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Abstract

Drosophila species lack most hallmarks of adaptive immunity yet are highly successful against an
array of natural microbial pathogens and metazoan enemies. When attacked by figitid parasitoid
wasps, fruit flies deploy robust, multi-faceted innate immune responses and overcome many
attackers. In turn, parasitoids have evolved immunosuppressive strategies to match, and more
frequently to overcome, their hosts. We present methods to examine the evolutionary dynamics
underlying anti-parasitoid host defense by teasing apart the specialized immune-modulating
venoms of figitid parasitoids and, in turn, possibly delineating the roles of individual venom
molecules. This combination of genetic, phylogenomic, and "functional venomics" methods in the
Drosophila-parasitoid model should allow entomologists and immunologists to tackle important
outstanding questions with implications across disciplines and to pioneer translational applications
in agriculture and medicine.

Introduction

Flies in the genus Drosophila act as hosts to a number of pathogens and parasites, including
many species of endoparasitoid wasps [1,2*]. Parasitoids represent a unique class of
venomous organisms that physically threaten their hosts, yet keep them alive to support their
developing progeny. To meet developmental needs and protect their offspring, parasitoid
venoms have been tailored to their hosts through dynamic co-evolutionary pressures [2*].
Although Drosophila spp. possess versatile innate immune responses [1,3], their parasitoid
wasps have evolved powerful and complex immune-suppressive strategies that can partially
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compromise or completely incapacitate host defenses [4-6]. Immune suppression is
mediated through the cellular and biochemical actions of venom components such as virus-
like particles (VLPs, Fig. 1) and venom proteins [7-10,11*,12*,13*]. The effects of wasps
of the Leptopilina and Ganaspis spp. on host immunity and development are specific and
potent.

Sources estimate that parasitoid wasps comprise up to 20% of all insect species and 70% of
Hymenoptera [14]. Members of this large and diverse group of arthropods are considered
keystone species within their native ecosystems, acting as important regulators of complex
food-web dynamics and overall ecosystem stability [15,16]. Due to their roles in
maintaining herbivorous insect populations and their impressive host specificity, the
presence or absence of hymenopteran parasitoids acts as a useful bio-indicator of ecosystem
health and diversity [17,18].The importance of these host-parasite interactions in efficacious
agricultural and horticultural pest control, and in forest conservation, has also been
recognized for decades [19-22]. The fruit fly Drosophila suzukii poses an emerging
agricultural threat and is already blamed for 500 million dollars in damage annually.
Drosophila endoparasitoids are ideal candidates for biocontrol [23] and potentially pose
minimal ecological disruption of other established biological networks.

By utilizing a systematic program that we call functional venomics, we seek to gain unique
insights into the evolution, conservation, and mechanisms of parasite virulence and host
immunity. We present experimental approaches to uncover the individual roles of the highly
specialized, immune modulating venom factors of the natural hymenopteran parasites of
Drosophila melanogaster that are central to the evolutionary arms race between these
organisms.

The Drosophila-parasitoid model of the evolutionary arms race

More hymenopteran parasitoids are catalogued every year [24]. However, our understanding
of the cellular and molecular processes that underlie the tightly interwoven interspecies
relationships between parasitoids and their prey is limited to only a small number of species.
Into this gap steps the genetically flexible model organism D. melanogaster. Much of our
understanding of innate immunity is derived from this natural host of several hymenopteran
parasitoids [3,23]. Drosophila-parasitoid pairs are bound within an “evolutionary arms
race,” a phrase originating from the Red Queen Hypothesis, which posits that competing
organisms must constantly adapt to meet the challenges of their obligate, antagonistic
relationships [25].

Flies in the genus Drosophila support the development of endoparasitoids such as the figitid
(Leptopilina, Ganaspis), braconid (Asobara, Aphaereta), diapriid (Trichopria), and
pteromalid (Pachycrepoideus) [1,2*,26] wasps. Smaller than fruit flies, they are
conveniently cultured on fly larvae or pupae, on standard media [26]. Generation times are
relatively short at 3—4 weeks, their development closely tied to their hosts [27]. These wasps
follow the haplo-diploid mechanism of sex determination, making them ideal for classical
genetic mapping. The genome sizes and karyotypes for some endoparasitoids of Drosophila
species are known [28].
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D. melanogaster’s differential immune responses to braconid [29] and figitid (e.g., L.
boulardi, L. heterotoma, L. victoriae, Ganaspis xanthopoda) [30-32] wasps include, for
example, variable levels of cytokine-based hemocyte activation and wasp egg encapsulation.
Wasps that parasitize D. melanogaster also attack other drosophilids, such as Zaprionus
indianus, yet induce unique anti-wasp defenses in the latter because of differences in
immune cell types [33]. Thus, drosophilids and their parasitoids present a powerful model
for unraveling the dual mysteries of comparative molecular host immunity and specialized
parasitoid virulence that underlie such diverse host-parasite interactions.

