovaries of host aphids[END_REF]. GGTs are generally membrane-anchored enzymes that regulate intracellular levels of glutathione, which functions as a cellular antioxidant [START_REF] Balakrishna | Gamma-glutamyl transferases: a structural, mechanistic and physiological perspective[END_REF]. Injection of the soluble AeGGT into aphids strongly reduces fertility through degeneration of ovaries [START_REF] Falabella | A gamma-glutamyl transpeptidase of Aphidius ervi venom induces apoptosis in the ovaries of host aphids[END_REF] possibly because AeGGT reduces antioxidant levels which lead to apoptosis of ovarian cells.

The origin and evolution of parasitoid venom proteins

Venom proteins share several characteristics such as specific and/or high abundance in venom tissues and secretion in venom [1 ,29,30]. Many proteins in venom also arise from duplication of genes with other functions in the wasp [1 ,29,30]. A striking example is the major venom protein LbGAP of L. boulardi, which only consists of a signal peptide required for secretion and a RhoGAP domain, derived from this of the wasp cellular RhoGAP, that interacts in vitro with Rac1 and Rac2 from D. melanogaster [START_REF] Colinet | Convergent use of RhoGAP toxins by eukaryotic parasites and bacterial pathogens[END_REF]. Different models, such as the PSR model (Protein Subcellular Relocalization) [START_REF] Byun-Mckay | Protein subcellular relocalization: a new perspective on the origin of novel genes[END_REF] may explain the acquisition of a signal peptide by LbGAP that allows it to be secreted in the venom gland. Proteomic analysis indicates that L. boulardi venom contains several other RhoGAPs that arose from further duplications of LbGAP but all contain mutations in key residues for interaction with RacGTPases and/or catalytic activity [START_REF] Colinet | Extensive inter-and intraspecific venom variation in closely related parasites targeting the same host: the case of Leptopilina parasitoids of Drosophila[END_REF]. Similar duplication events followed by functional modifications were also recently described for the gamma glutamyl transferase protein present in the venom of A. ervi [START_REF] Colinet | Identification of the main venom protein components of Aphidius ervi, a parasitoid wasp of the aphid model Acyrthosiphon pisum[END_REF]. Finally, the importance of duplication as a key process in venom evolution was highlighted by the identification of gene families expressed in Microplitis demolitor venom glands, including reprolysin metalloprotease-like genes [START_REF] Burke | Systematic analysis of a wasp parasitism arsenal[END_REF]. The recurrent occurrence of divergent proteins of the same family in venom suggests accelerated Darwinian evolution.

Although similar in structure, some of these proteins may have new biological activity and cellular targets, suggesting that new protein functions might be uncovered from parasitoid venom studies.

Leptopilina virus-like particles (VLPs) may provide insights into the transfer and targeting of venom proteins Some venom proteins interact with hosts through enzymatic or inhibitory activities or by functioning as ligands.

