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1. INTRODUCTION 

Insects are the outcome of the most successful evolutionary radiation, making up more 

than 60% of all eukaryotic organisms on earth (Misof et al., 2014; Mora et al., 2011). They 

are enormously important to our ecosystems, helping with pollination, seed dispersal, and 

the decomposition of organic matter, and representing important links in the food chain 

(Prather et al., 2013). The origin of insects dates back approximately 479 million years. 

Since then, they have undergone remarkable diversification, resulting in more than 

5 million different species (Misof et al., 2014; Stork, 2018). The diversification of insects 

has been driven mainly by the exploitation of terrestrial habitats as well as the evolution 

of flight and complete metamorphosis (Misof et al., 2014). In addition, the evolution of 

venom has accelerated the diversification of insects because it enables adaptation to new 

ecological niches by facilitating dietary switches, expanding prey ranges, and improving 

defenses against predators (Arbuckle & Harris, 2021). Therefore, venomous insects are 

important as models to study adaptive evolution. Furthermore, their venoms provide 

large arsenals of diverse molecules that are active against a variety of animal targets, 

offering leads for the development of therapeutics and insecticides (Walker et al., 2016). 

Venom research has focused primarily on hymenopterans, resulting in a highly biased 

view of venom evolution and ecology in insects. Research that considers neglected 

venomous insects is therefore necessary to fully understand venom evolution and 

dynamics, while also offering a broad resource for drug discovery.  

 

1.1. Venom evolution in insects 

Venom is defined as a secretion that is injected into another animal, thereby affecting its 

physiology and biochemistry (Fry et al., 2009). In insects, venom use for predation, 

parasitoidism and defense has evolved independently at least 14 times in Hemiptera, 

Neuroptera, Hymenoptera, Diptera, Lepidoptera and Coleoptera (Walker et al., 2018c) 

(major venom evolution events shown in Figure 1). Secretions that facilitate parasitism, 

such as blood or hemolymph feeding, may also be defined as venoms and have evolved 

independently at least nine times in insects (Walker et al., 2018c). Although some insects 

use their venom exclusively to deter predators, most insect venoms are used primarily for 
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predation and only secondarily for defense (Schendel et al., 2019; Walker et al., 2018c). 

The venom delivery systems of insects vary greatly in structure, complexity and origin. The 

stinging apparatus in female hymenopterans, for example, derives from the ovipositor 

and is used to inject venom produced in modified sexual accessory glands (Robertson, 

1968; Van Marle & Piek, 1986). Venomous caterpillars release their venom via hairs or 

needle-like spines that originate from evaginations on the body wall and their toxins are 

produced in specialized enlarged cells at the base of the hairs/spines (Gilmer, 1925; Veiga 

et al., 2001; Walker et al., 2021). In contrast, venomous species from Asilidae (Drukewitz 

et al., 2018; Owsley, 1946) and Heteroptera (Swart & Felgenhauer, 2003; Walker et al., 

2018b; Walker et al., 2016) produce venom in specialized salivary glands and use their 

mouthparts to inject the secretions into target organisms.  

The recruitment of venom proteins to secretory cells via the adaptation of non-

venom proteins is a widely accepted paradigm (Casewell, 2012; Fry, 2005; Walker, 2020), 

but the underlying genetic mechanisms are not yet fully understood. Proteins may be 

recruited by the co-option of single-copy genes or they may undergo gene duplication and 

neofunctionalization events, increasing the functional diversity within a gene family 

(Drukewitz et al., 2019; Martinson et al., 2017; Pineda et al., 2014). Both mechanisms can 

result in highly complex venoms. In particular, animal venoms used primarily to 

overwhelm and predigest prey may contain more than 1000 different compounds and can 

trigger diverse physiological effects (Escoubas et al., 2006; Lavergne et al., 2015). In 

contrast, venoms used exclusively for defense are usually less complex (Casewell et al., 

2013). Despite the diversity of venomous insects and convergently evolved venom 

systems, only few species have been studied to determine their venom composition, with 

most research concentrating on Hymenoptera. In this thesis, I focus on predatory true 

bugs (Heteroptera), which have been largely neglected in venom research.  
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Figure 1: Venom evolution in insects, modified from Walker (2020). Estimated dates of 
major venom evolution events in Neuroptera (Winterton et al., 2018), Heteroptera (Wang 
et al., 2016), Hymenoptera (Peters et al., 2017), Diptera (Dikow et al., 2017) and 
Lepidoptera (Kawahara et al., 2019). Venoms used for predation, parasitoidism and 
defense are highlighted in yellow, red and blue, respectively.  
 

1.2. Venom evolution in Heteroptera 

The suborder Heteroptera is a monophyletic group of at least 40,000 species within the 

order Hemiptera and belongs to one of the most successful radiations among insects that 

have exploited a wide range of feeding styles and habitats (Weirauch & Schuh, 2011; 

Weirauch et al., 2019). Heteroptera are distributed worldwide in terrestrial and aquatic 

environments (Weirauch et al., 2019). Some species occur in uncommon habitats, such as 

sea skaters (Gerromorpha) that live on the open ocean (Andersen, 1999) or thread-legged 

bugs (Emesinae) that inhabit spider webs (Hickman, 1969). Like all hemipterans, true bugs 

are hemimetabolous and all developmental stages use their piercing-sucking mouthparts 

to inject saliva into their food and suck up the liquid or liquefied components (Johnson et 

al., 2018). Recent phylogenetic studies suggest the most recent common ancestor (MRCA) 

of true bugs was terrestrial (Weirauch et al., 2019). Moreover, the divergence of the 

Heteroptera from the remaining Hemiptera ~278 million years ago was accompanied by 

a trophic switch from phytophagy to zoophagy (Walker et al., 2016; Wang et al., 2016; 

Weirauch et al., 2019) (Figure 2). This led to the evolution of venomous saliva, which 

facilitates the overwhelming, killing and pre-digestion of animal prey. Although some 

clades such as Enicocephalomorpha, Dipsocoromorpha, Gerromorpha, Nepomorpha, 

Leptopodomorpha and Cimicomorpha mainly retained the predatory lifestyle, the 

divergence of the Pentatomomorpha was accompanied by a transition to 

phytophagy/mycophagy (Weirauch et al., 2019) (Figure 2). Over time, a wide variety of 
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feeding styles has evolved among true bugs, including hematophagy, mycophagy, 

phytophagy, zoophagy and mixed feeding styles such as zoophytophagy or 

phytozoophagy. Secondary switches to predation have occurred independently several 

times, for example in some pentatomomorphan groups (Walker et al., 2016; Weirauch et 

al., 2019) (Figure 2). The evolution of diverse dietary habits probably involved radical 

changes in salivary protein composition, including the recruitment or loss of toxins in 

response to trophic switches (Walker et al., 2016). However, the dynamics of the 

evolution of dietary shifts and the associated effector molecules are not yet known.  

 

 

Figure 2: Simplified phylogenetic tree of Heteroptera, modified from Walker et al. 
(2016). The colors represent different trophic strategies (green = 
phytophagous/mycophagous, orange = zoophagous, red = hematophagous). The 
occupied habitats are represented by icons. Phylogenetic relationships are based on Wang 
et al. (2016), Schuh et al. (2009) and Hua et al. (2008). 
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1.2.1. Venom system in Heteroptera 

The evolution of an adapted venom system was necessary for the divergence of the 

predatory Heteroptera. Their stinging apparatus comprises specialized piercing-sucking 

mouthparts as well as venom glands homologous to the salivary glands (Swart & 

Felgenhauer, 2003; Walker et al., 2018b; Walker et al., 2016) (Figure 3A). The venom gland 

complex includes two paired glands that usually consist of an anterior main gland (AMG), 

a posterior main gland (PMG) and an accessory gland (AG) (Baptist, 1941; Walker et al., 

2018b). The AMG and PMG are connected at a junction called the hilus, from where the 

venom gland duct leads to a venom pump and into the proboscis. The AG is connected to 

the hilus via a separate duct (Baptist, 1941; Walker et al., 2018b) (Figure 3B). This 

structural complexity allows the secretion and storage of distinct venom mixtures in 

separate compartments (Walker et al., 2018a; Walker et al., 2018b; Walker et al., 2019). 

Although the glandular structure of most heteropterans follows the same scheme, the 

glands can vary greatly in their substructure, size and location. For example, the Nepidae 

and Gerridae have modified main glands consisting of several small lobules and an 

additional anterior lobe duct. Moreover, the glands of notonectids are located in the head 

capsule and not in the thorax as in most true bugs (Baptist, 1941). 

The proboscis of heteropterans is a highly specialized elongated structure that 

allows the injection and uptake of liquids. The labium forms an elongated hollow sheath 

enclosing the mandibles and maxillae that form the so-called stylets (Smith et al., 1985). 

The paired, asymmetric maxillae interlock in such a way that two separate canals are 

formed: a food canal and a venom canal (Cohen, 1990; Smith et al., 1985; Walker et al., 

2018b). For venom injection and food uptake, the stylets move forward to emerge from 

the labial tip and penetrate the prey (Smith et al., 1985; Walker et al., 2016). Digestive 

enzymes and effector molecules secreted by the glands are injected through the venom 

canal and distributed within the prey. The digested tissues are then taken up through the 

food canal into the foregut (Cohen, 1990; Walker et al., 2018b; Walker et al., 2016) (Figure 

3C).  
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Figure 3: The venom apparatus in Heteroptera. (A) Typical location of the venom gland 
complex in true bugs. (B) Structure of a typical bilobed venom gland complex comprising 
an anterior main gland (AMG), a posterior main gland (PMG), an accessory gland (AG), a 
hilus (H), a gland duct (GD) and an accessory gland duct (AGD). (C) Schematic of non-
refluxing extra-oral digestion through a specialized elongated proboscis consisting of a 
labium (lb), mandibles (md) and maxillae (mx). Venom is produced in the venom glands 
(VG) and injected into prey through the venom canal (vc). Pre-digested, liquefied tissue is 
ingested through the food canal (fc) into the gut.  
 

1.2.2. Venom use and function 

Predatory true bugs use their venom primarily for predation, which includes the 

immobilization, killing and extra-oral digestion (EOD) of prey animals. Some species use 

communal predatory behavior to overwhelm large prey (Inoue, 1985), but most 

heteropterans are solitary predators that rely on potent venom. Assassin bug (Reduviidae) 

species such as Rhynocoris carmelita (Stål) and Platymeris rhadamanthus Gerstaecker can 

paralyze and kill prey several hundred times larger and heavier than themselves within 

seconds (Edwards, 1961). The giant water bugs (Belostomatidae) have evolved strong 

venom and raptorial forelegs to subdue vertebrates, including amphibians, fish, birds, 

snakes and turtles (Ohba & Nakasuji, 2006; Ohba, 2011, 2019). Most predatory 

heteropterans can also inflict painful defensive bites to deter predators. Bites from 

belostomatids and reduviids have been described as particularly painful, causing 

numbness, edema, nausea, heart palpitations and hyperventilation (Haddad Jr et al., 
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2010; Hartwig, 1977). Some of these symptoms can last up to several months (Hartwig, 

1977).  

