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Summary 

Parasitoid wasps are hymenopterans that use other insects as hosts for their offspring. Females 

deposit their eggs either in (endoparasitoid) or on (ectoparasitoid) the host and inject maternal 

venoms and viruses to modulate host physiology to ensure the survival of the wasp eggs. The 

endoparasitoid wasp Pimpla turionellae (Linnaeus) injects its venom with the egg to sabotage the 

host’s cellular and humoral defense, arrest further host development, and paralyze the host pupa to 

promote their offspring’s survival. In this work, the impact of parasitization was analyzed to test 

whether idiobiont endoparasitoids induce epigenetic reprogramming to overcome host immune 

defense and disturb host development, and P. turionellae venom components were characterized 

using a combined proteo-transcriptomic approach. 

The impact of parasitization was tested by monitoring differentially expressed genes involved in the 

immunity and developmental hormone signaling pathways of parasitized and control hosts, Galleria 

mellonella (Linnaeus). My results indicate that parasitization induces the suppression of host 

immune responses and the modulation of host development. The changes in gene expressions were 

related to alterations in the host’s epigenetic mechanisms. Parasitization by P. turionellae induced 

changes in the acetylation ratios of specific histones and a transient decrease in the host’s global 

DNA methylation. Additionally, I observed strong parasitization-specific changes in the host’s 

microRNAs pattern that regulate gene expression at the post-transcriptional level.  

On a second level, the transcriptomic analysis of venom glands and the proteomic study of the crude 

venom of endoparasitoid wasp P. turionellae were combined and resulted in the identification of 

several enzymes, cysteine-rich peptides, and other proteins. Possible biological functions of the 

identified proteins were characterized with respect to other known parasitoid venoms. Interestingly, 

any evidence of pimplin, the previously described main paralytic factor of Pimpla hypochondriaca 

venom, was not identified. However, a new cysteine inhibitor knot (ICK) family (pimplin2) that is 

highly similar to known ICK-like neurotoxins was found as a highly expressed venom component. 

In conclusion, my thesis characterizes the venom composition of P. turionellae, describing the 

known and novel venom protein families. Furthermore, the new insights reveal that parasitization 

reprograms the epigenetic mechanisms of the host to disrupt its development and suppress its 

immune system. Finally, some of the identified but functionally unknown components, such as the 

linear, short protein pimplin4, will be bioactivity tested to perform an in-depth assessment of their 

promising potential in bioinsecticidal or antimicrobial applications.
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Zusammenfassung  

Parasitoide sind Hymenopteren, die andere Insekten als Wirte für ihre Nachkommen nutzen. Die 

endoparasitoide Wespe Pimpla turionellae injiziert ihr Gift zusammen mit ihrem Ei, um die zelluläre 

und humorale Abwehr des Wirtes zu sabotieren und dessen weitere Entwicklung zu stoppen. Zudem 

werden die Wirtslarven gelähmt, um das Überleben der parasitoiden Nachkommen zu sichern. In 

dieser Arbeit wurden die Auswirkungen der Parasitierung analysiert, um zu untersuchen, ob 

idiobionte Endoparasitoide die Immunabwehr und die Entwicklung des Wirtes unterdrücken 

können, indem sie dessen epigenetische Regulationsmechanismen stören. Ferner wurden die 

Giftkomponenten von P. turionellae durch proteo-transkriptomische Ansätze charakterisiert. 

Die Auswirkungen der Parasitierung auf den Wirt, die Puppe der großen Wachsmotte Galleria 

mellonella, wurden durch Analyse von differentiell exprimierten Genen untersucht. Die Ergebnisse 

zeigen, dass eine Parasitierung durch P. turionellae im verwendeten Modellwirt dessen 

Immunabwehr und Entwicklung hemmen. Die Veränderungen der Genexpression stehen im 

Zusammenhang mit Veränderungen der epigenetischen Mechanismen des Wirtes. Die Parasitierung 

induziert Änderungen der Acetylierungsverhältnisse spezifischer Histone, eine vorübergehende 

Abnahme der globalen DNA-Methylierung und eine Umprogrammierung der microRNA-

Expression in G. mellonella. 

Die proteo-transkriptomische Analyse des Giftes von P. turionellae führte zur Identifizierung 

mehrerer Enzyme, Cystein-reicher Peptide und anderer Proteine. Mögliche biologische Funktionen 

identifizierter Proteine wurden im Vergleich mit Giften anderer bekannter Parasitoide diskutiert. 

Interessanterweise wurde kein Hinweis auf Pimplin, den in der Literatur bisher beschriebenen 

paralytischen Hauptfaktor des Giftes von Pimpla hypochondriaca, gefunden. Stattdessen wurde eine 

neue Toxin-Familie (Pimplin2) identifiziert, die bekannten Cystein-reichen Neurotoxinen sehr 

ähnlich ist und das höchste Expressionsniveau aller Gift-Komponenten aufweist. 

Diese Arbeit charakterisiert die Giftzusammensetzung von P. turionellae und beschreibt bekannte 

sowie neuartige Komponenten. Zu den gewonnenen Erkenntnissen gehört, dass die Parasitierung 

mit P. turionellae im befallenen Wirtsinsekt Auswirkungen auf dessen epigenetische Mechanismen 

hat, die zur Hemmung der Immunabwehr und zur Verzögerung der Entwicklung führen. Schließlich 

werden einige der identifizierten, aber funktionell unbekannten Komponenten, wie das lineare, 

kurze Protein Pimplin4, auf Bioaktivität getestet, um eine eingehende Bewertung ihres 

vielversprechenden Potenzials für bioinsektizide oder antimikrobielle Anwendungen durchführen 

zu können. 
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1. Introduction 

1.1. Parasitoids  

Parasitoid wasps are holometabolous insects within the order Hymenoptera that have evolved to use 

other arthropods as hosts for their offspring (Godfray, 1994). Such parasitoids complete their 

development either in (endoparasitoid) or on (ectoparasitoid) the host (Gauld, 1988; Wharton, 1993; 

Godfray, 1994). Parasitoid species are diverse in their life strategies, morphology, host preferences, 

and venoms. They can be solitary, laying a single egg per host, or gregarious, laying large clutches 

of eggs per host (Gauld, 1988; Godfray, 1994). Parasitoids can be further categorized according to 

their host regulation strategies. Parasitization (oviposition) by idiobiont parasitoids immediately 

arrests further host development and paralyzes their hosts (or in a very short time during oviposition) 

to provide a stable food source to the parasitoid offspring, while koinobiont parasitoids allow for 

further host development and induce only temporary paralysis (Gauld, 1988; Godfray, 1994; Strand 

and Pech, 1995; Pennacchio and Strand, 2006; Kathirithamby, 2009; Pennacchio et al., 2014). 

Depending on their developmental requirements, different parasitoid species specialize on hosts that 

are at different life stages and can be classified as egg, larval, pre-pupal, pupal, or adult parasitoids 

(Gauld, 1988; Pennacchio et al., 2014). They parasitize several taxa from Arachnida and all insect 

orders of Insecta, which raises interest in utilizing parasitoids as bioagents for the control of pest 

insects. 