Other venom proteins are targeted to specific host cells [START_REF] Colinet | Convergent use of RhoGAP toxins by eukaryotic parasites and bacterial pathogens[END_REF] and may induce uptake and/or signaling responses. The mode of action and entry of parasitoid venom proteins into host cells is largely unknown except in a few species whose venoms contain virus-like particles (VLPs) [START_REF] Gatti | Diversity of virus-like particles in parasitoids' venom: viral or cellular origin? In Parasitoid viruses: symbionts and pathogens[END_REF]. The best example of this are the VLPs of Leptopilina species, that are produced in the venom gland [START_REF] Morales | Biogenesis, structure, and immune-suppressive effects of virus-like particles of a Drosophila parasitoid, Leptopilina victoriae[END_REF] and injected into host larvae [START_REF] Dupas | Immune suppressive virus-like particles in a Drosophila parasitoid: significance of their intraspecific morphological variations[END_REF] where they largely contribute to immunosuppression [START_REF] Rizki | Parasitoid virus-like particles destroy Drosophila cellular immunity[END_REF]. VLPs stored in the venom reservoir are ovoid to round shaped, singlemembrane vesicles, that range from 50 to 100 nm in size. They also contain a dense material punctuated by empty lacunae delimited by membranes with a similar appearance to late lysosomal vesicles and residual bodies that form in certain cells [START_REF] Gatti | Diversity of virus-like particles in parasitoids' venom: viral or cellular origin? In Parasitoid viruses: symbionts and pathogens[END_REF][START_REF] Morales | Biogenesis, structure, and immune-suppressive effects of virus-like particles of a Drosophila parasitoid, Leptopilina victoriae[END_REF]. Proteomics identify no viral proteins and no nucleic acid is present in VLPs [11 ,12 ], which collectively suggests these vesicles are of cellular origin. Following injection into host larvae, VLPs target hemocytes, which results in morphological changes and/ or apoptosis [START_REF] Rizki | Parasitoid virus-like particles destroy Drosophila cellular immunity[END_REF]. These alterations may be due to delivery of venom proteins that are packaged in VLPs and released once VLPs enter hemocytes. This 'transport' could have been selected as a way for delivering a high level of toxins inside host cells while also protecting toxins from degradation inside the host. Interestingly, the number and shape of VLPs differs between Leptopilina species and strains [START_REF] Dupas | Immune suppressive virus-like particles in a Drosophila parasitoid: significance of their intraspecific morphological variations[END_REF][START_REF] Gueguen | VLPs of Leptopilina boulardi share biogenesis and overall stellate morphology with VLPs of the heterotoma clade[END_REF], but whether this is related to differences in the nature and/or quantity of venom proteins, or to assembly mechanisms is unknown.

Functional tools for venom study

Transgenesis and targeted mutagenesis are usually not feasible approaches for genetically manipulating parasitoid wasps due to their small size and dependency on another organism (the host) for development. However, the function of venom proteins can be assessed by expressing recombinant proteins and conducting bioassay, or by knocking-down gene expression in wasps using RNA interference (RNAi). The first demonstrations of using RNAi to knock-down parasitoid gene expression were in the ectoparasitoid Nasonia vitripennis (Pteromalidae) [START_REF] Lynch | A method for parental RNA interference in the wasp Nasonia vitripennis[END_REF][START_REF] Olesnicky | Distinct mechanisms for mRNA localization during embryonic axis specification in the wasp Nasonia[END_REF][START_REF] Werren | Larval RNAi in Nasonia (parasitoid wasp)[END_REF] and two endoparasitoids in the genus Microplitis (Braconidae) [START_REF] Li | Knockdown of Microplitis mediator odorant receptor involved in the sensitive detection of two chemicals[END_REF][START_REF] Burke | Mutualistic polydnaviruses share essential replication gene functions with pathogenic ancestors[END_REF]. We recently demonstrated that RNAi can also be used to knock-down genes expressed in the venom gland of L. boulardi [START_REF] Colinet | Development of RNAi in a Drosophila endoparasitoid wasp and demonstration of its efficiency in impairing venom protein production[END_REF]. RNAi screens thus have potential for studying the function of particular venom components by parasitizing hosts and studying associated phenotypic alterations.

Future perspectives

The restricted host ranges of most parasitoids together with tremendous variation in life history suggests that the diversity in composition and function of parasitoid venoms is likely high. These features also create a number of challenges for future studies. Key needs for the future include broader genomic or transcriptome data together with proteomic analysis of venoms from a greater diversity of parasitoids. Much more functional data is also needed, which requires development of assay methods for studying individual components and their activities in production of venom and/or their roles in altering the physiology of hosts. We fully anticipate that progress in these areas will lead to new adaptive concepts while also providing new pharmacological tools [START_REF] Danneels | Venom proteins of the parasitoid wasp Nasonia vitripennis: recent discovery of an untapped pharmacopee[END_REF][START_REF] Danneels | 6 (IL-6) in murine macrophage-like cells. This is the first report that venom from an ectoparasitic wasp is able to suppress NF-kB signaling and inflammatory responses in mammalian cell lines[END_REF].
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