The dual use of venom for predation and defense implies a broad spectrum of 

activity against different targets. Furthermore, the morphology of predatory true bug 

venom glands suggests that they secrete different venom mixtures in separate gland 

compartments. In phytophagous bugs, a functional compartmentalization of saliva used 

to form a so-called “stylet sheath” and saliva used for EOD has been reported (Miles, 

1967). In some predatory bugs, AMG extracts cause paralysis in insects, whereas PMG 

venom has strong digestive effects, suggesting the spatial separation of neurotoxins and 

digestive enzymes (Haridass & Ananthakrishnan, 1981). In 2018, the harpactorine assassin 

bug Pristhesancus plagipennis Walker was shown to use distinct venoms in a context-

dependent manner, which is thus far a unique trait in insects. AMG venom was only 

secreted in response to harassment and was therefore defined as defensive venom. In 

contrast, PMG venom was elicited by electrostimulation and had strong insecticidal and 

liquefying effects, thus suggesting that it is the main predation venom. The AG secreted 

only few proteins and presumably serves to recycle water from the gut and hemolymph 

(Walker et al., 2018b). P. plagipennis was the first reported case of stimulus-dependent 

venom deployment in insects, but its ecological relevance and distribution within the 

Heteroptera are unclear.  

 

1.2.3. Biochemistry of venom 

Enzymes 

Animal venoms are complex cocktails of peptides, salts, polyamines, amino acids, 

neurotransmitters and other organic or inorganic molecules (Inceoglu et al., 2003; Jasys 

et al., 1990; Nelson & O'Connor, 1968; Weisel-Eichler et al., 1999). Heteropteran venoms 

are usually rich in proteins (Rügen et al., 2021; Walker et al., 2018a; Walker et al., 2018b; 

Walker et al., 2019; Yoon et al., 2022), but venom composition has been analyzed in only 

a few species. Most research has focused on large species such as assassin bugs and giant 

water bugs. The main components of heteropteran venoms are digestive enzymes that 

play an important role in the EOD of animal tissue (Cohen, 1998; Walker et al., 2017). 

Trypsin-like and chymotrypsin-like serine endoproteases are usually among the most 
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abundant and strongly expressed venom proteins, reflecting their importance in 

liquefying the protein-rich prey by cleaving internal peptide bonds (Cohen, 1995; Walker 

et al., 2016; Yoon et al., 2022; Zibaee et al., 2012). However, exopeptidases such as 

aminopeptidases and carboxypeptidases have also been identified in heteropteran 

venoms, albeit in much lower amounts (Ambrose & Maran, 2000; Walker et al., 2016; 

Yoon et al., 2022; Zibaee et al., 2012). Lipases are commonly found in snake, spider and 

insect venoms (Casewell et al., 2009; Cohen, 1998; Fernandes-Pedrosa et al., 2008; Walker 

et al., 2018a). They play important roles in tissue digestion but also in the depolarization 

of nerve and muscle cells by disrupting cell membranes (Cohen, 1995; Edwards, 1961). 

Triacylglycerol lipases and phospholipases have been detected in heteropteran venoms, 

but their role in envenomation and EOD has not been investigated (Sahayaraj et al., 2010; 

Walker et al., 2018a; Walker et al., 2017; Yoon et al., 2022). Other digestive enzymes 

found in heteropteran venoms, such as carboxylesterases, nucleases and carbohydrases, 

are probably involved in tissue liquefaction, spreading of venom and nutrient acquisition 

(Walker et al., 2017; Yoon et al., 2022).  

Pore-forming proteins 

Animal venoms often contain highly cytotoxic pore-forming proteins. In bee venom, the 

pore-forming protein melittin is the major pain-causing component, partly reflecting its 

lytic activity (which promotes the release of cytokines) and partly due to its interaction 

with nociceptors and sodium channel (Askari et al., 2021; Chen et al., 2016; Shin & Kim, 

2004; Tosteson et al., 1985). Trialysin, a protein first found in the hematophagous bug 

Triatoma infestans (Klug), causes the lysis of bacterial, protozoan and mammalian cells by 

forming voltage-gated channels in lipid bilayers (Amino et al., 2002; Rocha et al., 2022). In 

the predacious reduviids P. plagipennis and P. rhadamanthus, several trialysin homologs 

were found to be strongly expressed in the venom glands (Walker et al., 2017; Walker et 

al., 2019). These so-called redulysins share the conserved cytolytic motif of trialysin and 

are thought to facilitate the overwhelming of prey, liquefaction and/or pain induction 

(Walker et al., 2017; Walker et al., 2019). Furthermore, they may also sterilize animal prey 

before ingestion to avoid the uptake of pathogens. However, the ecological role and 

activity range of redulysins are unknown.  
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Neurotoxins 

The paralytic effects of heteropteran venoms were initially thought to reflect the EOD and 

lysis of muscle and nerve tissue rather than the activity of neurotoxins. Edwards (1961) 

described the strong liquefying activity of assassin bug venom and argued that the 

disruption of cell membranes by lytic proteins was responsible for the quick paralysis of 

prey insects. However, several cysteine-rich peptides with an inhibitor cystine knot (ICK) 

motif and homology to calcium channel blockers from cone snails (conotoxins) were 

subsequently isolated from assassin bug venoms (Bernard et al., 2001). One of these 

peptides (Ptu1) from the reduviid bug Peirates turpis Walker was shown to reversibly 

block calcium channels in cell culture, thus indicating paralytic activity. However, Ptu1 

showed no toxicity when injected into vertebrates and invertebrates, thus leaving its 

ecological role unclear (Bernard et al., 2001). Peptides homologous to Ptu1 have been 

detected in several other heteropteran venoms, including P. plagipennis and 

P. rhadamanthus (Walker et al., 2017; Walker et al., 2019).  

Non-peptide small molecules can also cause neurotoxic effects. Venom from the 

predatory pentatomid bug Podisus nigrispinus (Dallas) retained most of its insecticidal 

activity after treatment with protease inhibitors or proteinase K, showing that molecules 

other than peptides confer toxicity. Two small molecules – N,N-dimethylaniline and 1,2,5-

trithiepane – were identified in the insecticidal ether extracts of P. nigrispinus venom and 

are assumed to be responsible for the paralysis and death of prey insects (Campos et al., 

2022; Martínez et al., 2016). Overall, few studies have described neurotoxins in 

heteropteran venoms and not much is known about their distribution, biochemistry and 

mode of action.  

Uncharacterized polypeptides 

The activity of some heteropteran venom peptides can be inferred from their structure 

and homology, but the function and mode of action of many peptides remain 

uncharacterized. Walker et al. (2017) analyzed the venom composition of P. plagipennis 

and identified numerous polypeptides with unknown functions. These included CUB 

domain proteins, odorant-binding proteins, hemolysin-like proteins, disulfide-rich and 

glycine-rich peptides, and several uncharacterized proteins that were grouped into 

23 heteropteran venom protein families. Some families showed homology to other insect 
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proteins, whereas others were novel. In the giant water bug Lethocerus distinctifemur 

Menke subsequent analysis of venom revealed 23 novel polypeptides that showed no 

homology to any known sequences. Even so, most of the detected proteins were 

homologous to known assassin bug proteins (Walker et al., 2018a). The complexity and 

plasticity of venom protein composition in true bugs hinder the identification of the 

principal toxic agents and their ecological functions.  

 

1.3. Ecological implications 

The modification of the salivary/venom protein composition was probably a major 

evolutionary driver facilitating the diversification of heteropteran trophic strategies 

(Walker et al., 2018a; Walker et al., 2016). Some salivary protein families, such as 

S1 peptidases, are found in all true bugs analyzed thus far, regardless of their lineage, 

feeding style or habitat (Agustí & Cohen, 2000; Walker et al., 2016; Yoon et al., 2022). In 

contrast, other proteins are only present in particular species/lineages and may reflect 

adaptations to certain ecological niches, including diet, habitat and microhabitat. For 

example, venom from hematophagous bugs contains compounds that have anesthetic 

and anticoagulant effects on vertebrates, an adaptation that enables them to remain 

undetected and undeterred by immune defenses during blood feeding (Andersen et al., 

2005; Dan et al., 1999; Pereira et al., 1996). In contrast, venom from predatory assassin 

bugs evolved to induce intense pain in vertebrates in order to deter predators (Hartwig, 

1977; Walker et al., 2019). Researchers have attempted to link salivary/venom protein 

composition and activity to feeding strategies. For example, high amylase, α-glucosidase 

and pectinase activity indicate phytophagy because these proteins break down plant 

polysaccharides. In contrast, high protease and hyaluronidase activity are associated with 

a predatory lifestyle because they digest animal protein and the extracellular matrix 

(Agustí & Cohen, 2000; Zeng & Cohen, 2000). Most predatory bugs are generalists, but 

some species have specialized and their venom systems are likely to have adapted to their 

needs. The millipede assassin bug Haematoloecha nigrorufa (Stål) has specialized 

mouthparts differing considerably from those of other assassin bugs, suggesting that 

these morphological changes represent an adaptation to feeding on millipedes (Wang et 

al., 2020). Changes in the venom protein composition have not been investigated, 
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although venom composition is also likely to reflect prey preferences. For example, the 

venom of the giant water bug L. distinctifemur contains a venom 5′ nucleotidase, which is 

assumed to inhibit platelet aggregation, thus indicating an adaptation to vertebrate 

feeding (Walker et al., 2018a). Only a few true bug species from a small number of families 

have been studied in detail, so the dynamics of the salivary/venom protein composition 

in response to trophic switches are unclear. Research on a broad range of species that 

utilize different habitats. microhabitats and feeding strategies will provide new insights 

into venom plasticity and may allow researchers to infer the ecology of species based on 

the composition of salivary proteins. 

 

1.4. From venoms to drugs 

Venomous animals are valuable sources of bioactive molecules with potential applications 

in medicine, agriculture and biotechnology. Candidates for drug or pesticide development 

must be potent, stable, target-specific, and easy to produce in large quantities (King, 2013; 

Lewis & Garcia, 2003). Only a few venom compounds have been used to develop 

commercial products thus far. The first venom-based therapeutic was developed in the 

1970s: the angiotensin-converting enzyme inhibitor captopril from the Brazilian viper 

Bothrops jaracaca (Wied-Neuwied), which is indicated for hypertension (Rubin et al., 

1978). Additional venom-derived drugs have been approved or progressed to clinical 

trials, mainly peptides from venomous snakes, spiders and cone snails (King, 2013; 

Pennington et al., 2018). In 2014, the first venom-derived bioinsecticide was approved in 

the US: Spear® is based on the spider peptide 𝜔/𝜅-hexatoxin-Hv1a, which is neurotoxic in 

a broad range of pest insects but does not affect vertebrates or beneficial insects such as 

bees (Fletcher et al., 1997; Nakasu et al., 2016; Nakasu et al., 2014). Insect venoms have 

been largely overlooked for drug development, mainly because they are difficult to source 

sufficient amounts for testing. However, advances in next-generation sequencing, mass 

spectrometry and small-scale bioactivity assays have made it much easier to analyze small 

biological samples. Because heteropteran venoms show diverse activities against 

invertebrates and vertebrates, they are promising candidates for the discovery of new 

drugs and pesticides. The diverse trophic strategies of heteropteran species, combined 

with the complexity and plasticity of their venoms, are likely to offer a rich source of 
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currently unknown active substances. Therefore, research focusing on the ecology and 

evolution of venomous true bugs contributes to our knowledge of venom diversity, 

function and activity and provides a basis for the discovery of novel bioactive substances.  

 

1.5. Aim of the thesis 

Heteropterans form a hyper-diverse group of insects that successfully utilize a wide range 

of habitats and feeding styles. The ecology and evolution of venomous true bugs is largely 

unexplored. Most studies thus far have focused on individual species from the families 

Reduviidae or Belostomatidae, and the comparative analysis of closely-related species 

with different trophic strategies is rare. Furthermore, many of the compounds identified 

in heteropteran venoms are uncharacterized, so we know little about their functions and 

modes of action. Therefore, the aim of this thesis was to characterize and compare venom 

composition and deployment in different true bug species and identify molecular 

adaptations to their ecological niche (Figure 4). 