Parasitoids reproductive success depends on their host manipulation ability and successful 

parasitization requires the following of the parasitoid:  

 should be able to overcome host innate immunity,  

 control host development to prevent egg rejection,  

 and provide food for its larvae (Pennacchio and Strand, 2006).  

Parasitoids have evolved many adaptations to promote parasitization (Gauld, 1988) such as covering 

eggs with protective components to prevent recognition (Führer and Kilincer, 1972), producing 

teratocyte—a type of cell released from embryonal serosa into host insects when wasp eggs hatch— 

(Strand, 2014), and releasing antibacterial and antifungal anal secretions during larval development 

(Fūhrer and Willers, 1986). Furthermore, female parasitoids inject maternal factors such as venom, 

calyx fluid, polydnaviruses (PDVs), and virus-like particles (VLPs), which are produced by ovaries 

and/or the venom gland (Führer, 1973; Gauld, 1988; Pennacchio and Strand, 2006; Poirié et al., 

2009) to ensure offspring survival.  
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1.2. Biology of the endoparasitoid Pimpla turionellae and its host Galleria mellonella 

1.2.1. Pimpla turionellae L. (Hymenoptera: Ichneumonidae) 

Pimpla turionellae Linnaeus, 1758 (Hymenoptera: Ichneumonidae) is a solitary, idiobiont, and 

pupal endoparasitoid with different host ranges and niches. It is a natural enemy of more than 100 

species belonging to 23 families of Lepidoptera, including its laboratory host, G. mellonella (Meyer, 

1925; Arthur and Wylie, 1959; Gauld, 1988; Uçkan, 1999; Pajač Živković and Barić, 2012). 

   
Figure 1. Life cycle of the endoparasitoid P. turionellae and its pupal host G. mellonella. The endoparasitoid P. 

turionellae (A) and pupal host G. mellonella (B) develop through four divergent life stages: egg, larva, pupa, and adult.  

The female parasitoid is usually bigger than the male and easily recognizable with the existence of 

prominent ovipositor (Figure 1A). After finding a suitable host, the female parasitoid,  tightly holds 

onto the host and pierces the pupal shell with the ovipositor, injecting an egg and maternal factors, 

including venom and calyx fluid (Bogenschütz, 1978; Ueno and Ueno, 2007). After oviposition, 

with mucopolysaccharide covered P. turionellae egg hatches in around two days (Führer, 1973), 

and the first instar larva immediately migrates to the head of the host pupa to destroy the brain and 

surrounding organs. It then moves to the host’s abdomen back and feeds on the host’s hemolymph 

and other tissues until growing to its final larval stage (Führer and Kilincer, 1972). Toward the 

pupation, the emergence of female or male adults has resulted in the death of the host (Figure 1A). 

Successful parasitization by P. turionellae induces paralysis, suppresses the host’s immune 

response, modifies the host’s metabolism, disrupts the host’s cells and tissues, and interferes with 

the host’s development to improve the survival of their offspring  (Gauld, 1988; Pennacchio and 

Strand, 2006; Casewell et al., 2013; Moreau and Asgari, 2015). Their host management ability, 

which relies primarily on the venom function, is the reason why P. turionellae is an attractive 

resource for agricultural applications. Particularly, their host control strategies at the immunological 

and endocrinal levels can provide new perspectives for using this taxon as a bioagent to control a 

wide range of pest species. 

1.2.2. Galleria mellonella L. (Lepidoptera: Pyralidae) 

The greater wax moth, Galleria mellonella Linnaeus, 1758 (Lepidoptera: Pyralidae), is a 

holometabolous insect pest in apiculture that develops throughout four divergent life stages: egg, 
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larva, pupa, and adult (Figure 1B). The newly hatched polipod larvae undergo eight times molting 

until reaching the final larval stage. G. mellonella larvae feed on honey, wax, pollen, the cast of 

honeybee pupal skins, and brood and contribute to the decline of honeybee populations. The final-

stage larvae spin silk cocoons, inside of which they develop first into a pupa and then into an adult 

wax moth  (Abou-Shaara and Staron, 2019).  

Although the larval stage of G. mellonella is quite harmful to apiculture, they resemble important 

model-system hosts for a variety of research topics. Owing to their easy rearing and sampling 

features and their reproduction tolerance at different temperatures up to 37 ˚C under laboratory 

conditions (Kwadha et al., 2017), G. mellonella has been used as a model host in many studies, such 

as Listeria pathogenesis (Mukherjee et al., 2010), uropathogenic Escherichia coli infections 

(Heitmueller et al., 2017; Kalsy et al., 2020), entomopathogenic fungus Metarhizium robertsii 

(Mukherjee and Vilcinskas, 2018), and Bacillus thuringiensis infections (Mukherjee et al., 2017).  

These studies provide deep knowledge into the immune reactions and epigenetic reprogramming of 

G. mellonella against microbial/fungal invasion. In addition to these applied experimental results, 

their sequenced genome (Lange et al., 2018) and available transcriptome (Vogel et al., 2011) and 

microRNA data (Mukherjee and Vilcinskas, 2014) allow them to be a suitable in vivo model host 

for studying the impact of parasitization by P. turionellae. 

1.3. Epigenetic, immunity, and hormonal regulation of metamorphosis in insects 

1.3.1. Epigenetic in insects 

Epigenetic regulation is an environmentally responsive mediator between genotype and phenotype, 

providing heritable and reversible alterations in gene expression and cell function without inducing 

any changes in the primary DNA sequence (Skinner, 2011; D'Urso and Brickner, 2014). Currently, 

there are several epigenetic molecular mechanisms described in insects, including DNA methylation 

and histone modifications (Felsenfeld, 2014) and expression of microRNAs (miRNAs) (Lee, 2015; 

Villasenor, 2013). Insect epigenetic modifications regulate complex parameters, such as 

environmental adaptation, development, metamorphosis, metabolism, reproduction, and immune 

response to microbial invasion and parasitoid eggs ( Vilcinskas, 2017; Glastad et al., 2019; Villagra 

and Frías-Lasserre, 2020).  

Highly conserved histone proteins bind strongly to negatively charged DNA to form nucleosomes, 

which serve as the fundamental units of chromatin structure (Turner, 2001). Acetylation of histone 

proteins is one of the best-known covalent histone modifications and is tightly controlled 

antagonistically by histone acetyltransferases (HAT) and histone deacetylases (HDAC). Acetylation 

of histone proteins reduces their linkage to DNA (euchromatin) and increases the accessibility of 
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DNA to other proteins, such as transcriptions factors (Figure 2). Therefore, the transcriptional 

regulation of target genes of many important processes, such as immune response, metamorphosis, 

diapause, and development, in insects is linked to the alterations of histone-DNA interactions. 