Parasitoid attack activates inflammatory signaling and multiple immune
responses

Drosophila species have developed several local (cell migration and wound healing at the
site of oviposition [26]), and systemic, cellular and humoral immune responses [1,3,5,26].
Two experimental approaches have been instrumental in clarifying anti-wasp reactions in D.
melanogaster: (a) microarray-based transcriptomics followed by experimental verification
of major gene expression trends; and (b) conventional genetic analysis of larval
hematopoiesis and immune competence against wasp attack. When interpreted in the larger
context of the well-characterized and phylogenetically-conserved signaling modules and
networks that control immunity, development, cell division, and differentiation, results from
the simple fly model are highly relevant to other systems, from insects to mammals.

The examination of genome-wide host responses against A. tabida, L. boulardi, and G.
xanthopoda has pointed to the transcriptional activation and involvement of the Toll/NF-xB,
JAK-STAT, and the pro-phenol oxidase cascade pathways [29-31]. These molecular
findings support genetic experiments in which animals mutant in either Toll/NF-xB or JAK-
STAT pathway components are unable to successfully encapsulate wasp eggs [34].

These immune pathways protect the host against parasitoids in two ways. First, the Toll/NF-
kB signaling controls hemocyte load [34,35]. Evidence for hemocyte load as a key
determinant of host success comes from direct correlation between hemocyte concentration
and encapsulation capacity in larvae of laboratory strains [5,34] as well as in natural
populations of species of the D. melanogaster subgroup [36]. Hemocyte deficit
compromises encapsulation ability, whereas an abundance of hemocytes contributes to high
resistance.

Successful encapsulation also requires the presence of appropriate and functional hemocyte
lineages. L. boulardi attack, for example, promotes limited mitosis and lamellocyte
differentiation among hematopoietic progenitors of the larval lymph gland, while impeding
crystal cell development [37,38]. The molecular mechanisms underlying these changes are
not entirely understood, although requirements for the NF-xB proteins Dorsal and Dif, in
basal versus wasp-activated hematopoiesis in the larval lymph gland, have recently been
identified [39**]. Notch and reactive oxygen species (ROS) signaling also contribute to the
mechanisms of lamellocyte differentiation in the lymph gland [40,41].
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Data from both genetic and microarray-based transcriptomic experimental approaches point
to the existence of a homeostatic set point, governed by positive and negative regulators
(and potential direct targets) of Toll/NF-xB signaling, in the activation (via Spatzle-
processing enzyme (SPE)) and resolution (via Cactus/IxB) of the encapsulation response
[32]. Both SPE and Spatzle (Spz, the ligand for the Toll receptor) are secreted proteins, and
either their ectopic expression, or loss-of-function mutations in cactus, leads to chronic
hemocyte overproliferation, lamellocyte differentiation, aggregation, and melanization.
Genetic studies of hematopoietic tumor phenotypes have identified cytokine-mediated anti-
wasp inflammatory circuitry encoded in the fly’s genome, paralleling conserved pathways
found in mammals. The mutant, dysregulated signaling cycles that produce hematopoietic
tumors and the pathways that lead to wasp encapsulation are different in two respects: (a) in
mutants, activation is not induced, but is constitutive; and (b) mutants lack the ability to
terminate pathway activation and return to homeostasis [32,42].

Direct correlations have been reported between anti-parasitoid defenses of D. melanogaster
[43] and D. paramelanica [44] and reactive oxygen and nitric oxide species (NO). D.
paramelanica, a species within the Drosophila subgroup, lacks the hemocyte-mediated
encapsulation response of D. melanogaster and other arthropods, but demonstrates a NO-
dependent protection against infection [44]. Intriguingly D. paramelanica is not overcome
by L. heterotoma attack, even though this endoparasitoid demonstrates wide-spread
virulence and is a generalist wasp of the Drosophila subgroup [30]. Recent experiments
suggest a role for ROS in lamellocyte differentiation [40,41]. Whether the ROS and NO
cytoprotective mechanisms tie into the major humoral and cellular inflammatory immune
signaling cascades, or represent independent and robust arms of anti-wasp immunity,
remains to be determined.