The true water bugs (Nepomorpha) are one of the oldest groups of Heteroptera 

and have largely retained the ancestral predatory lifestyle. Water bugs occupy a broad 

range of aquatic habitats and can feed on insects, crustaceans and small vertebrates. 

However, the impact of their ecological niche on venom composition is unknown. In 

manuscript I, we used a proteo-transcriptomic approach to compare the venom 

composition of four water bug species occupying the same habitat. We aimed to identify 

species-depedent protein-level adaptations to particular microhabitats, diets or foraging 

strategies, and discussed their role in EOD and defense.  

The venom composition of the assassin bug P. plagipennis was analyzed by Walker 

et al. (2018b) revealing that different venom mixtures are used in a context-dependent 

manner. In manuscript II, we considered whether stimulus-dependent venom 

deployment is a widely distributed trait among Reduviidae and how much the venom 

composition and deployment differs between species. We used a proteotranscriptomic 

approach and bioassays to analyze the venom composition of two closely related assassin 

bug species occupying the same habitats – Psytalla horrida (Stål) and Platymeris 

biguttatus (L.). Furthermore, we established a venom collection method using a prey 

dummy, which enabled us to collect secretions that reliably represent predation venom. 
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Assassin bug venom can have tremendous effects on vertebrates as well as 

invertebrates, but most of the venom compounds are uncharacterized. In manuscript III, 

we aimed to identify the major cytotoxic compounds of the PMG venom in P. horrida. We 

fractionated PMG venom extracts and analyzed the protein composition of the fractions 

that exhibited strong cytotoxic activity. We then screened synthetic and recombinant 

peptides from different families that were abundant in the toxic fractions and discussed 

their function and modes of action.  

 

 

 
Figure 4: Schematic overview of the main research question addressed in this thesis. We 
studied the impact of the ecological niche (including habitat and feeding style) on venom 
evolution, function and deployment in Heteroptera. We analyzed and compared the 
venom composition and activity in different heteropteran species to identify species-
dependent adaptations particularly with respect to extra-oral digestion and toxicity.  
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2. MANUSCRIPT OVERVIEW 

2.1. Manuscript I 

You are what you eat – ecological niche and microhabitat influence venom activity and 

composition in aquatic bugs 

Maike L. Fischer, Sol A. Yepes Vivas, Natalie Wielsch, Roy Kirsch, Andreas Vilcinskas, 

Heiko Vogel 

Accepted for publication in Proceedings of the Royal Society B: Biological Sciences 

 

Summary 

In manuscript I, we compared the venom protein composition and activity of four closely 

related water bug species (Ilyocoris cimicoides, Notonecta glauca, Nepa cinerea and 

Corixa punctata) occupying different ecological niches. Using an integrated proteomic and 

transcriptomic approach, we identified interspecific differences in the venom 

composition, particularly in the digestive enzyme repertoire, and found proteins probably 

associated with vertebrate feeding, prey overwhelming and antipredator defense. In 

addition, we detected significant differences in antimicrobial, insecticidal and hemolytic 

activity of the crude venom extracts and found evidence that amylases play a critical role 

in both phytophagous and zoophagous species by exhibiting dual activity against starch 

and glycogen. These results provide evidence that the ecological niche strongly influences 

venom composition and activity in water bugs. 

Author contributions Conceptualization   MF (25%), HV, AV 

Designed experiments  MF (30%), HV, AV, RK 

Performed experiments   MF (65%), HV, SYV, NW 

Data analysis and statistics  MF (70%), HV, NW, SYV 
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2.2. Manuscript II 

Context-dependent venom deployment and protein composition in two assassin bugs 

Maike L. Fischer, Natalie Wielsch, David G. Heckel, Andreas Vilcinskas, Heiko Vogel 

Published August 17 2020 in Ecology and Evolution 

Ecology and Evolution 10.18 (2020): 9932-9947, doi: 10.1002/ece3.6652 

Summary 

Manuscript II describes the comparative analysis of venom deployment and protein 

composition in the two closely related African assassin bug species Psytalla horrida and 

Platymeris biguttatus. Using a comparative proteotranscriptomic approach combined 

with bioassays, we found that the anterior main gland (AMG) and posterior main gland 

(PMG) of both species secrete distinct protein mixtures that facilitate the immobilization, 

killing and EOD of prey. In particular PMG venom had strong hemolytic, antibacterial, 

insecticidal and digestive effects. By collecting venom using an artificial prey dummy, we 

showed that the predatory venom in both species originated exclusively from the PMG, 

as reported for other predatory heteropterans. Whereas P. biguttatus also used PMG 

venom alone for defense, P. horrida secreted different types of venom depending on the 

context: AMG venom was released in response to strong harassment, whereas PMG 

venom was elicited by mild harassment without fixation. This is the second case of 

context-dependent venom deployment in Heteroptera and contributes to our 

understanding of venom deployment and activity in predatory true bugs.  

Author contributions Conceptualization   MF (10%), HV, AV 

Designed experiments  MF (20%), HV, AV 

Performed experiments   MF (70%), HV, NW 

Data analysis and statistics  MF (70%), HV, NW 

Data visualization   MF (100%) 

Writing – original draft  MF (90%), HV, NW 

Writing – review and editing  MF (60%), HV, NW, AV, DH 



MANUSCRIPT OVERVIEW  

17  

Angaben zum Eigenanteil 

(gemäß der Durchführungsbestimmung zu § 8 Abs. 2 der Promotionsordnung vom 
23.09.2019 der Fakultät für Biowissenschaften der FSU Jena, Anlage 2, Formular 1) 

 

Manuskript Nr. 2 

Titel des Manuskriptes: Context-dependent venom deployment and protein 
composition in two assassin bugs 

Autoren: Maike L. Fischer, Natalie Wielsch, David G. Heckel, Andreas Vilcinskas, Heiko 
Vogel 

Bibliographische Informationen: Fischer, M. L., Wielsch, N., Heckel, D. G., Vilcinskas, A., 
& Vogel, H. (2020). Context‐dependent venom deployment and protein composition in 
two assassin bugs. Ecology and evolution, 10(18), 9932-9947, doi: 10.1002/ece3.6652. 

Die Kandidatin ist 

X Erstautor/-in,  Ko-Erstautor/-in,  Korresp. Autor/-in,  Koautor/-in. 

Status: veröffentlicht am 17. August 2020 in „Ecology and Evolution“   

Anteile (in %) der Autoren / der Autorinnen an den vorgegebenen Kategorien der 
Publikation  
 

Autor/-in Konzeptionell Daten-
analyse 

Experimentell Verfassen des 
Manuskriptes 

Bereitstellung 
von Material 

Maike L. 
Fischer 

10% 70% 70% 85% 0% 

Natalie 
Wielsch 

5% 10% 10% 3% 10% 

David G. 
Heckel 

5% 0% 0% 2% 20% 

Andreas 
Vilcinskas 

30% 0% 0% 3% 0% 

Heiko 
Vogel 

50% 20% 20% 7% 70% 

Summe: 100 % 100 % 100 % 100 % 100 % 

 
 
 
 
_____________________  _______________________________________ 
Unterschrift Kandidat/-in  Unterschrift Betreuer/-in (Mitglied der Fakultät) 



MANUSCRIPT OVERVIEW 
 

18 

2.3. Manuscript III 

An assassin’s secret: multifunctional cytotoxic compounds in the predation venom of 

the assassin bug Psytalla horrida 

Maike L. Fischer, Benjamin Fabian, Yannick Pauchet, Natalie Wielsch, David G. Heckel, 

Silke Sachse, Andreas Vilcinskas, Heiko Vogel 

In preparation to be submitted to Toxins 

Summary 

Manuscript III describes the identification and characterization of cytotoxic compounds 

in the PMG venom of the African assassin bug Psytalla horrida. Using cation-exchange 

chromatography, PMG venom extracts were separated into 43 fractions that were 

screened for cytotoxic activity. Two fractions had strong antimicrobial, insecticidal and 

hemolytic activity. Liquid chromatography tandem mass spectrometry revealed that both 

fractions contained gelsolin, S1 family peptidases, redulysins and uncharacterized venom 

protein family 2 proteins. Synthetic redulysin peptides based on the predicted lytic 

domain of P. horrida redulysins showed strong antimicrobial activity against Escherichia 

coli and/or Bacillus subtilis but only weak effects on insect cell viability and erythrocyte 

integrity. In contrast, a recombinant venom protein family 2 protein significantly reduced 

insect cell viability but had no effects on microbial growth or red blood cells. The results 

show that P. horrida secretes several cytotoxic compounds from different gene families 

that target different organisms and contribute to antimicrobial defense as well as prey 

overwhelming, killing and liquefaction.  
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Figure 1. Schematic overview of the microhabitat preferences, food spectra (insects, crustaceans, fish,tadpoles, plants and detritus), feeding styles and foraging strategies of the water bugs I. cimicoides,N. glauca, N. cinerea and C. punctata, based on our experimental observations and the literature. Weapplied a proteotranscriptomic and bioassay-based approach to identify salivary proteins and saliva activity.AMG = anterior main gland; PMG = posterior main gland; RB = remaining body tissue.
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Figure 2: Effects of PMG extracts or whole gland (WG = AMG + PMG) extracts on different substrates.
. Box plots present the median (line), interquartile range (box) and data range (whiskers). AEffects on horse erythrocyte integrity and insect cell viability: (-) = PBS; (+) = 0.1% Triton-x-100. StatisticalB Effects on E. coli growth: (-) = PBS; (+) =0.05 mg/mL gentamycin. The data were fitted to a logistic model and plotted as growth curves. Statisticalanalysis: permutation test, n = 3. C Digestion of amylose and glycogen: (-) = PBS. Statistical analysis:D Summary of the final venom concentrations [mg/mL] tested in the different bioassays.
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SDS-PAGE analysis of venom gland extracts and venom collected non-invasively fromI. cimicoides, N. glauca, N. cinerea and C. punctata. AG = accessory gland extract; AMG = anterior maingland extract; PMG = posterior main gland extract; PD = prey-dummy venom; D = defensive venom; M =protein marker (kDa).
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AMG-specific, PMG-specific and common gene expression in I. cimicoides, N. glauca, N. cinereaand C. punctata. The gene expression levels (RPKM) of the identified venom proteins in the AMG(highlighted in orange), PMG (highlighted in red) or only PD/D proteomes (highlighted in green) are shownin the heat maps. PMG-specific and AMG-specific proteins are shown using black and grey bars,respectively. The number of proteins unique to and common to the AMG and PMG in each species arevisualised using Venn diagrams.
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Protein composition of AMG/PMG venom in I. cimicoides (Icim), N. glauca (Ngla), N. cinerea(Ncin) and C. punctata (Cpun) based on proteomics analysis and shown as relative transcript abundance.(A) Colour-coded blocks show the number of contigs identified by proteotranscriptomic analysis encodingspecific classes of functional proteins. Categories are further subdivided into (B) protease families(MEROPS), (C) glycoside hydrolase families, and (D) venom protein families.
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4. DISCUSSION 

Venom use is an adaptive trait that has evolved independently at least 14 times in insects 

and plays a major role in diversification and the exploitation of new ecological niches 

(Arbuckle & Harris, 2021; Walker et al., 2018c). Predatory Heteroptera have been largely 

neglected in venom research, although they were one of the first insect groups to evolve 

venom use (Walker, 2020). Most research thus far has focused on individual species from 

the families Reduviidae and Belostomatidae, but comparative ecological studies are rare 

and most true bugs venom compounds remain uncharacterized regarding in terms of their 

function and ecological role. This thesis sets out work aiming to decipher and compare 

the venom composition and deployment in different heteropteran species to define 

species-dependent adaptations to ecological niches and the corresponding active 

substances.  