(Mukherjee et al., 2012; Reynolds et al., 2016; Roy and Palli, 2018) 

     

Figure 2. Major epigenetic mechanisms in eukaryotic organisms. A) The transfer of a methyl group to the cytidine 

residue in the CpG islands inhibits the accumulation of transcription factors and related proteins into specific promoter 

regions. Acetylation of histone tails affects the conformational structure of the DNA-protein complex and switches on 

specific genes. B) MiRNA genes are transcribed into long primary-miRNAs that are processed in the nucleus to 

precursor-miRNAs (pre-miRNAs) and then transferred to the cytoplasm by Exportin-5. Pre-miRNAs are further 

processed by Dicer to double-stranded miRNA, which are loaded later into the RISC complex. MiR-RISC leads to the 

translational inhibition or degradation of the target mRNA. 

The only known epigenetic modification in genomic DNA is methylation. DNA methyltransferases 

(DNMTs) transfer a methyl group from S-adenosyl-methionine (SAM) to the C5 position of the 

pyrimidine ring of the cytosine residues (Foulks et al., 2012) (Figure 2). DNA demethylation is 

proceeded actively by the action of Ten-eleven translocation methylcytosine dioxygenases (TETs) 

(Ross and Bogdanovic, 2019). Methylation of CpG-rich sequences (CpG island), which are located 

in the promotor regions of vertebrates, suppresses gene expression by affecting transcription factor 

binding and recruitment of the transcription initiation complex (Elango and Yi, 2008; Glastad et al., 

2019). Studies in lepidopteran and hymenopteran insects have revealed that, unlike in vertebrates, 

DNA methylation is found in gene bodies and is related to continuously and rapidly gene expression, 

not to gene suppression (Borsatti et al., 2004; Feng et al., 2010; Xiang et al., 2010; Zemach et al., 

2010; Lyko and Maleszka, 2011; Wang et al., 2013; Özbek et al., 2018). The DNA methylation level 

in insects can be altered by external factors, such as diets, photoperiod, insecticides, microbial 

invasion, and parasitization ( Lyko and Maleszka, 2011; Kim et al., 2016; Kumar and Kim, 2017; 

Özbek et al., 2020). 

MicroRNAs (miRNAs) are endogenous, highly conserved,  with approximately 22 nucleotide, non-

coding, single-stranded,  small RNAs that regulate gene expression negatively at the post-

transcriptional level through base pairing between 5’ untranslated regions (UTRs) of miRNAs and 

3’ UTRs of target messenger RNAs (mRNAs) (Gilbert, 2012). The biogenesis of miRNAs is similar 

to non-insect taxa (Figure 2). In an Argonaute protein in the RNA-induced silencing complex 
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(RISC), a loaded mature miRNA strand forms a miR-RISC complex and guides it to its target 

mRNAs (Hussain and Asgari, 2014). Upon pairing with the miR-RISC complex, the target mRNA 

is degraded or stored in the proceedings body (Gilbert, 2012). Insect miRNAs are associated with 

several functions, including cell proliferation, apoptosis, metamorphosis, and a response to 

biological stress. Their expression profile can be altered by external factors, such as 

microorganismal invasion and parasitization (Asgari, 2011; Etebari et al., 2013; Hussain and Asgari, 

2014; Mukherjee and Vilcinskas, 2014; Özbek et al., 2020). 

1.3.2. Insect immunity  

Although insects do not have adaptive immunity as vertebrates do, they do have innate immunity, 

which is composed of cellular and humoral responses. Such cellular innate immune responses 

include encapsulation, nodulation, and phagocytosis mediated by hemocytes. Antimicrobial 

peptides (AMPs) (lysozyme, galiomycin, gallerimycin, gloverin, cecropin-A,-D, x-tox [from G. 

mellonella]) and immunity-related protein production (insect metalloproteinase inhibitor [IMPI] and 

transferrin [from G. mellonella]), melanin synthesis, and clotting, known together as humoral innate 

immunity, are mediated by fat bodies (Beckage, 2008). Both systems collaborate when non-self 

surfaces are encountered, such as bacteria, fungi  (Lavine and Strand, 2002), artificial objects 

(Lavine and Strand, 2001), or parasitoid eggs (Christensen et al., 2005). Encapsulation refers to 

multicellular capsule formation around larger invaders, such as parasitoids. Following the 

encapsulation by granulocytes and plasmatocytes, the melanization occurs around the encapsulated 

invading organism. The melanin contributes to killing the invading organism by blocking the 

absorption of nutrients by encapsulated organisms and releasing toxic intermediates during melanin 

synthesis (Gilbert, 2012). Thus, parasitoids inhibit or avoke the host’s cellular and humoral response 

to ensure the survival of the wasp eggs (Poirié et al., 2009). 

1.3.3. Hormonal control of insect metamorphosis 

In holometabolous insects, molting and metamorphosis are regulated by two effector hormones: 

juvenile hormone (JH) and ecdysteroid (20-hydroxyecdysone) (Nation, 2008). Juvenile hormone is 

secreted by the corpora allata, and these secretory cells are active only during larval molts (Gilbert 

et al., 2000). As long as JH is present in the hemolymph, the ecdysteroid-stimulated molting results 

in a new larval instar. In the final larval instar, JH production is inhibited and JH degradation is 

induced. As a result, JH levels drop below a critical threshold value and trigger the production of 

prothoracicotropic hormone, which promotes the synthesis of ecdysone by the prothoracic gland 

(Mueller et al., 2015). In the absence of JH, 20-hydroxyecdysone first inactivates larva-specific 

genes and then activates pupa-specific genes, resulting in pupation. During metamorphosis, the old 
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body of the larva is systematically destroyed by apoptosis, and new organs develop from 

undifferentiated nests of cells and imaginal discs, and the adult is formed within the pupa cuticle 

(Browder et al., 2001; Mueller et al., 2015). Therefore, it is very typical that parasitoids prevent 

metamorphosis of their pupal host by inducing alterations in the host’s endocrine physiology to 

promote their offspring’s survival (Edwards et al., 2006). 

1.4. Parasitoid venomics: development and current perspective 

Venoms are complex chemical cocktails of bioactive compounds that contain various combinations 

of enzymes, non-enzymatic proteins, peptides, salts, and organic molecules, which are produced in 

specialized glands and are generally named as toxins (Fry et al., 2009; Utkin, 2015). Toxin genes 

evolve from an ancestor or physiological genes, which are involved in non-toxin-related bioactivity 

and regulatory processes. Different mechanisms of toxin evolution include gene duplication, 

modification and alternative splicing of exons, domain duplication, consecutive gene duplication, 

and domain loss (Casewell et al., 2013). Venoms’ great potency in prey has evolved over millions 

of years. Currently, more than 220,000 species of venomous animals are known (Holford et al., 

2018) and these animals use their venom to facilitate diverse missions, including defense (Lee et al., 

2013), predation (Undheim et al., 2015), blood-feeding (Kakumanu et al., 2019), and habitat creation 

(London, 2012). 