Genetic screens and pathway analyses in D. melanogaster continue to provide rich insights
into the complexity and conservation of basal and wasp-activated hematopoietic
development [45,46,47*,48-51]. These findings, easily transferrable to other flies and
insects, will propel phylogenomic discoveries of the major and minor immune mechanisms
across and beyond the drosophilids and their diverse macroparasitoids.

Hybrid “omics” approaches predict molecular virulence effectors

Recent de novo figitid wasp (L. boulardi, L. heterotoma, and Ganaspis sp.) transcriptomes,
from pertinent tissues, have initiated the characterization of venom and VLP proteins in the
absence of genomic sequencing. These high-throughput RNA-seq analyses of Ganaspis and
Leptopilina spp. wasps [12,52] or cDNA-based venom gland libraries [11,13], in
conjunction with proteomics, have identified several specific venom molecules. Similarity-
based analyses of these molecules revealed shared ancestry between the venom gland
products of Leptopilina spp. and aculeate hymenopterans. However, a large proportion of
figitid venom sequences are novel, or homologous only to other unannotated proteins [13*].
While unknown sequences present significant experimental hurdles, bioinformatic tools can
frequently predict sequence-based function in phylogenomic contexts for newly discovered
venom molecules (Fig 2). Gene ontology enrichments can sometimes identify shared
activities within complex venom mixtures, providing snapshot profiles for comparing one
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species’ venom to that from another species [11*,12*]. Enzymatic pathway annotations
(e.g., EC, KEGG, BioSystems) can clarify putative protein identifications, suggesting both
general bioactivities and specific metabolic or developmental pathways that may be targeted
by particular parasitoid venoms [13*].

Comparative transcriptomics of isogenized Drosophila hosts infected by L. heterotoma-14
or L. boulardi-17 provide clear evidence of distinct host-parasite specificities that relate to
attack arsenals and resistance response [30]. While L. boulardi-17 infection affects the
expression of more than 400 genes, only a small subset are differentially regulated after L.
heterotoma-14 attack. This analysis and other inter-specific comparisons suggest that host-
parasite resistance-virulence success interdependencies correlate to wasp venom
compositions [11*,12* 53]. Intra-specific comparisons indicate that L. boulardi (Lb) strains
differ in the expression of LbGAP alleles. LbGAP encodes a RhoGAP domain-containing
venom protein that significantly affects host hemocyte shapes and function [11*,53,54].
Lbm, the more widely successful strain of Lb, expresses higher levels of LbGAP RNA than
the less successful strain Lby, suggesting allelic differences in cis-regulation as the basis for
variation in virulence [53]. Early molecular insights into the venom and VLP compositions
present clear experimental challenges (Fig. 1), but hint at the richness of information that is
yet to be uncovered about host-specificity of immunosuppressive venom components and
their mechanisms of control over host development and immune physiology.

The dawn of functional venomics in parasitoid insects

Since inflammatory reactions (i.e., hemocyte recruitment, activation, migration, and
adhesion; cytokine secretion; and gene expression changes in immune tissues) represent a
major anti-wasp host defense mechanism [32], it is not surprising that suppression of
inflammation is a shared property among parasitoids of Drosophila spp. and potentially
other endoparasitoids with broadly similar life histories. This fundamental function is
realized in a variety of scenarios. For example, L. heterotoma and L. victoriae VVLPs kill
hemocytes (Fig. 1), [9,55] and L. boulardi venom modulates hemocyte cell shape [53],
whereas Ganaspis SERCA suppresses the intracellular calcium burst that normally
accompanies hemocyte activation/migration [52**]. PDV Vankyrin proteins of ichneumonid
wasps, when expressed in D. melanogaster cells, selectively block immune signaling,
hemocyte proliferation and differentiation, and embryonic development [39**]. Additional
validation has come from recent studies in which anti-inflammatory effects of N. vitripennis
venom were demonstrated in both macrophage and fibrosarcoma cell lines, making the
transition to mammalian systems a reality [56**].