 

4.1. Ecological niche influences venom composition and activity 

The Nepomorpha and Cimicomorpha are the largest heteropteran infraorders that have 

retained the ancestral predatory feeding style (Weirauch et al., 2019). Even so, they differ 

greatly in their ecology. The Cimicomorpha, like the most recent common ancestor 

(MRCA) of Heteroptera, inhabit terrestrial environments, whereas the Nepomorpha 

transitioned to aquatic habitats approximately 240 million years ago (Walker et al., 2018a; 

Wang et al., 2016). This habitat change required substantial adaptations, especially in 

terms of thermoregulation, osmoregulation, respiration, locomotion and feeding (Dijkstra 

et al., 2014). The effects of such niche shifts on salivary/venom protein composition and 

activity in Heteroptera have not yet been studied in detail. Using an integrated proteomics 

and transcriptomics approach combined with bioactivity assays, we compared the 

salivary/venom protein composition and activity of two cimicomorphan and four 

nepomorphan species. The reduviines (Cimicomorpha: Reduviidae) P. horrida and 

P. biguttatus are generalist predators of arthropods and are found only in open tropical 

and subtropical areas of Africa, with overlapping habitats. In contrast, the nepomorphans 

Ilyocoris cimicoides (L.) (Naucoridae), Notonecta glauca L. (Notonectidae), Nepa cinerea 

L. (Nepidae) and Corixa punctata (Illiger) (Corixidae) are common European water bug 

species, which co-occur in the same aquatic habitats but occupy different ecological 
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niches. We found evidence that the ecological niche, including habitat, microhabitat, 

feeding style and foraging strategy, strongly influence saliva/venom composition and 

activity, particularly with respect to EOD, cytotoxicity and paralysis (manuscript I).  

Digestive enzymes are needed by true bugs for EOD and are directly related to 

their feeding habits (Cantón & Bonning, 2020; Yoon et al., 2022; Zeng & Cohen, 2000). 

Plants are rich in carbohydrates whereas animals are generally richer in proteins and 

lipids, so different sets of enzymes are required for efficient tissue digestion and nutrient 

utilization. In manuscript II, we showed that Galleria mellonella (L.) larvae envenomated 

by P. biguttatus were liquefied almost completely within 30 min, indicating the presence 

of potent digestive enzymes in the venom. Similar effects have been demonstrated for P. 

rhadamanthus (Edwards, 1961). Proteotranscriptomic analysis revealed that the strictly 

predatory species P. horrida, P. biguttatus, I. cimicoides, N. glauca and N. cinerea secrete 

a similar set of digestive enzymes dominated by family S1 endopeptidases but containing 

few exopeptidases, lipases and carbohydrases, which were instead more abundant in the 

gut (manuscripts I and II). This reflects their adaptation to a diet of protein-rich and lipid-

rich animals, such as EOD ensures tissue dissociation and the initial degradation of 

polypeptides and storage lipids, whereas further protein digestion by exopeptidases and 

most lipid and carbohydrate catabolism occur in the gut. Similar enzyme profiles have also 

been described for other predatory species from different infraorders (Oliveira et al., 

2006; Rügen et al., 2021; Walker et al., 2018a; Walker et al., 2017; Walker et al., 2019). In 

contrast, venom/saliva from C. punctata was rich in cysteine proteases (cathepsins) from 

peptidase family C1 and carbohydrases from glycoside hydrolase families GH 1, GH 13, 

GH 27 and GH 38 (manuscript I). The feeding style of Corixidae is disputed, with different 

studies claiming zoophagy (Esenbekova et al., 2015; Jansson & Scudder, 1972), 

saprophagy (Warren, 1989) and omnivory (Sutton, 1951). The abundance of salivary 

carbohydrases, including putative amylases and mannosidases, as well as the presence of 

salivary cathepsins, which are strongly associated with herbivorous hemipterans (Guo et 

al., 2020; Huang et al., 2021; Lomate & Bonning, 2018), indicate that C. punctata has 

adapted to a predominantly plant-based diet (manuscript I). Carbohydrase (especially 

amylase) and protease activity are often used to predict feeding habits in heteropterans 

because high carbohydrase activity is usually associated with phytophagy and high 

protease activity with zoophagy (Agustí & Cohen, 2000; Zeng & Cohen, 2000). However, 
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glycogen and starch, the main storage carbohydrate in animals and plants, respectively, 

are both substrates for the midgut amylases of Andralus spinidens (Fabricius) (Sorkhabi-

Abdolmaleki et al., 2014). We detected salivary amylases in the predatory nepomorphans 

I. cimicoides and N. cinerea and the putatively herbivorous C. punctata and found that 

their venom extracts can degrade both starch and glycogen (manuscript I). This is clear 

evidence for the dual function of salivary amylases in nepomorphan species, allowing 

them to optimize nutrient extraction from both animal and plant tissues. Therefore, the 

presence of salivary amylases should not automatically be linked to phytophagy because 

they may be important enzymes in both predatory and herbivorous species, facilitating 

opportunistic and permanent dietary switches. Hyaluronidases are carbohydrases from 

GH 56 that break down the extracellular matrix in animals and act as venom spreading 

factors and allergens in many animal venoms (Girish et al., 2002; Sobotka et al., 1976; Tu 

& Hendon, 1983). We identified GH 56 hyaluronidases in P. horrida, P. biguttatus, 

N. glauca and I. cimicoides. Whereas I. cimicoides also secreted other carbohydrases from 

families GH 37 and GH 13, and N. glauca likewise secreted GH 18, GH 37 and GH 38 

proteins, the two assassin bug species secreted no additional carbohydrases 

(manuscripts I and II). Carbohydrases are usually abundant in herbivores, but GH 56 

(putative hyaluronidase), GH 13 (putative amylase/glycogenase) and GH 18 (putative 

chitinase) seem to play important roles in the degradation of abundant polysaccharides 

in animals and are therefore beneficial for predatory Heteroptera. Our results show that 

feeding styles should not be predicted based exclusively on the abundance of 

carbohydrases and proteases but must take into account the nature and activity of 

individual enzymes and their putative ecological roles. 

Cytotoxic compounds are common in many animal venoms and may paralyze and 

kill prey, liquefy issued, induce pain and/or provide antimicrobial defense (Amino et al., 

2002; Walker et al., 2017). Psytalla horrida and P. biguttatus PMG venom was highly toxic 

towards insect, bacterial and mammalian cells (manuscripts II and III), as previously 

described for other predatory reduviids (Rügen et al., 2021; Walker et al., 2017; Walker et 

al., 2019). Moreover, P. horrida PMG extracts elicited complex calcium-mediated 

responses in Drosophila melanogaster Meigen brains, indicating the presence of several 

insecticidal compounds (manuscript III). Among the Nepomorpha, only N. cinerea venom 

showed strong toxic effects against insect and mammalian cells and was able to delay the 
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growth of E. coli. In contrast, I. cimicoides and N. glauca venom showed weak cytotoxicity 

and C. punctata venom was non-toxic (manuscript I). The cytotoxicity of animal venoms 

often reflects the presence of membrane pore-forming compounds (Amino et al., 2002; 

Matsuzaki et al., 1997). We identified several redulysins – homologs of the pore-forming 

trialysin – in P. horrida and P. biguttatus PMG venom, which were strongly expressed in a 

tissue-specific manner. Using assay-guided venom fractionation and peptide synthesis, we 

found that redulysins are antimicrobial agents in P. horrida venom (manuscripts II and III) 

suggesting a role in prey sterilization to prevent the ingestion of microbial pathogens. 

Redulysins/trialysins are very common in Reduviidae and other predatory and 

herbivorous true bugs (Fu et al., 2021; Walker et al., 2017; Walker et al., 2019; Yoon et al., 

2022), but are not present in nepomorphan venoms (Walker et al., 2018a; Yoon et al., 

2022) (manuscript I). This suggests that they rely on other compounds and/or 

mechanisms to quickly kill prey, liquefy animal tissue and defend against predators or 

pathogens. Whereas N. cinerea seems to secrete lytic proteins other than redulysins, 

N. glauca and I. cimicoides venoms featured no major lytic activity (manuscript I), 

indicating that they may rely on other modes of action or less potent lytic peptides. 

Moreover, N. glauca and I. cimicoides are active predators that can probably escape from 

their own predators quickly (Brooks et al., 2009; Peták et al., 2014), whereas N. cinerea is 

a slow-moving ambush predator that is probably more susceptible to predation 

(Esenbekova et al., 2015; Peták et al., 2014; Pineda et al., 2014). We therefore hypothesize 

that the strong cytotoxic activity of N. cinerea PMG venom is a species-dependent 

adaptation that confers predator deterrence in a microhabitat with a high risk of predator 

exposure. Furthermore, the complete absence of cytotoxic activity in C. punctata venom 

(manuscript I) is further evidence that this species is not predatory but rather feeds on 

plants and/or detritus.  

Many predatory true bugs can overwhelm prey animals that are many times larger 

than themselves (Edwards, 1961; Ohba, 2019; Ohba et al., 2008). Mechanisms that may 

facilitate this remarkable ability include barbed raptorial forelegs (Gorb, 1995; Ohba, 

2019; Ohba et al., 2008) and neurotoxic venom components that quickly paralyze prey 

(Corzo et al., 2001; Wait et al., 2020; Walker et al., 2017). We found that G. mellonella 

larvae injected with PMG extracts of the reduviids P. horrida and P. biguttatus were 

rapidly paralyzed (PD50 37.0 µg/g and 23.4 µg/g, respectively), indicating the presence of 
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potent neurotoxins (manuscript II). We identified several putative paralytic compounds 

in P. horrida and P. biguttatus venoms, including CUB domain proteins, cystatins and Ptu1-

like peptides (manuscript II). Although the paralytic activity of Ptu1 isolated from P. turpis 

has not been confirmed in vivo, it can reversibly block calcium channels in cell culture, 

confirming that it acts as a neurotoxin (Corzo et al., 2001). Water bugs can also paralyze 

their prey, in some cases even large vertebrates such as frogs, snakes and turtles (Ohba & 

Nakasuji, 2006; Ohba, 2011, 2019). We identified Ptu1-like peptides only in I. cimicoides 

venom and predict that it contributes to prey overwhelming in this species (manuscript I). 

Whereas N. cinerea probably relies on its specialized raptorial forelegs to subdue large 

prey, N. glauca does not have this morphological adaptation but can nevertheless quickly 

paralyze prey animals (Giller, 1980; Gittelman, 1974). We assume that peptides unrelated 

to Ptu1 are responsible for prey paralysis in this species (manuscript I). However, further 

research is needed to determine whether uncharacterized protein families or small non-

peptide molecules help nepomorphans like N. glauca to overwhelm their prey. 