Hymenoptera is a mega-diverse insect order containing more than 150,000 extant venomous species 

(Aguiar et al., 2013). Their venom has evolved for communication, defense, predation, and offspring 

care in accordance with their life history strategies, such as pollen-feeding, predation, and 

parasitoidism (Walker et al., 2018). In contrast with common venom functions, female parasitoids 

use venom to manipulate the development, metabolism, and behavior of other arthropods for 

reproductive purposes (Werren and Werren, 2015). Most hymenopteran parasitoids are small insects 

with limited quantities of venom, which explains why the current information on parasitoid venoms 

is based on a limited number of species. Accessing these low-quantity, complex mixtures requires 

multidimensional high-throughput techniques, including genomics, transcriptomics, and 

proteomics, so-called omic technologies. The term “venomics” is used to describe the study of crude 

venom and venom glands to unravel a venom profile of a venomous animal through the integration 

of omics methodes (Bernot, 2004; Paulson et al., 2016; Wilson and Daly, 2018). Earlier parasitoid 

venomics studies, using Pimpla hypochondriaca, Bracon hebetor, and Cotesia rubecula, focused 

only on crude venom proteome analysis and gained limited numbers of secreted peptides and 

proteins (Parkinson and Weaver, 1988; Quistad et al., 1994; Asgari et al., 2003a). Therefore, over 

the past decade, studies have been extended to the combination of other omics approaches to 
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improve venomics results, beginning with the venom analysis of the endoparasitoid Chelonus 

inanitus by linking the proteome from the crude venom and transcriptome (proteo-transcriptomics) 

of the venom gland; the research then continued with many other species, such as Cotesia chilonis, 

Bracon nigricans, Toxoneuron nigriceps, and Pteromalus puparum (Vincent et al., 2010). 

Additionally, the first genome data was generated for the Nasonia species by Werren and colleagues 

(2010). Afterward, the genome analysis of Nasonia vitripennis was combined with a proteome 

analysis (proteogenomics) by employing bioinformatics tools. The combination of omics 

approaches introduced an extraordinary richness of identified venom proteins (Danneels et al., 

2010).  

These previous studies revealed that parasitoid venoms are rich sources of biomolecules that contain 

enzymes (proteinase/peptidase, hydroxylases, esterases, and oxidases), protease inhibitors (PpS1V, 

LbSPNy, and Vn4.6), immune-related proteins (calreticulin, Vn50, Vpr1, Vpr3, and Vn11), 

recognition/binding proteins, and neurotoxin-like peptides/paralytic factors (cvp3, cvp5, and 

pimplin) (Asgari and Rivers, 2011; Poirié et al., 2014; Moreau and Asgari, 2015). Through a variety 

of omics methods, hundreds of venom components have been described from different parasitoid 

species; however, until today, only a few (less than 25) endo- and ectoparasitoid venom proteins 

have been tested and subsequently successful bioactivities (predicted or new function) published. 

Given their great potential as agrochemicals, the lack of more comprehensive studies on parasitoid 

venoms and the activity of their toxins is surprising. For instance, the venom of the ectoparasitoid 

Bracon hebetor contains neurotoxins Brh-I and Brh-V, which block the neuromuscular 

transmissions in Lepidopteran hosts and were patented as insecticidal toxins by Novartis AG in the 

1990s (Quistad et al., 1994). Identifying endoparasitoid venom proteins is important for 

understanding the underlying mechanisms of parasitization and discovering new bioactive 

compounds for agrochemical applications.  

1.5. Aim of the project 

Following parasitization by P. turionellae, the major physiological changes in the host G. mellonella 

were mainly described; however, these manipulations have not been well characterized at the 

molecular level. I hypothesize that idiobiont endoparasitoids induce epigenetic reprogramming to 

disturb host development and overcome host immune defense, and endoaprasitoid venom proteins 

contribute to these host manipulations in favor of parasitoid eggs.  

A- Parasitization-induced epigenetic regulation of host immunity and development 

The first part of this thesis tests the hypothesis that endoparasitoid P. turionellae may use “epigenetic 

reprogramming” to overcome host immune defense and arrest host development to ensure the 
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success of parasitization. To investigate epigenetic reprogramming and its association in the 

suppression of immunity and the modulation of developmental hormone signaling in the parasitized 

host, first the global DNA methylation level and the percentage acetylation of histones, and the 

expression levels of conserved host miRNAs, and the genes encoding regulators of epigenetic 

modifications were measured. Then, the expression of genes inolved in the immunity and 

developmental hormone signaling pathways were monitored in parasitized and control group host 

individuals of G. mellonella (Figure 3A).  

   
Figure 3. Workflow diagram of this Ph.D. project. A) Parasitization behavior of P. turionellae and workflow to test 

parasitization-induced epigenetic regulation of host immunity and development. B) Dissection of the venom gland 

system in P. turionellae and workflow of proteomic and transcriptomic analysis. 

B- Transcriptomic and proteomic analysis of the venom gland of P. turionellae 

To identify bioactive venom proteins of P. turionellae that might interfere with the host’s 

physiology, I developed a comprehensive inventory of the venom by combining proteotomic and 

transcriptomic analysis. To characterize the RNA-Seq of the venom gland system and the female 

and male body tissue transcriptomes, multiple transcriptome assembly and annotation strategies 

were applied. Then, the venom-gland-specific transcripts were compared with the identified major 

protein components of crude venom, which were separated by SDS-PAGE and analyzed via LC-

MS/MS (Figure 3B). To avoid false-positive hits, strict transcriptome and proteome filters were set. 

Only the transcripts that matched these thresholds were used for comparison with other parasitoid 

venom proteo-transcriptomic analyses to characterize their possible origin and biological function.
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2. Role and composition of parasitoid venom 

Parasitoid venoms are generally adapted to induce paralysis, regulate host development, and 

suppress host immune responses to overcome the physiological challenges associated with their 

extraordinary lifestyle (Gauld, 1988; Asgari and Rivers, 2011). In accordance with these multiple 

functions, parasitoid venoms are rich sources of bioactive molecules that contain different 

combinations of peptides and proteins (Asgari and Rivers, 2011; Poirié et al., 2014; Moreau and 

Asgari, 2015). Analysis of the venom function in host-parasitoid interactions and its composition 

allows for understanding species-specific parasitization strategies and providing ideas for applied 

research.  

2.1. Parasitoid venom functions in host-parasitoid interactions 

Parasitoids utilize a variety of methods to ensure their offspring’s development (Pennacchio and 

Strand, 2006). P. turionellae inactivates the immune system and arrests the further development of 

G. mellonella pupae (Er et al., 2010; Uçkan et al., 2010; Er et al., 2011). I hypothesized that P. 

turionellae succeeds with this by reprogramming the epigenetic mechanisms that control the 

expressions levels of developmental and immunity-related genes of the host. To investigate this 

manipulation strategy of P. turionellae venom on host physiology, I monitored different parameters, 

including the host’s global DNA methylation level (ng in 1 μg of genomic DNA) by using reverse-

phase HPLC, the percentage acetylation of histones H3 and H4 through ELISA-based commercial 

colorimetric kits, and the expression levels of conserved G. mellonella pupa miRNAs via microarray 

analysis at different periods (4, 8, and 24 h) of post-parasitization. Furthermore, the fold-change of 

development-, immunity- and epigenetic-related gene expressions of G. mellonella pupa were 

determined by using real-time PCR at different periods (4, 8, 24, and 96 h) after parasitization 

(Özbek et al., 2020). 