With an initial molecular description of select wasp venom proteins and some understanding
of possible effects of these proteins on insect immune responses and development in hand,
the parasitoid wasp venomics field is poised for great strides. For proteins whose structures
allow clear functional predictions, a combination of logical and rigorous in vitro [57] and in
vivo approaches [39**] can be used (Fig. 2). In addition to the fly model system, cultured
Drosophila S2 cells have clear-cut phenotypes with abundant functional genomics resources
[58*] and can be utilized for new high-throughput functional bioassays, protein expression,
and structural biology studies. In addition to Drosophila S2 and mammalian cell lines,

Curr Opin Insect Sci. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heavner et al.

Page 6

simpler model organisms such as yeast or C. elegans can also serve significant roles in the
functional venomics toolkit (Fig 2). Classical techniques in Saccharomyces cerevisae, for
example, rely on inducible promoters appropriate for potentially toxic effects of venom
proteins, or can provide diagnostic phenotypes in genetic screens (Fig 2). The successful use
of RNA. to silence of Figitidae venom genes has recently been demonstrated [59**], adding
to a list of insect species amenable to this technique. This reverse genetic approach will
facilitate direct correlations between host immunological modulation and venom protein
function (Fig. 2).

Conclusions and outlook

The ultimate goal of the larger community of researchers studying the parasitic wasps of
Drosophila spp. is to use the extensive and incisive genetic tools to obtain deeper insights
into the molecular basis of the host-parasite arms race. Flies utilize multiple local and
systemic, cellular and humoral mechanisms to respond to wasp attack. The wasp’s
molecular armament has co-evolved to antagonize these Drosophila anti-macroparasitoid
immune mechanisms. Whether wasp immune-suppressive effectors target just a single
immune arm to overcome host defenses, or wasps use a multipronged strategy to inactivate
multiple facets of host immunity, remains to be determined. Powerful computational and
experimental tools are now available to systematically probe critical aspects of host-parasite
immune physiology, especially those aspects that do not fit neatly into either the Imd or Toll
responses [3]. The genetic regulation of hematopoietic stem-cell niche maintenance, effector
cell differentiation, and activation of cellular defenses through conserved NF-xB, JAK-
STAT, Notch, and JNK pathways [50,60] will be extrapolated to other Drosophila species to
explore the diverse anti-parasitoid responses of insects. Functional venomics should
therefore integrate and build upon the findings of molecular insect immunity. Genomic
sequencing of the Leptopilina, Ganaspis and Asobara spp. experimental models will drive
translational applications, with wide-reaching impacts in agriculture and medicine.
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Figure 1. Virulence factors from Leptopilina species
(A) An opaque band of concentrated purified VLPs (arrow) is visualized after

ultracentrifugation of venom gland extract in a nycodenz gradient. (B) A uranyl acetate
stained VLP, visualized by the negative stain transmission electron microscope (Zeiss 902)
method. Downward-facing extensions from VLP body (i.e., “spikes”) are in a different focal
plane and stain more intensely than upward-facing ones. VLP spikes appear to widen
slightly at their termini. Spiked VLPs have been reported from L. heterotoma, L, victoriae,
and L. boulardi [7,8,10]. Abundant proteins from VLPs of the L. heterotoma and L.
victoriae sister species are produced in secretory cells of the wasp’s venom gland. VLP
proteins and precursors transit through an extensive and conserved canal system within the
venom gland, localize to specific VLP regions, and enter host hemocytes post infection
[9,61]. The biological nature of VLPs (i.e., whether they are true viruses, virus-like, or
simply secretions of wasp’s venom glands), their macromolecular constituents, and precise
modes of action on the host’s immune system and development remain a significant
challenge.
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Figure 2. Structural and functional parasitoid venomics
(Top sector) Comparative and predictive bioinformatics: Either total RNA or mRNA from

venom glands is sequenced. In addition, proteomes of purified immune-suppressive factors
(e.g., from venom fluid or purified VLPs) are matched with RNA and genomic sequences, if
available. High-confidence matches and consensus sequences are fed into structural
bioinformatics algorithms. Structural folds, domain architectures, catalytic motifs, etc., are
predicted to provide functional insight, especially for novel and un-annotated proteins.
(Right bottom sector) RNA. of virulence genes: For high- or medium-throughput analysis of
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virulence proteins of interest, newly demonstrated RNAi approaches would be appropriate.
Blocking translation of single virulence proteins can provide specific biological activity
information given non-redundant functions in hosts. (Left bottom sector) Transgenic
virulence gene assays: For proteins with clear-cut functions in blocking host immunity,
spatially and temporally controlled in vivo transgenic virulence, development, and other
assays can be used in Drosophila and in other model systems to assess molecular and
signaling targets.
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