Most predatory Heteroptera feed on arthropods, but some nepomorphan species, 

particularly those in the family Belostomatidae, also prey on vertebrates (Ohba & 

Nakasuji, 2006; Ohba, 2011, 2019). For example, I. cimicoides and N. glauca can feed on 

tadpoles and small fish (Gamboa et al., 2012; González & Leal, 1995; Le Louarn & Cloarec, 

1997; Ramos & Van Buskirk, 2012). The overwhelming and EOD of vertebrate prey 

requires specific adaptations due to differences in the nervous system, circulatory system 

and tissue composition compared to invertebrates (Arenas Gomez et al., 2020; Cobb & 

Pentreath, 1978; Monahan‐Earley et al., 2013; Smarandache-Wellmann, 2016). We 

identified a protein homologous to 5' nucleotidase 1 from the venom of the giant 

waterbug L. distinctifemur in I. cimicoides and N. glauca venom, but not in the other 

nepomorphan or cimicomorphan species we analyzed (manuscript I). This enzyme is an 

apyrase commonly found in the venoms of animals that feed on vertebrates and it 

probably inhibits ATP/ADP-induced platelet aggregation (Dhananjaya et al., 2006; Hart et 

al., 2008; Walker et al., 2018a). The presence of 5'-nucleotidase 1 only in I. cimicoides and 

N. glauca venom suggests that they have recruited this enzyme into their venom to 

expand their diet to include opportunistic feeding on vertebrates, similar to the giant 

water bugs.  

Our results show that the ecological niche, especially habitat, microhabitat and 
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feeding style, strongly determines the saliva/venom composition in terrestrial and aquatic 

Heteroptera. The two assassin bug species P. horrida and P. biguttatus do not differ much 

in terms of venom composition and activity, reflecting their close phylogenetic 

relationship and similar ecological niche (manuscript II). In contrast, we identified more 

specific adaptations among the nepomorphan species. The strictly predatory species 

I. cimicoides, N. glauca and N. cinerea produced mixtures of digestive enzymes similar to 

those of the cimicomorphan predators, but they also secreted several carbohydrases 

representing different GH families that were absent in P. horrida and P. biguttatus 

(manuscripts I and II). Our results also suggest that they have evolved different strategies 

to overwhelm and kill their prey, exemplified by the differences in venom cytotoxicity. 

Corixa punctata secreted mostly herbivory-associated enzymes and lacked any cytotoxic 

components, suggesting a mostly plant-based diet (manuscript I). Future research should 

include a broader range of heteropteran species from different ecological niches and 

families in order to define the general ecological characteristics of species based on their 

salivary/venom protein composition and activity. 

 

4.2. Context-dependent venom deployment in Heteroptera 

The complex venom systems of true bugs usually consist of three distinct venom 

chambers (AMG, PMG and AG) suggesting the functional compartmentalization of 

different venom mixtures (Figure 3B). The assassin bug P. plagipennis was the first insect 

shown to use distinct venom cocktails originating from different gland parts: PMG for 

predation and AMG for defense. Whereas defensive venom is released following mild 

harassment with tweezers, predation-associated venom was initially harvested following 

the unnatural process of electrostimulation (Walker et al., 2018b). We developed a 

method that allows the collection of predation-associated venom using a more natural 

stimulus, involving a prey dummy (manuscript II). This mimics a natural attack scenario 

and allowed the collection of clean predation venom from all species except C. punctata 

(manuscripts I and II). All the cimicomorphan and nepomorphan species we analyzed 

secreted distinct protein mixtures from the AMG and PMG. Although some proteins were 

produced in both glands, others were gland-specific, such as hemolysins and redulysins in 

the AMG and PMG, respectively (manuscripts I and II). This is consistent with other 
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studies of heteropteran venoms (Walker et al., 2018a; Walker et al., 2018b; Walker et al., 

2019). Despite differences between the glands, context-dependent venom deployment 

was only observed for the assassin bug P. horrida. A prey-dummy stimulus or mild 

harassment without fixation triggered the secretion of PMG venom, whereas strong 

harassment with fixation and squeezing led to the secretion of AMG venom 

(manuscript II). We hypothesize that the secretion of AMG venom by P. horrida is 

associated with a predator attack and may have strong deterrent effects on vertebrates. 

In contrast, P. biguttatus, I. cimicoides, and N. glauca used exclusively PMG venom for 

predation and defense (manuscripts I and II). Although the gland morphology of all 

species would allow for stimulus-dependent venom use, this trait seems to be restricted 

to certain species. This is particularly intriguing given the close phylogenetic relationship 

between the assassin bugs P. horrida and P. biguttatus. They share a very similar 

ecological niche, anatomy, and venom activity, with only the PMG venom having strong 

cytolytic effects, similar to other reduviid species (manuscript II). It remains unclear why 

context-dependent venom deployment is not ubiquitous in predatory true bugs, despite 

the presence of morphological prerequisites. Moreover, it calls into question the function 

of the AMG in heteropterans without an obvious context-dependent venom deployment, 

given the substantial differences in protein composition between the AMG and PMG 

extracts (manuscripts I and II). Perhaps AMG venom is released in response to stimuli that 

were not represented by our tests, such as a last reserve when encountering large 

(vertebrate) prey to minimize the use of metabolically intensive – and therefore costly – 

venom. A comparable strategy has been described for scorpions, which inject a simplistic 

pre-venom first, but switch to the peptide-rich main venom in high-threat situations 

(Inceoglu et al., 2003). Furthermore, AMG venom may be injected at a later stage of 

predation, which was not included in our analysis, to maximize the extraction of nutrients 

from difficult-to-access tissues. More extensive studies focusing on the biological activity 

of AMG venom, the regulation of context-dependent venom use and its distribution 

within true bugs are needed to clarify the function and ecology of venom use in 

Heteroptera. In particular, AMG-specific proteins such as hemolysins should be 

functionally characterized to determine their activity and role in envenomation.  
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4.3. Evolution of a versatile cytotoxin repertoire in predatory Reduviidae 

Predatory assassin bugs are known for their painful stings that can cause severe, long-

lasting symptoms (Haddad Jr et al., 2010; Hartwig, 1977). The strong cytotoxicity of the 

venom and its multiple ecological functions (prey paralysis and killing, EOD and defense) 

suggest that reduviid venoms contain diverse toxins that act on multiple targets. Peptide 

toxins are usually recruited from non-venom proteins, either through the co-option of 

single-copy genes or via gene duplication and neofunctionalization (Casewell, 2012; 

Drukewitz et al., 2019; Fry, 2005; Martinson et al., 2017; Walker, 2020). The increases 

gene diversification by releasing pleiotropic constraints (Walker, 2020). Therefore, many 

venom protein families are highly diversified, with individual members possessing 

different functions (Kordiš & Gubenšek, 2000).  

The most diverse protein families in the P. horrida and P. biguttatus PMG 

transcriptomes are the peptidase S1A chymotrypsin family, redulysins, and the 

uncharacterized heteropteran venom protein family 2 (manuscript II). The pore-forming 

redulysins may be the main cytotoxic agents in reduviid venom (Rügen et al., 2021; Walker 

et al., 2017), and we confirmed the strong antimicrobial activity of synthetic peptides 

based on the lytic region of P. horrida redulysins (manuscript III). We screened synthetic 

peptides representing 10 putative redulysin genes identified in the P. horrida genome 

containing a conserved motif homologous to the cleavage site (Asp-Glu-Glu-Arg [DEER]) 

in T. infestans trialysin (Amino et al., 2002; Martins et al., 2008) (manuscript III). Six of 

these peptides inhibited the growth of both E. coli and Bacillus subtilis, two inhibited 

B. subtilis alone and one inhibited E. coli alone (manuscript III). This suggests that the 

diversification of redulysins in P. horrida led to a shift in target specificity, enabling them 

to combat different microbial species, including both Gram-positive and Gram-negative 

bacteria. A similar functional divergence was shown for D. melanogaster peptides from 

the multigene drosomycin family that are act on different fungal strains (Yang et al., 2006). 

One limitation of our study is that the synthetic peptides only represent the lytic region 

of redulysins, whose activity spectra may differ from the mature full-length peptides. 

Several studies have reported lower activity and target-shifts in synthetic toxins compared 

to native peptides (Amino et al., 2002; Krämer et al., 2022). Therefore, it is possible that 

the mature full-length redulysins may not only possess antimicrobial activity but also act 
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on other cell types, although we found no or only weak activity towards insect and red 

blood cells (manuscript III).  

Domain duplications, resulting in domain repeats within one gene, can also play 

an important role in venom evolution. For example, the banded Gila monster Heloderma 

suspectum cinctum Bogert & Martín Del Campo encodes several toxins – one natriuretic 

peptide and four helokinestatins – from a single mRNA transcript, which evolved from a 

monodomain gene that underwent several domain duplications. The individual toxins are 

released by post-translational cleavage (Fry et al., 2010). We found two P. horrida 

redulysin genes (g1037.t1 and g1038.t1) containing four and six putative duplicated lytic 

domains, respectively, each characterized by a potential cleavage site homologous to the 

DEER motif followed by a lysine-rich region (manuscript III). The putative duplicated 

regions from g1038.t1 (Contig Phor_Comb_C9529 in the transcriptome) were detected by 

LC-MS/MS only in protein bands with a molecular mass less than 15 kDa, suggesting the 

native peptide is post-translationally cleaved into multiple peptides (manuscripts II and 

III). Therefore, we assessed the cytotoxic activity of seven additional synthetic peptides 

representing the putative duplicated lytic regions from g1037.t1 and g1038.t1 but none 

of them showed toxicity against bacterial, insect or mammalian cells (manuscript III). 

Further studies are needed to determine whether redulysins g1037.t1 and g1038.t1 are 

multidomain, multiproduct proteins that are cleaved into several active peptides and to 

characterize their activity spectra. They may be toxic towards cell types not tested in this 

study such as fungal pathogens or protozoan parasites. Activity against the latter would 

be ecologically and medically important because many heteropteran species carry 

parasites such as trypanosomes that cause diseases in plants and animals, including 

Chagas disease in humans (Dollet, 1984; Mitchell, 2004). 

Venom protein family 2 is an uncharacterized protein family that is highly 

abundant, diverse and strongly expressed in predatory Heteroptera (Walker et al., 2018a; 

Walker et al., 2018b; Walker et al., 2019; Yoon et al., 2022) (manuscripts I and II). We 

identified 10, 15, 9, 18 and 12 contigs representing venom protein family 2 in the PMG 

transcriptomes and proteomes of P. biguttatus, P. horrida, I. cimiciodes, N. glauca and 

N. cinerea, respectively. This made it the most diverse uncharacterized venom protein 

family among the predatory species, but was completely absent from C. punctata venom 

(manuscripts I and II). Based on the PMG-specific expression pattern in predacious bugs 
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and the presence of venom protein family 2 in the cytotoxic fractions of P. horrida venom, 

we hypothesized that these proteins may contribute to the cytotoxic venom activity of 

true bugs (manuscripts I, II and III). To test this hypothesis, we attempted to express 

several candidates of venom protein family 2 from P. horrida. The production of 

recombinant toxins can pose major challenges, such as their inability to fold properly and 

maintain native activity and their toxicity towards host cells in cell-based systems (Rivera-

de-Torre et al., 2022). We tried several cell-free as well as bacterial and insect cell-based 

expression systems, but none resulted in significant amounts of soluble, active protein. 