2.1.1. Immune suppressive function of P. turionellae venom 

The reproductive success of parasitoids depends on their capability to suppress the host’s cellular 

and humoral response (Poirié et al., 2009). Humoral immunity refers to the secretion of soluble 

effector molecules, including antimicrobial peptides (AMPs), which can be synthesized during the 

microorganismal invasion and wounding, such as through piercing by an ovipositor via 

parasitization (Beckage, 2008). In this thesis, I monitored the expression levels of 10 immunity-

related genes in parasitized G. mellonella pupa and found all genes to be suppressed at most time 

points following oviposition. Among these genes, gloverin, cecropin D (Cec-D), phenoloxidase 2 

(PO2), prophenoloxidase 1 (PPO-1), and prophenoloxidase 2 (PPO-2) were downregulated at all 

time points of parasitization. The other five genes were suppressed, as well, save for 24 h post 
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parasitization. While galiomycin, cecropin A (Cec-A), and IMPI (up to six times) were upregulated, 

two other genes, namely X-Tox and lysozyme, were not significantly changed at 24 h (Özbek et al., 

2020). 

The suppression of the main enzymes of the melanization process, namely PPOs and POs, in the 

parasitized G. mellonella pupae indicates that the parasitoids protect the eggs from melanization. 

IMPI is the only known defense peptide that can suppress virulence-associated metalloproteinases 

(Vilcinskas, 2010). The venom glands of P. turionellae (Laurino et al., 2016; Özbek et al., 2019) 

and many other parasitoids are known to synthesize metallopeptidases (Supp. Table 1). The 

metallopeptidase of P. turionellae could trigger the activation of the innate immune response, and 

cause increase in IMPI expression in parasitized G. mellonella pupa as bacterial and fungal 

metallopeptidases (Griesch and Vilcinskas, 1998; Vilcinskas, 2019), explaining the downregulation 

of IMPI expression levels, in the parasitized host. Furthermore, the P. turionellae venom 

metallopeptidases, such as a metalloprotease homolog VRF1 protein from M. mediator (Lin et al., 

2018), might impair the Toll pathway, which is responsible for AMP production (Ezzati-Tabrizi et 

al., 2013; Lin et al., 2018), and contribute to the strong suppression of antimicrobial peptide 

expression after parasitization. The upregulation of four AMP genes encoding lysozyme, X-Tox, 

Cec-A, galiomycin, and IMPI gene at 24 h after parasitization and again downregulation at 48 and 

96 h post parasitization indicated that the related defense response is actively manipulated by the 

parasitoid’s offspring. 

2.1.2. Developmental arrest function induced by P. turionellae venom 

Pupal endoparasitoids prevent metamorphosis of their host by injecting venom. These 

developmental arrests are almost always associated with alterations in the host’s endocrine 

physiology. In this dissertation, I monitored 10 genes related to the ecdysteroid hormone (ECD) and 

juvenile hormone (JH) signaling pathway (Vogel et al., 2011; Lange et al., 2018). The expression 

profiles of the hormone-signaling pathway-related genes were quite complex but indicated the 

upregulation of JH and the downregulation of ECD activity (Özbek et al., 2020).  

JHs are secreted by corpora allata and then transported via hemolymph to the target cells. During 

transport, JHs are bound to the carrier proteins, JH-binding protein (JH-BP) 1–4, which preserve 

them from JH-epoxide hydrolase (JH-Ehyd) activity (Sanburg et al., 1975; Touhara and Prestwich, 

1993; Gilbert et al., 2000; Zalewska et al., 2009). The activation of  JH-BP2 at all time points (up to 

20-fold) and JH-BP3 until 24 h (up to 420-fold) indicated that JH signaling increases after 

oviposition, as already reported in other host-parasitoid systems (Edwards et al., 2006; Zhu et al., 

2009). Following parasitization, the enzymes that can degrade JH (JH-esterase and JH-Ehyd1 at all 
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time points and JH-Ehyd2 at later time points) were downregulated. Furthermore, oviposition 

induces the transient upregulation of ECD-22 kinase (until the 24 h time point), which inactivates 

ecdysteroid hormones via phosphorylation, and the downregulation of ECD-related protein at all 

time points, whose expression depends on the presence of ECD. Thus, parasitization by P. 

turionellae represses the accumulation of ecdysteroid hormones and inhibits the degradation of JH, 

which helps to explain the developmental arrest following parasitization in G. mellonella pupa. 

Similarly, Eulophus pennicornis can disturb metamorphosis-associated endocrine events (Edwards 

et al., 2006). In addition, the JH can repress the innate immune response in Drosophila melanogaster 

by inhibiting the stimulating activity of 20-hydroxyecdysone on AMP production (Flatt et al., 2008; 

Schwenke and Lazzaro, 2017), explaining the suppression of AMPs after parasitization. Therefore, 

these data indicate that P. turionellae interferes with hormonal regulation to arrest host development 

and suppress immunity. 

2.1.3. Epigenetic reprogramming induced by P. turionellae venom  

Gene expression in insects is regulated epigenetically at the transcriptional level by DNA 

methylation and histone acetylation and at the post-transcriptional level by miRNAs (Glastad et al., 

2019). In this dissertation, I monitored the pattern of these epigenetic modifications and expressions 

of their regulatory genes to test whether parasitization triggers the transcriptional reprogramming of 

development- and immunity-related genes by affecting major epigenetic mechanisms. 

The global DNA methylation level in the non-parasitized pupa is 30 ng 5m-dCMP per µg genomic 

DNA (3% total methylation); however, parasitization by P. turionellae caused a transient decrease 

of up to 35% after 4 h. This reduction in global DNA methylation reduced to ~ 33% after 8 h and 

~5% after 24 h. The downregulated methylation-related gene expressions (encoding DNA 

methyltransferase-1 associated protein and DNA cytosine 5-methyltransferase) exhibited similar 

recovery in downregulation after 24 h. This aligns with the transient recovery of the five immunity-

related genes discussed above. Furthermore, the decrement of global DNA methylation was reported 

in Plutella xylostella larvae after oviposition by the endoparasitoid wasp Cotesia plutellae, in 

accordance with the downregulation of DNA methyltransferases 1 and 2 genes (Kumar and Kim, 

2017). Therefore, my data indicate that parasitoids may interfere with global DNA methylation in 

the host to suppress developmental and immunity-related genes that require the existence of 

methylated sites for expression. 

Parasitization by P. turionellae affected the histone acetylation pattern at different lysine residues 

of H3 and H4 histones (H3K9, H3K14, H4K5, and H4K12) in the pupal host G. mellonella. The 

downregulation of the percentage of histone acetylation at H3K14 and H4K12 and the upregulation 
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at H4K5 were significant, while alterations at H3K9 were not significant following parasitization. 