We encountered problems such as low protein expression, cell death after the induction 

of expression, low protein solubility after purification, and the inactivity of purified 

proteins (manuscript III). The low expression levels and cell death indicate that the 

proteins are indeed toxic. We therefore commissioned an external provider to screen 

insect, yeast and mammalian cell-based expression systems, which resulted in the 

successful expression of one P. horrida venom protein family 2 protein 

(Phor_Comb_C31143, hereafter Vpf2) in Chinese hamster ovary (CHO) cells. The purified 

protein significantly reduced insect cell viability but had no significant effects on E. coli 

growth or erythrocyte integrity (manuscript III). This indicates that Vpf2 contributes to 

the strong insecticidal effects of P. horrida venom and its role in overwhelming, killing and 

liquefying animal prey. Although no additional recombinant proteins were tested in this 

thesis, we assume that other members from venom protein family 2 also contribute to 

the toxicity of P. horrida venom. In contrast to redulysins, venom protein family 2 is found 

not only in reduviid venoms but also in nepomorphan venoms (Walker et al., 2018a; 

Walker et al., 2017; Walker et al., 2019) (manuscript I), suggesting that it was recruited 

prior to the divergence of the Panheteroptera approximately 258 million years ago (Wang 

et al., 2016). Given this evolutionary age and the remarkable diversity, we hypothesize 

that different family 2 proteins may have evolved distinct functions and activity spectra 

to attack a range of targets. Therefore, future studies should characterize the different 

venom protein family 2 proteins to determine their activity, mode of action and 

distribution among Heteroptera.  
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4.4. Conclusion and future perspectives 

This work provides new insights into the ecological function, composition and deployment 

of venom in predatory Heteroptera. We found strong evidence that the ecological niche, 

particularly habitat, microhabitat, feeding style and foraging strategy, influence 

venom/saliva composition and activity in the Reduviidae and Nepomorpha (manuscripts 

I and II). We cannot conclude there is a direct causality between venom profiles and 

ecological niches, but we propose that the compositional analysis of saliva/venom in true 

bugs can be used as a basis for the ecological assessment of a given species, although 

assumptions should be supported by ecological studies and activity assays. Detailed 

analysis of the main gland compartments revealed that all studied species secrete distinct 

protein mixtures in the AMG and PMG, although only P. horrida uses both venom types in 

a context-dependent manner (manuscripts I and II). We analyzed the PMG/prey-killing 

venom from P. horrida in more detail and identified cytotoxic redulysins and members of 

the uncharacterized venom protein family 2 (manuscript III). This clearly shows that the 

complex cytotoxic effects of the venom are not due to a single protein (family), but that 

P. horrida secretes multiple toxic proteins to attack different targets. Altogether, our 

results indicate that adaptive evolution plays a fundamental role in the composition of 

true bug venoms, especially in multigene families that have evolved diverse functions and 

activities. 

The conclusions drawn from this thesis raise new questions and perspectives for 

future studies because many aspects of venom evolution in Heteroptera remain unclear. 

Expanding the range of organisms to include true bug species from different infraorders, 

families, feeding styles and habitats would help to confirm patterns in venom/saliva 

protein composition associated with specific ecological niches. Neglected infraorders such 

as Dipsocoromorpha, Enicocephalomorpha and Leptopodomorpha as well as species with 

mixed feeding styles or high levels of specialization should be prioritized to fully 

understand the adaptive evolution of venoms. Moreover, research should focus on 

proteins from diverse multigene families that are present in the salivary secretions of both 

predatory and phytophagous species to elucidate their activity, biological role and 

contribution to niche shifts.  

We identified an insecticidal protein from the uncharacterized venom protein 
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family 2 in P. horrida, but the activity and function of other family 2 proteins remains 

unclear. Therefore, activity assays with different family 2 proteins from P. horrida and 

other predatory species are needed to determine the function of this gene family in true 

bug envenomations. Similarly, the ecological function and mode of action of different 

redulysins in their mature full-length form and the role of putative multidomain 

multiproduct proteins within this gene family warrants further investigation.  

True bugs have been largely neglected in drug discovery, but our results show that 

their venoms have complex toxic effects on a variety of targets that may be of interest for 

use as insecticides or therapeutics. Most importantly, candidates for drug development 

must be potent, stable, target-specific and suitable for mass production (King, 2013; Lewis 

& Garcia, 2003). The synthetic redulysin peptides tested in this thesis are interesting 

candidates for antimicrobial therapeutics because they were highly toxic to bacteria but 

had little effect against the other cell types tested (manuscript III). Although some 

peptides were specifically active against either E. coli or B. subtilis, their target specificity 

requires more research covering a broad spectrum of different microbes and cell types. 

For T. infestans trialysin, the potency and specificity of synthetic peptides representing 

different portions of the lytic region can vary strongly depending on the structural 

features of the N- and C-termini (Martins et al., 2006). Therefore, future research should 

cover different structural variants of synthetic P. horrida redulysin peptides obtained by 

targeted amino acid deletions or substitutions to improve potency and target specificity. 

Similarly, further research is needed on the insecticidal activity of venom protein family 2 

proteins and their potential for bioinsecticide development. Altogether, our study makes 

an important contribution to advances in insect venomics and sheds new light on venom 

evolution and ecology in Heteroptera.  
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5. SUMMARY 

The true bugs (Heteroptera) are a hyperdiverse suborder of phytophagous, mycopahous, 

hematopagous and zoophagous insects that inhabit a wide range of habitats around the 

world. With their piercing-sucking mouthparts, they inject protein-rich saliva into their 

food, pre-digest it, and take up the liquefied components. Predatory Heteroptera have 

evolved venomous saliva, which enables them to overwhelm, kill and pre-digest animal 

prey, in some cases many times larger than themselves. In addition, most predacious bugs 

can inflict painful bites to deter predators. However, the protein composition and activity 

of most true bug venoms is unknown and their role in the adaptation of true bugs to new 

ecological niches has not been studied in detail.   

In this thesis, I analyzed and compared the venom/salivary protein composition in 

two closely related African reduviid bugs (Psytalla horrida and Platymeris biguttatus) and 

four nepomorphan bugs (Ilyocoris cimicoides, Notonecta glauca, Nepa cinerea and Corixa 

punctata) occupying different ecological niches. The main objective was to identify 

species-dependent differences in venom composition, activity and deployment that can 

be linked to ecology. Moreover, I analyzed the venom of P. horrida in detail to identify 

and characterize the major cytotoxic venom components.  

By combining proteotranscriptomic analysis and bioassays, we found interspecific 

differences in venom composition and activity that probably reflect adaptions to the 

microhabitat, feeding style and foraging strategy of different species (Figure 5). Whereas 

the strictly predatory species are well adapted to the extra-oral digestion of animal 

tissues, secreting mainly S1 family peptidases and lipases, the presumably omnivorous 

C. punctata secretes a wide range of carbohydrases and C1 family peptidases, suggesting 

a mainly plant-based diet. We identified amylases in predatory and omnivorous species 

and found evidence of dual activity on starch and glycogen, suggesting that amylases play 

a role in the digestion of both plant and animal carbohydrates. In addition, we found 

multiple species-dependent proteins probably associated with opportunistic vertebrate 

feeding, predator deterrence and prey overwhelming.  

All species secreted distinct protein mixtures in the two main gland compartments, 

the anterior and posterior main gland (AMG and PMG, respectively). However, only 

P. horrida deployed AMG and PMG venom in a context-dependent manner, using PMG 



SUMMARY  

91  

venom for prey killing and AMG venom for defense. Accordingly, only PMG venom had 

significant digestive, antimicrobial, hemolytic and insecticidal activity and was analyzed 

further to identify the compounds responsible for the strong cytotoxic effects. The activity 

was restricted to two fractions obtained by cation-exchange chromatography. These were 

analyzed by liquid chromatography tandem mass spectrometry, revealing that they 

mainly contained gelsolin, S1 family peptidases, redulysins and proteins from the 

uncharacterized heteropteran venom protein family 2. Synthetic redulysin peptides 

significantly reduced microbial growth and a recombinant venom protein family 2 protein 

showed insecticidal activity, indicating that these protein families play a key role in 

antimicrobial defense, prey overwhelming, prey killing and/or liquefaction.  

This thesis is an important contribution to our knowledge concerning the evolution 

and ecology of venom in predatory Heteroptera. It provides evidence that the ecological 

niche strongly influences venom composition, activity and deployment (Figure 5), 

suggesting that venomous Heteroptera are valuable models to study adaptive evolution. 

In addition, the identification and characterization of cytotoxic components in P. horrida 

venom paves the way to study heteropteran venom as a potential source of novel 

therapeutics, bioinsecticides and biotechnological tools. 
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Figure 5: Graphical summary of the results described in this thesis. The ecological niche 
(including microhabitat, foraging strategy and diet) influences venom composition and 
activity in heteropterans. (A) We found considerable interspecific differences in venom 
composition that probably improve prey overwhelming and/or facilitate feeding on 
vertebrates. Although all the species we studied secrete different protein mixtures in the 
AMG and PMG, only P. horrida deploys both venom types in a context-dependent manner. 
(B) The repertoire of digestive salivary enzymes differs considerably between 
omnivorous/herbivorous and predatory species and is well adapted to each diet. 
Amylases probably play a role in herbivory and zoophagy due to their dual ability to break 
down both starch and glycogen. (C) The venom of predatory species has strong cytotoxic 
effects and contributes to predator deterrence as well as prey overwhelming, killing and 
liquefaction. The major cytotoxic protein families in the venom of P. horrida are redulysins 
and venom protein family 2. 
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6. ZUSAMMENFASSUNG 

Wanzen (Heteroptera) sind eine sehr diverse Unterordnung phytophager, mykophager, 

hämatophager und zoophager Insekten, die eine Vielzahl unterschiedlicher Lebensräume 

auf der ganzen Welt nutzen. Mit ihren stechend-saugenden Mundwerkzeugen injizieren 

sie proteinreichen Speichel in ihre Nahrung, verdauen sie vor und nehmen die 

verflüssigten Bestandteile auf. Räuberische Wanzen haben giftigen Speichel entwickelt, 

mit dem sie teils vielfach größere Beutetiere überwältigen, töten und vorverdauen 

können. Darüber hinaus können die meisten räuberischen Wanzen schmerzhaft stechen 

um Fressfeinde abzuschrecken. Die Proteinzusammensetzung und Aktivität der meisten 

Wanzengifte sowie ihre Rolle bei der Anpassung an neue ökologische Nischen sind jedoch 

noch nicht bekannt.  

In dieser Arbeit analysierte und verglich ich die Zusammensetzung von Gift- bzw. 

Speichelproteinen zweier eng verwandter afrikanischer Wanzenarten (Psytalla horrida 

und Platymeris biguttatus) der Familie Reduviidae und vier nepomorpher Wanzenarten 

(Ilyocoris cimicoides, Notonecta glauca, Nepa cinerea und Corixa punctata), die 

unterschiedliche ökologische Nischen besetzen. Das Hauptziel bestand darin, 

artspezifische Unterschiede in der Zusammensetzung, Aktivität und Nutzung der Gifte zu 

ermitteln, die mit der jeweiligen Ökologie der Arten in Verbindung gebracht werden 

können. Darüber hinaus habe ich das Gift von P. horrida weiter analysiert, um die 

wichtigsten zytotoxischen Giftkomponenten zu identifizieren und zu charakterisieren.  

Mithilfe eines integrierten proteotranskriptomischen und Bioassay-basierten 

Ansatzes fanden wir interspezifische Unterschiede in der Zusammensetzung und Aktivität 

der Gifte, die wahrscheinlich Anpassungen an das Mikrohabitat, den Ernährungsstil und 

die Futtersuchstrategie der Arten widerspiegeln (Figure 5). Während die rein räuberisch 

lebenden Arten offenbar gut an die extraorale Verdauung von tierischem Gewebe 

angepasst sind und hauptsächlich Peptidasen der S1-Familie und Lipasen absondern, 

produziert die vermutlich allesfressende Art C. punctata eine breite Palette verschiedener 

Kohlenhydrasen und Peptidasen der C1-Familie, was auf eine hauptsächlich pflanzliche 

Ernährung schließen lässt. Wir identifizierten Amylasen sowohl bei räuberischen als auch 

bei allesfressenden Wasserwanzenarten und fanden Hinweise auf eine duale Aktivität 

gegenüber Stärke und Glykogen, was darauf hindeutet, dass Amylasen eine Rolle bei der 
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Verdauung sowohl pflanzlicher als auch tierischer Kohlenhydrate spielen. Zudem fanden 

wir mehrere artspezifische Proteine, die wahrscheinlich mit der opportunistischen 

Ernährung von Wirbeltieren, der Abwehr von Räubern und der Überwältigung von 

Beutetieren zusammenhängen.  

Alle Arten sonderten in den beiden Hauptdrüsenkompartimenten, der vorderen 

und hinteren Hauptdrüse (AMG bzw. PMG), unterschiedliche Proteinmischungen ab. 

Allerdings setzte nur P. horrida AMG- und PMG-Gift kontextabhängig ein, wobei PMG zur 

Tötung der Beute und AMG zur Verteidigung genutzt wurde. Dementsprechend hatte nur 

das PMG-Gift eine signifikante Verdauungs-, antimikrobielle, hämolytische und insektizide 

Wirkung und wurde weiter analysiert, um die Verbindungen zu identifizieren, die für die 

starke zytotoxische Aktivität verantwortlich sind. Die toxischen Wirkungen beschränkten 

sich auf zwei Fraktionen, die durch Kationenaustauschchromatographie gewonnen 

wurden. Diese wurden mithilfe von Flüssigchromatographie-Tandem-Massen-

spektrometrie analysiert, wobei sich herausstellte, dass sie hauptsächlich Gelsolin, 

Peptidasen der S1-Familie, Redulysine und Proteine der nicht charakterisierten 

Heteropteren-Giftproteinfamilie 2 enthielten. Synthetische Redulysin-Peptide und ein 

rekombinantes Protein der Giftproteinfamilie 2 verringerten das mikrobielle Wachstum 

bzw. die Lebensfähigkeit von Insektenzellen signifikant, was darauf hindeutet, dass diese 

Proteinfamilien eine entscheidende Rolle bei der antimikrobiellen Abwehr und der 

Überwältigung, Tötung und/oder Verflüssigung der Beute spielen. 

Diese Arbeit trägt wesentlich zum Wissen über die Evolution und Ökologie von 

Giften in räuberischen Wanzen bei. Sie liefert Beweise, dass die ökologische Nische die 

Zusammensetzung, Aktivität und den Einsatz der Gifte stark beeinflusst (Figure 5), was 

darauf hindeutet, dass giftige Wanzen optimale Modelle zur Untersuchung der adaptiven 

Evolution darstellen. Darüber hinaus ebnet die Identifizierung und Charakterisierung 

zytotoxischer Verbindungen in P. horrida Gift den Weg zur Untersuchung des Potenzials 

von Wanzengiften als Therapeutika, Bioinsektizide oder biotechnologische Werkzeuge.    
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12. SUPPLEMENTARY DATA 

12.1. Manuscript I  

Supplemental Information for: 
 You are what you eat – ecological niche and microhabitat influence venom activity and composition in aquatic bugs 
 

Maike L. Fischer, Sol A. Yepes Vivas, Natalie Wielsch, Roy Kirsch, Andreas Vilcinskas, 
Heiko Vogel 

 
Proceedings of the Royal Society B: Biological Sciences 

 
 Supplementary Methods 
 1. LC-MS/MS, proteomic data processing and protein identification  
Dried tryptic peptides were dissolved in 1% formic acid in water. Liquid chromatography-tandem 
mass spectrometry was performed using an UPLC M-class system online coupled to a Synapt G2-
si mass spectrometer (Waters). The experimental and data acquisition methods were previously 
described in detail (Fischer et al. 2020). Briefly, peptides were separated on an ACQUITY UPLC 
HSS T3 analytical column (100Å, 75 µm X 200, 1.8 µm particle size) at a flow rate of 350 nL/min. 
The gradient of mobile phase A (0.1% aqueous formic acid) and B (acetonitrile plus 0.1% formic 
acid) increased from 2-10% B over 5 min, 10-40% B over 40 min, 40-70% B over 7 min, 70-95% B 
over 3 min, isocratic at 95% B for 2 min and back to 1% B. The MS survey scans were acquired at 
a resolution of at least 20,000 over a mass range of m/z 400-1,800 Da. Data were recorded by 
data-dependent acquisition (DDA) and in each cycle the 10 most intense precursor ions were 
subjected to fragmentations in the range of m/z 50-2,000. Multiple fragmentations for the same 
precursor ions were minimised using dynamic exclusion. MS data were collected using MassLynx 
v4.1 software (Waters).The MS raw data were processed using the ProteinLynx Global Server 
(PLGS) version 2.5.2 (Waters, Manchester, UK). In order to exclude background proteins, the 
spectra were first searched against a subdatabase containing common contaminants (human 
keratins and trypsin). Spectra remained unmatched were interpreted de novo to yield peptide 
sequences and subjected for homology-based searching using MS BLAST program (Shevchenko 
et al. 2001) installed on a local server. MS BLAST searches were performed against the Arthropoda 
database (downloaded from NCBI on August 29, 2020). Additionally, we used individual 
subdatabases derived from in silico translation of the transcriptomes of I. cimicoides, N. cinerea, N. 
glauca, and C. punctata. The pkl files generated from the raw data were searched additionally with 
the NCBI nr database (downloaded August 29, 2020) in combination with the respective 
subdatabase using MASCOT v2.6.0. The following searching parameters were applied: fixed 
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precursor ion mass tolerance of 15 ppm for survey peptide, fragment ion mass tolerance of 0.1 Da, 
1 missed cleavage, fixed carbamidomethylation of cysteines and possible oxidation of methionine. 
 
PD and D samples from N. glauca were analysed in-solution. Reduction and alkylation of disulphide 
bridges in cysteine containing proteins was performed with dithiothreitol (56°C, 30 min, 10 mM in 
50 mM HEPES, pH 8.5) and 2-chloroacetamide (room temperature, in the dark, 30 min, 20 mM in 
50 mM HEPES, pH 8.5), respectively. Sequencing grade Trypsin (Promega) was added in a 1: 50 
ratio in 50 mM ammonium bicarbonate for overnight digestion at 37°C. The digest was stopped by 
the addition of formic acid to 0.1% final concentration and desalted with an OASIS® HLB µElution 
Plate (Waters). Samples were dried under vacuum centrifugation and reconstituted in 10 μL 1% 

formic acid, 4% acetonitrile and then stored at -80 °C until LC-MS analysis. An UltiMate 3000 RSLC 
nano LC system (Dionex) fitted with a trapping cartridge (µ-Precolumn C18 PepMap 100, 5µm, 300 
µm i.d. x 5 mm, 100 Å) and an analytical column (nanoEase™ M/Z HSS T3 column 75 µm x 250 

mm C18, 1.8 µm, 100 Å, Waters) was coupled directly to a QExactive Plus (Thermo) mass 
spectrometer using the Nanospray Flex™ ion source in positive ion mode. Trapping was carried 

out with a constant flow of 0.05% trifluoroacetic acid at 30 µL/min onto the trapping column for 4 
minutes. Subsequently, peptides were eluted via the analytical column with a constant flow of 0.3 
µL/min with increasing percentage of solvent B (0.1% formic acid in acetonitrile) from 2% to 4% in 
4 min, from 4% to 8% in 2 min, then 8% to 25% for a further 41 min, and finally from 25% to 40% 
in another 5 min and from 40% to 80% in 4 min. The peptides were introduced into the QExactive 
plus via a Pico-Tip Emitter 360 µm OD x 20 µm ID; 10 µm tip (MSWIL) and an applied spray voltage 
of 2.2 kV. The capillary temperature was set at 275°C. Full mass scans were acquired with mass 
range 350-1500 m/z in profile mode with resolution of 70000. The filling time was set at maximum 
of 100 ms with a limitation of 3x106 ions. Data dependent acquisition (DDA) was performed with 
the resolution of the Orbitrap set to 17500, with a fill time of 50 ms and a limitation of 1x105 ions. A 
normalised collision energy of 26 was applied. Loop count 20. Isolation window 1.7 m/z. Dynamic 
exclusion time of 20 s was used. The peptide match algorithm was set to ‘preferred’ and charge 

exclusion ‘unassigned’, charge states 1, 5 - 8 and above 8 were excluded. MS2 data was acquired 
in centroid mode. The raw mass spectrometry data was processed with MaxQuant (v1.6.17.0) 
(PMID: 19029910) and searched against the subdatabase derived from in silico translation of the 
N. glauca transcriptome containing the longest open reading frames. Common contaminants were 
included in each search. Decoy mode was set to revert. Carbamidomethyl (C) was set as fixed 
modification, acetylation of N-termini and oxidation of methionine were set as variable 
modifications.  The mass error tolerance for the full scan MS spectra was set to 20 ppm and for the 
MS/MS spectra to 0.5 Da. A maximum of 2 missed cleavages was allowed. For protein 
identification, a minimum of 1 unique peptide with a peptide length of at least seven amino acids 
and a false discovery rate below 0.01 were required on the peptide and protein level. 
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2. RNA-Seq and de novo transcriptome assembly 
Data obtained from RNA-Seq were further processed using CLC Genomics Workbench v20.1. 
Quality control included filtering of high-quality reads, removal of reads containing primer/adaptor 
sequences, and trimming of read lengths. For transcriptome assembly, RNA-Seq data from all 
tissue samples (AMG, PMG, gut and remaining body tissue) were combined for each species and 
de novo transcriptome assemblies were prepared using default settings and two additional CLC-
based assemblies with different parameters. For each species, the presumed optimal consensus 
transcriptome was selected as described previously (Vogel et al., 2014) and annotated using 
BLAST, Gene Ontology and InterProScan in OmicsBox (https://www.biobam.com/omicsbox) as 
described by Götz et al. (2008). For BLASTx searches against the non-redundant NCBI protein 
database (nr database), up to 20 best NR hits per transcript were considered, using an E-value 
cutoff of ≤10-3 and a minimum match length of 15 amino acids. A Benchmarking Universal Single-
Copy Orthologs (BUSCO) analysis (http://busco.ezlab.org) was used to assess transcriptome 
completeness by comparing the assembled transcriptomes against a set of highly-conserved 
single-copy orthologs. For this, the BUSCO v5 pipeline (Waterhouse et al., 2017) was used to 
compare the predicted proteins of the transcriptomes to the predefined set of 1658 Insecta single-
copy orthologs from the OrthoDB v9.1 database. For digital gene expression analysis, BAM files 
were generated and sequences were counted using CLC Genomics Workbench v20.1, with 
parameters for read mapping and normalization as previously described (Pöppel et al., 2015). To 
estimate gene expression levels, mapped read values were normalised as implemented in CLC 
Genomics Workbench v20.1 and ArrayStar, and the reads per kilobase per million mapped reads 
(RPKM) were calculated. Potential venom-associated contigs were selected based on their 
annotations, expression levels, presence in the respective proteome and the presence of a signal 
peptide for secretion (i.e., extracellular localization) using SignalP4.1 (D-cutoff value 0.34).   
 
 
References 
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Supplementary Tables  Table S1: Summary of de novo reference transcriptome assemblies from I. cimicoides, N. glauca, N. cinerea and C. punctata and candidate venom protein selection.  