Among seven monitored genes encoding HATs and HDACs, all genes were suppressed in the 

parasitized pupa, save for the HDAC 8 isoform 2, which was strongly upregulated until 24 h after 

oviposition and then leveled back at 96 h (Özbek et al., 2020). The upregulation of HDACs activity 

then causes histone deacetylation and switches off the gene expression. The transient upregulation 

of HDAC 8 isoform 2 might promote the inactivation of host genes via the deacetylation of H3K9, 

H3K14, and H4K12. Furthermore, H4K5 acetylation regulates the fine-tuning of ecdysone 

biosynthesis in D. melanogaster (Borsos et al., 2015). The upregulation of H4K5 acetylation might 

be related to developmental hormone regulation in G. mellonella. Therefore, the rearrangement of 

histone acetylation patterns by the parasitoid is another key mechanism for the transcriptional 

regulation of development and immunity. 

Finally, we identified 82 miRNAs that exhibited significantly altered expression profiles following 

the egg oviposition. Among these miRNAs, 24 were downregulated up to 13-fold, and 58 were 

upregulated in parasitized G. mellonella pupa. The expression profile of insect miRNAs is known 

to change during development and following parasitization (Yu et al., 2008; Etebari et al., 2013). 

For example, miR-989 in D. melanogaster is a regulator of border cell migration and its abcence 

impair oogenesis in the female ovary (Kugler et al., 2013). Furthermore, the cell migration plays 

role in the immune response in insects to tissue damage and infections (Moreira et al., 2010; Krautz 

et al., 2014).  Interestingly, the strongly suppressed seven G. mellonella miRNAs are variants of 

miR-989. Therefore, P. turionellae venom might inactivate the expression of miRNAs to arrest cell 

migration as a part of host development and immunity. Furthermore, slightly upregulated G. 

mellonella miRNAs, including ame-miR-3756, mjamiR-6492, tca-miR-2c-5p, ame-miR-3796, and 

dme-miR-263a-5p, are known to target developmental and immunity-related genes. Another 

upregulated G. mellonella miRNA is miR-124, which involves neural plasticity in honeybees 

(Michely et al., 2017) and the gene expression in the sensory nervous system of Caenorhabditis 

elegans (Clark et al., 2010). P. turionellae might use miR-124 to control neural gene expression in 

the parasitized host. Moreover, parasitoids, such as Cotesia vestalis, produce miRNAs in their 

venom and teratocytes, which are injected into the host through parasitization to modulate host genes 

(Wang et al., 2018). Therefore, it remains ambiguous whether the upregulated miRNAs in the 

parasitized pupa originated from the parasitoid venom or the host. 

2.2. Venom components of the endoparasitoid wasp P. turionellae 

A proteo-transcriptomic approach was applied to identify P. turionellae venom proteins. The RNA-

Seq data from the venom gland system and body tissue, which were assembled by a multiple 
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assembler strategy, were combined with the proteome analysis of the crude venom. To avoid false-

positive hits, strict transcriptome and proteome filters were applied, including the higher expression 

in the venom gland and the presence in the proteome. In total, 399 transcripts were obtained from 

the combination of proteome and transcriptome analyses. However, in this work, we focused on 88 

transcripts in the limit of our thresholds and relating to the venom function. These 88 transcripts 

belong to 12 known venom protein families, which were divided into three major groups: 1) 

enzymes, 2) cysteine-rich peptides and proteins, and 3) others (Özbek et al., 2020) (Figure 4, Supp. 

Table 1). The putative functions of the identified proteins/peptides in host-parasitoid interactions 

were predicted with respect to other parasitoid venom proteome and/or transcriptome analysis. The 

identified P. turionellae venom proteins are primarily linked to paralysis, interrupting development, 

inducing apoptosis, releasing carbohydrates, inhibiting encapsulation, and modulating the 

melanization process; however, the functions of some venom proteins remain unknown (Supp. 

Table 1). 

  
Figure 4. Identified venom protein families from P. turionellae venom glands. The summarized expression levels 

in transcript per million (TPM) per protein class are displayed for functional groups of protein families: enzymes, cyc-

rich peptides and proteins, and others. 

2.2.1. P. turionellae venom components linked to encapsulation cascade 

Once the egg of the endoparasitoid P. turionellae reaches the hemolymph, host recognition 

molecules recognize the pathogen-associated molecular patterns (PAMPs) (Beckage, 2008). The 
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capsule formation around the parasitoid egg involves cooperation between two or more adherent 

hemocytes (Burke and Strand, 2014), which can be suppressed in a variety of ways, such as killing 

hemocytes or altering their aggregation and adhesion ability around foreign objects. In this 

dissertation, three protein families were characterized in P. turionellae venom and are related to the 

suppression of encapsulation cascade: metallopeptidase M12B (ADAM/reprolysin), venom protein 

1 (Vpr1; renamed pimplin3), and Peptidase S1A (Figure 4, Supp. Table 1). 

Metalloproteases are components that are toxic to the host and play an important role in the 

degradation of the host’s defense molecules and suppression of the host’s cellular defense (Griesch 

and Vilcinskas, 1998; Liehl et al., 2006) and are widely distributed in parasitoid venoms (Supp. 

Table 1). It has recently been demonstrated that a metalloprotease homolog VRF1 enables the 

endoparasitoid wasp Microplitis mediator to inhibit egg encapsulation in its host, Helicoverpa 

armigera, by impairing the Toll pathway  (Lin et al., 2018). Furthermore, reprolysin-like 

metalloproteases are involved in the manipulation of insect host development. The injection of 

EpMP3, a reprolysin-like metalloproteinase venom protein of ectoparasitoid Eulophus pennicornis, 

on insect host Lacanobia oleracea results in partial mortality or retarded development associated 

with failed molting process (Price et al., 2009). Microbial and entemopathogenic fungal 

metallopeptidases, which trigger an upregulation in the transcription fold of the IMPI of the host 

insect, can hydrolyze G. mellonella hemolymph proteins, including AMPs and proteinase inhibitors, 

and exhibit strong inhibitory activity on plasmatocytes (Altincicek et al., 2007; Griesch and 

Vilcinskas, 1998; Vilcinskas, 2019). Therefore, it can be assumed that P. turionellae venom M12B 

peptidases target host hemolymph proteins and hemocytes and impair the Toll pathway, which could 

lead to the inhibition of the encapsulation cascade, suppression of AMPs, and retardation of host 

development. This hypothesis is supported by older in vivo tests, which revealed hemocyte 

reduction, encapsulation inhibition, AMPs suppression, and metamorphose inhibitory effects of P. 

turionellae crude venom on pupal host G. mellonella (Er et al., 2010; Uçkan et al., 2010; Özbek et 

al., 2019). 

Pimplin3 is an anti-hemocyte aggregation factor of P. hypochondriaca venom (Dani and Richards, 

2010, 2009; Richards and Dani, 2008). The injection of recombinant Pimplin3 can suppress the 

ability for L. oleracea and Mamestra brassicae to drive cellular immune responses. Furthermore, it 

is known that this anti-aggregation factor increases the susceptibility of M. brassicae larvae to the 

commercially available, fungal bio-control agent Beauveria bassiana (Dani et al., 2004; Richards et 

al., 2011; García-Estrada et al., 2016). Therefore, the newly identified pimplin3 protein sequences 

might be applicable in integrated pest management programs to decrease the use of agrochemicals.  
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Peptidase S1A proteins play a vital role in blood coagulation, development, apoptosis, digestion, 

and immunity (Di Cera, 2009). The S1A family with trypsin domain is known to be widely 

distributed in parasitoid venoms (Supp. Table 1). Parasitoid wasp venoms exhibit in vitro and in 

vivo cytotoxic activity by inducing apoptosis ( Ergin et al., 2006; Er et al., 2011; Keenan et al., 2007; 

Rivers and Brogan, 2008; Formesyn et al., 2013), which can be decreased via serine protease 

inhibitor treatment (Formesyn et al., 2013). Therefore, P. turionellae venom peptidase S1A variants 

might help to suppress the host’s cellular immune reactions and arrest the host’s development by 

involving apoptotic processes. 

2.2.2. P. turionellae venom components linked to melanization process 

The process of melanization is strictly controlled by serine proteases and their inhibitors, in which 

phenoloxidases (POs) play an important role and produce melanin (Thomas and Asgari, 2011). 

Melanization of parasitoid eggs can be impaired by serine protease homologs (SPHs), serine 

protease inhibitors, and the inhibition of PO activity. In this dissertation, four protein families are 

characterized in P. turionellae venom that could be involved in the modulation of the melanization 

process: PO, Laccase, and kunitz-type and pacifastin-like protease inhibitors (Figure 4, Supp. 

Table 1) 

It is known that insects have two different phenoloxidases—laccase-type and tyrosinase-like (ie., 

POs)—which can catalyze the oxidation of L-DOPA in melanin production (Mason, 1965). The 

oxidative POs and laccase (Lac1) proteins as venom constituents in endoparasitoids are reported for 

the first time from P. hypochondriaca (Parkinson et al., 2001; Parkinson et al., 2003), after which 

only laccase is reported from N. vitripennis. POs and laccase oxidative enzymes are expressed in 

P. turionellae venom, as well. Interestingly, the inhibition of phenoloxidase activity by using 

phenoloxidase inhibitor phenylthiourea in P. hypochondriaca (Rivers et al., 2009) and N. vitripennis 

(Rivers and Brogan, 2008) venoms results in less cytotoxicity in the host organism. Therefore, the 

presence of these enzymes in parasitoid venom could have two functions: They might initiate 

immune responses against microbes in parasitized and defenseless pupa, and/or they might 

contribute to the suppression of the host’s cellular immune reactions by involving apoptotic 

processes. 

POs are expressed as inactive zymogens in all insects, and their activation occurs following serine 

proteases, which are regulated negatively by plasma serine protease inhibitors (SPIs) (Kanost, 

1999). Such SPIs have been reported in several parasitoid venoms, including P. hypochondriaca 

(Cvp2 and Cvp4) (Parkinson et al., 2004) (Supp. Table 1). Kunitz-type and pacifastin-like serin 

proteases inhibitors are expressed in P. turionellae venom, as well. The function of Cvp2 (cysteine-
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rich kunitz-type serine protease inhibitor) and Cvp4 (cysteine-rich pacifastin-like protein) of P. 

hypochondriaca remained unclear; therefore, it remains speculative whether the newly identified P. 

turionellae serine protease inhibitors might help to suppress the host’s melanization process and/or 

contribute to keeping venom serine proteases inactive while stored in the venom sac.  

2.2.3. Venom proteins potentially linked to paralysis 

Idiobiont endoparasitoids can paralyze their host permanently and suppress the host’s growth and 

development. In this way, they prevent the mortality of parasitoid eggs due to host ecdysis and 

movement (Desneux et al., 2009). Several paralytic factors from parasitoid venoms have been 

isolated, including pimplin from P. hypochondriaca (Parkinson et al., 2002b). In this dissertation, I 

found a new peptide family, pimplin2, with the highest expression level, which has a cysteine-rich 

scaffold with an ICK motif (Figure 4, Supp. Table 1) (Özbek et al., 2019). 

ICKs are widely disturbed in animal venoms, and they specifically act on targets in the nervous 

system of the recipient, particularly ion channels (Billen et al., 2010; Undheim et al., 2016; 

Drukewitz et al., 2018). Various cysteine-rich peptides 1-7 (Cvp1-7) have already been 

characterized in P. hypochondriaca venom, and among them, cvp3, cvp5, and cvp7 are more similar 

to pimplin2; however, their function remained unclear. Due to the high similarity of pimplin2 to 

known ICK-like neurotoxins from various animals, including robber flies, assassin bugs, and 

spiders, it is suggested here that pimplin2 might act as a paralytic factor in P. turionellae venom. 

Despite P. hypochondriaca and P. turionellae being close species, we could not find any evidence 

of pimplin in P. turionellae venom, which might be a species-lineage-specific toxin or a possible 

false-positive identification in the venom of P. hypochondriaca or false-negative hit in my analysis. 

2.2.4. Venom proteins linked to nutritional functions 

Parasitoids control the host’s physiology to provide optimal conditions for their offspring to feed 

and develop (Pennacchio and Strand, 2006). In this dissertation, three protein families were 

characterized in P. turionellae venom and are assumed to contribute to providing the optimal 

nutriment for its offspring: glycoside hydrolase family 1 (GH1) and venom acid phosphatase and 

multifunctional serine proteases (Figure 4, Supp. Table 1). 

GH1 proteins are widely distributed in the animal kingdom and are the most abundant venom 

proteins of the olive fruit fly parasitoid Psyttalia sp. (Mathé-Hubert et al., 2016). GH1 enzymes, 

which catalyze the hydrolysis of glycosidic bonds, play important roles in detoxification, defense, 

and carbohydrate metabolism (Eyun et al., 2014; Koudounas et al., 2015; Berlemont and Martiny, 

2016; Cairo et al., 2016). Therefore, I speculate that GH1 might release host carbohydrates to feed 

the parasitoid larva. 
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Venom acid phosphatases were already characterized in several hymenopteran species (Supp. 

Table 1). Although P. hypochondriaca venom reveals high acid phosphatase activity (Dani et al., 

2005), a low expression level of venom acid phosphatase protein in P. turionellae venom was found. 

Venom acid phosphatase enzymes catalyze the hydrolysis of phosphate esters to release inorganic 

phosphate and carbohydrates. In A. mellifera and N. vitripennis, it is proposed to be involved in the 

predigestion of prey before being eaten (Benton, 1967; Danneels et al., 2010). Thus, I presume that 

venom acid phosphatase proteins might play a role in providing carbohydrates from the host 

hemolymph and tissues for the parasitoid offspring. 

A variety of potential functions of P. turionellae venom serine proteases are proposed above. 

However, it is known that the larvae of the ectoparasitoid Euplectrus separatae release saliva 

containing a trypsin-like enzyme to digest the host tissues (Nakamatsu and Tanaka, 2004). 

Therefore, in addition to their other roles in P. turionellae venom, serine proteases might play a role 

in assuring food for the development of parasitoid larva. 

2.2.5. Venom components with unknown function 

The venom components of parasitoids are of interest primarily due to their immunosuppressive, 

paralysis, and development inhibitory functions. However, the extraordinary lifestyle of parasitoids 

is still a mystery in many aspects. Therefore, known and novel venom proteins with unknown 

functions represent a very interesting group. This dissertation, on the venom composition of P. 

turionellae, reveals the presence of known proteins of unknown function: small venom protein 2 

(svp2, renamed pimplin4) and Carboxylesterase type B (Figure 4, Supp. Table 1). 

Carboxylesterases (COs) catalyze the hydrolysis of carboxylic esters to alcohols and acids (Ross 

et al., 2010). COs are highly diverse in insects and have already been identified in parasitoid venoms 

(Supp. Table 1). Insect COs metabolize specific juvenile hormones and degrade neurotransmitters 

(cholinesterase) (Oakeshott et al., 1999; Gilbert et al., 2000). However, their putative function has 

not yet been clarified in the context of insect venoms. It is speculated here that P. turionellae venom 

COs might contribute to the developmental processes by interfering with hormonal regulation. 

Pimplin4, a small protein with a proline-rich scaffold, has already been identified as svp2 (small 

venom protein 2) in P. hypochondriaca, (Parkinson et al., 2004). Although pimplin4 is the second-

highest-expressed protein in P. turionellae venom, its function remains unclear. As a linear, short 

protein, it might have antimicrobial peptide activity, and it represents an exciting candidate for in 

vivo/in vitro activity tests. 
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2.3. Conclusions and future perspectives 

Parasitoids are a unique but lesser-known group among venomous organisms. In contrast with other 

venomous animals that use venom for defense against predators or prey capture, parasitoids utilize 

venom for the completion of their extraordinary lifestyle. Parasitoid venoms manipulate the host in 

several ways, such as altering host behavior, metabolism, and physiology, and inducing paralysis, 

immune suppression, developmental arrest to ensure the successful development of the wasp’s larva. 

In this dissertation, new insights into the venom function of P. turionellae were revealed and serve 

as an important cornerstone for further studying the co-evolution of parasitoid wasps and their hosts. 

All three major epigenetic mechanisms—DNA methylation, histone acetylation, and miRNAs—are 

known to participate in the regulation of insect immunity and development (Vilcinskas, 2016; 

Glastad et al., 2019). My analyses support the hypothesis that parasitization by P. turionellae 

interrupts the host’s epigenetic mechanisms to arrest host development and sabotage its immune 

system, filling in the gaps in the literature regarding the parasitization strategies of idiobiont 

endoparasitoid P. turionellae (Figure 5). Understanding how genome regulations promote the 

development of the parasitoid in its host will help to shed new light on the molecular mechanisms 

of host-parasitoid interactions and their regulation.  

 
Figure 5. Schematized effects of parasitization by the endoparasitid P. turionellae on the pupal host G. mellonella. 

Newly tested and known impacts (marked with an asterisk) of parasitization on the host's epigenetics, development, and 

immunity are summarized. 

I identified 12 venom peptide/protein families, including lineage-specific pimplin3-like and 

pimplin4-like proteins and a new protein family pimplin2, all of which are promising candidates, 

expecially for agrochemical applications. Pimplin2 is a promising candidate that demonstrates high 

similarity to ICK-like neurotoxins and might induce paralysis, likely by affecting ion channels as in 

many other arthropod ICKs (Drukewitz et al., 2018). Together with the second-highest-expressed 

pimplin4-like linear protein, these two proteins are of such interest that they were synthesized, and 

their activity will be tested in detail.
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4. Supplementary  

Supp. Table 1. Common venom proteins identified from P. turionellae and other parasitoid wasps 

with their putative functions in host-parasitoid interactions  

     Venom protein Putative function Other parasitoids Reference 

E
n

zy
m

es
 

 

 

Carboxylesterase 

type B  
 

 

Unknown  

 

 

Bracon hebetor 

Nasonia vitripennis 

Bracon nigricans 

 

Manzoor et al., 2016 

Graaf et al., 2010 

Becchimanzi et al., 

2020 

Trypsin 

(Peptidase S1A)  
 

Induction of apoptosis 

Inhibition of encapsulation 

Interrupting development 

Providing food  

Cotesia chilonis 

Aenasius arizonensis 

Nasonia vitripennis 

Pteromalus puparum 

Chelonus inanitus (Ci-40a) 

Bracon hebetor 

Pimpla hypochondriaca? 

Teng et al., 2017 

Shaina et al., 2016 

Graaf et al., 2010 

Zhu et al., 2010 

Vincent et al., 2010 

Manzoor et al., 2016 

Parkinson et al., 2002a 

Glycoside 

hydrolase family 

1 

 

Providing food 

 

Psyttalia lounsburyi 

Psyttalia concolor 

Mathé-Hubert et al., 

2016 

Venom acid 

phosphatase 

 

Providing food 

 

Nasonia vitripennis 

Pteromalus puparum 

Anisopteromalus calandrae 

Bracon hebetor 

Graaf et al., 2010 

Zhu et al., 2010 

Perkin et al., 2015 

Manzoor et al., 2016 

Phenoloxidase 

 

Melanization Pimpla hypochondriaca Parkinson et al., 2001 

Laccase 

 

Melanization Pimpla hypochondriaca 

Nasonia vitripennis 

Parkinson et al., 2003 

Graaf et al., 2010 

Peptidase M12B 

 

Inhibition of encapsulation 

Interrupting development 

 

Pimpla hypochondriaca 

Toxoneuron nigriceps 

Cotesia chilonis (Cc-Ven2) 

Aenasius arizonensis 

Nasonia vitripennis 

Microplitis mediator(VRF1) 

Eulophus pennicornis (EpMP3) 

Parkinson et al., 

2002c, 

Laurino et al., 2016 

Teng et al., 2017 

Shaina et al., 2016 

Graaf et al., 2010 

Lin et al., 2018 

Price et al., 2009 

C
y

s-
ri

ch
 p

ep
ti

d
es

-p
ro

te
in

s 

 

Kunitz-type 

serine protease 

inhibitor 

 

Inhibition of melanization  

 

Pimpla hypochondriaca (Cvp2) Parkinson et al., 2004 

Pacifastin - like 

protease inhibitor 

 

Inhibition of melanization 

 

Pimpla hypochondriaca (Cvp4) 

Anisopteromalus calandrae 

Nasonia vitripennis (NvSPPI) 

Parkinson et al., 2004 

Perkin et al., 2015 

Qian et al., 2017 

Pimplin2 (6C-

ICKs)  

 

Paralysis   

O
th

er
s Pimplin3  

 

Inhibition of encapsulation Pimpla hypochondriaca (Vpr1) Dani and Richards, 

2010 

Pimplin4 

 

Unknown Pimpla hypochondriaca (svp2) Parkinson et al., 2004 
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