Species Number 
of 
contigs 

N50 
contig 
size 

BUSCO coverage (Insecta_odb9 
database) 

Selected venom 
protein candidates 

I. cimicoides 63.868 1.624 C:86.2%[S:85.5%,D:0.7%],F:5.8%,M:6.0% AMG: 41; PMG: 71 

N. glauca 56.171 2.171 C:90.4%[S:89.5%,D:0.9%],F:4.4%,M:5.2% AMG: 81; PMG: 116 

N. cinerea 55.742 1.824 C:86.5%[S:85.9%,D:0.6%],F:6.2%,M:7.3% AMG: 18; PMG: 89 

C. punctata 51.117 1.734 C:85.5%[S:84.7%,D:0.8%],F:8.0%,M:6.5% AMG: 62; PMG: 78 

  Supplementary Figures   

 Figure S1: Schematic overview of the preparation of an artificial prey dummy for venom collection. A droplet of PBS is pipetted onto a piece of stretched parafilm and then enclosed by folding the parafilm over the droplet (1.). The material is cut off as shown (2.) and the long end is twisted into a stem for better handling (3.). The dummy is then moved on the water surface to imitate a potential prey animal (4.). 
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 Figure S2: Protein occurrences in AMG and PMG extracts and defensive (D) and prey dummy (PD) venom of I. cimicoides, N. glauca, and N. cinerea. 
 
 
 

 Figure S3: Mouthpart morphology of I. cimicoides, N. glauca, N. cinerea and C. punctata. 
  



Supplementary Methods
1. LC-MS/MS, proteomic data processing and protein identification

to 5 µL of the peptide
mixture was injected into a Waters M-class ultra-high performance liquid chromatography (UPLC)
system coupled online to a Synapt G2-si mass spectrometer (Waters). Samples were pre-
concentrated and desalted online using a UPLC M-Class Symmetry C18 trap column (100 Å, 180 µm
x 20 mm, 5 µm particle size) and 0.1% aqueous formic acid at a flow rate of 15 µL min-1. The peptides
were eluted onto an Acquity UPLC HSS T3 analytical column (100 Å, 75 µm X 200, 1.8 µm particle
size) at a flow rate of 350 nL min-1 using a gradient of mobile phase A (0.1% aqueous formic acid) and
B (acetonitrile plus 0.1% formic acid) increasing from 2-10% B over 5 min, 10 40% B over 40 min, 40
70% B over 7 min, 70-95% B over 3 min, isocratic at 95% B for 2 min, and a return to 1% B. The
eluted peptides were injected into the mass spectrometer operating in V-mode and positive ESI mode,
with a resolving power of at least 20,000 full width at half maximum height (FWHM). We injected 100

-1 human Glu-fibrinopeptide B in 0.1% formic acid/acetonitrile (1:1 v/v) at a flow
min-1 via the reference sprayer every 45 s to compensate for mass shifts in MS and MS/MS
fragmentation mode.
Data were collected by data-dependent acquisition (DDA). The acquisition cycle for DDA analysis
consisted of a survey scan covering the m/z range 400 1800 Da followed by MS/MS fragmentation of
the 10 most intense precursor ions collected at 0.5-s intervals in the m/z range 50 2000. Dynamic
exclusion was applied to minimize multiple fragmentations for the same precursor ions. MS data were
collected using MassLynx v4.1 software (Waters).
DDA raw data were processed and screened against a sub-database containing common
contaminants (human keratins and trypsin) using ProteinLynx Global Server (PLGS) v2.5.2 (Waters).
The following parameters were applied: fixed precursor ion mass tolerance = 15 ppm for survey
peptide, fragment ion mass tolerance = 0.02 Da, estimated calibration error = 0.002 Da, one missed
cleavage, fixed carbamidomethylation of cysteine residues, and variable oxidation of methionine.
Spectra that remained unmatched following the database search were interpreted de novo to yield
peptide sequences for homology-based searching using MS BLAST (Shevchenko et al. 2001)
installed on a local server. MS BLAST searches were performed against the Arthropoda database
(download from NCBI on 12 February 2019) and P. horrida and P. biguttatus sub-databases obtained
from in silico translation of the corresponding transcriptomes. The pkl files generated from raw data
were searched in parallel against the NCBInr database (downloaded on 10 January 2019) combined
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with P. horrida and P. biguttatus sub-databases using MASCOT v2.6.0 and the parameters described
above.
2. RNA-Seq and de novo transcriptome assembly
Quality control measures, including the filtering of high-quality reads, the removal of reads containing
primer/adaptor sequences, and the trimming of read lengths, were applied using CLC Genomics
Workbench v11.1. For transcriptome assembly, RNA-Seq data from all four tissue samples were
combined for each species and de novo transcriptome assemblies were prepared using CLC
Genomics Workbench v11.1 with standard settings and two additional CLC-based assemblies with
different parameters. The presumed optimal consensus transcriptome for each species was then
selected, as previously described (Vogel et al., 2014). The transcriptomes were annotated using
BLAST, Gene Ontology and InterProScan in OmicsBox (https://www.biobam.com/omicsbox) as
described by Götz et al. (2008). For BLASTx searches against the non-redundant NCBI protein
database (NR database), up to 20 best NR hits per transcript were retained, with an E-value cutoff of

-3 and a minimum match length of 15 amino acids. To assess transcriptome completeness, we
performed a Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis
(http://busco.ezlab.org) by comparing our assembled transcriptomes against a set of highly-conserved
single-copy orthologs. This was accomplished using the BUSCO v3 pipeline (Waterhouse et al.,
2017), comparing the predicted proteins of the P. biguttatus and P. horrida transcriptomes to the
predefined set of 1658 Insecta single-copy orthologs from the OrthoDB v9.1 database. Digital gene
expression analysis was carried out using CLC Genomics Workbench v11.1 to generate BAM files,
and then counting the sequences to estimate expression levels, using previously described
parameters for read mapping and normalization (Pöppel et al., 2015). Gene expression levels were
estimated by normalizing mapped read values as implemented in CLC Genomics Workbench v11.1
and ArrayStar, calculating the reads per kilobase per million mapped reads (RPKM) and transcripts
per million (TPM) values. For comparisons of expression levels between tissues, we used the log2
transformed TPM value.
Potential venom or gut transcripts were screened for the presence of a signal peptide using SignalP
4.1 and classified based on the annotations. The extracted tissue-specific gene sets were then
compared and complemented with the proteins that were identified by LC-MS/MS analysis.
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Supplementary Figures

Figure S1. Proteins of the P. biguttatus PMG and prey dummy venom identified by LC-MS/MS. TheCoomassie-stained protein gel on the left yielded the PMG venom proteins shown on the right,including the predicted protein masses (kDa), the total score, number of assigned peptides anddescriptions. The excised bands are indicated with numbers and lines on the right side of the proteingel. For the proteins identified by LC-MS/MS, gene expression levels (log2 TPM) in the PMG, AMG,gut, and remaining body tissues are shown in the heat map. PM = protein marker. See Table S1 forthe identity of matching predicted proteins in the P. biguttatus transcriptome.
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Figure S2. Proteins of the P. biguttatus AMG and defense venom (mild harassment) identified by LC-MS/MS. The Coomassie-stained protein gel on the left yielded the AMG venom proteins shown on theright, including the predicted protein masses (kDa), the total score, number of assigned peptides anddescriptions. The excised bands are indicated with numbers and lines on the right side of the proteingel. For the proteins identified by LC-MS/MS, gene expression levels (log2 TPM) in AMG, PMG, gut,and remaining body tissues are shown in the heat map. PM = protein marker.  See Table S1 for theidentity of matching predicted proteins in the P. biguttatus transcriptome.
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Supplementary tables 
 
Table S2: Summary of the tests used to statistically analyze the results from the bioassays.   

 Assay Test P Test 

Fractions 

Bacterial growth inhibition ANOVA 5.7e-10 Pairwise t-tests 

Cell viability Kruskal-
Wallis 

1.9e-08 Pairwise Dunn’s 
tests 

Hemolysis Kruskal-
Wallis 

0.007735 Pairwise Dunn’s 
tests 

Calcium imaging Kruskal-
Wallis 

9.9e-08 Pairwise Dunn’s 
tests 

Redulysins 

Bacterial 
growth 
inhibition 

E. coli Kruskal-
Wallis 

7.1e-05 Pairwise Dunn’s 
tests 

B. subtilis ANOVA 1.9e-11 Pairwise t-tests 

B. 
thuringiensis 

ANOVA 4.4e-10 Pairwise t-tests 

Cell viability Kruskal-
Wallis 

6.4e-13 Pairwise Dunn’s 
tests 

Hemolysis Kruskal-
Wallis 

7.6e-10 Pairwise Dunn’s 
tests 

Calcium imaging Kruskal-
Wallis 

0.00184  

Vpf2 

Cell viability Kruskal-
Wallis 

2.2e-07 Pairwise Dunn’s 
tests 

Calcium imaging ANOVA 0.1866  

 

 

Table S2: Summary of de novo reference transcriptome assembly from L. rugulipennis.  

Species Number of 
contigs 

N50 contig 
size 

BUSCO coverage (Insecta_odb9 
database) 

L. rugulipennis 66.754 1.576 C:91.4%[S:90.3%,D:1.1%],F:3.9%,M:4.7
% 
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Table S3: P. horrida redulysins identified in the genome, PMG transcriptome and 
proteomes of PMG venom, fraction A and fraction B. The molecular weight of the 
unprocessed proteins is given in kDa. 

 
 
  

Genome 
(name) 

Molecular    
  weight 
(kDa) 

Transcriptome PMG 
(name) 

Proteome 
PMG 

Proteome 
Fraction A 

Proteome 
Fraction B 

g1038.t1   69.9 Phor_Comb_C9529 X X  

g1037.t1   55.2     

g1039.t1   30.7     

g2020.t1   27.1 Phor_Comb_C34871 X   

g2021.t1   27.2 Phor_Comb_C46120 X   

g2022.t1   26.7 Phor_Comb_C52128 X  X 

g2023.t1   27.1     

g2565.t1a   18.7 Phor_Comb_C25695 X   

g2565.t1b   25.1 Phor_Comb_C44851    

g2565.t1c   19.6     

g17426.t1a   25.3 Phor_Comb_C27614 X   

g17426.t1b   40.7     
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Table S4: Sequences of synthesized redulysin peptides from P. horrida and L. rugulipennis. 

No Species Gene name Sequence 

1 

 P. horrida 

g1038.t1 1 ETWGKMKDHYLNLGKETLAKLKELKEKGQG 

2 

domain 

2 DLPYTTKVLLILKETLDKLKAATGEEKEKLIQKIKG 

3 3 EAWGKMKNHYLNLGKATLAKLNELKENYKT 

4 4 DPALTAKILLKLKEYLEKLKAAAGKEKEKLILKIKE 

5 5 KETFGKLKDRWSQLTKAQLQKVIQTLKN 

6 6 QIIQKYVQKLKDFYEKIKAAVGAKKEELKKRLEE 

7 7 GWLGKLGKGMKKVGKKFVKKMSSAMKAGCKKGMK
MLKD 

8 g1037.t1 1 EAWGKMKDHYLNLGKATLAKLNELKENYKT 

9 
domain 

5 GWLGKLGKGMKKVGKKFMKKMSSTMKAGCKKGMK
MLKD 

10 g2020.t1 GKVGDWFKKYWKNFKNAMKKLSKEIKEACNKGREFL
KK 

11 g2021.t1 GFGDWAQGVWNDAKNVFKKLKKAVKQKCKEGREYL
KK 

12 g2022.t1 GKGLDWFKKQWGKMKNSWKKVGAKVKAVFNKGRD
FLKK 

13 g2023.t1 GKVGDWFKNQWGKMKNSFKKVGAKMKAVFNKGRE
FLKK 

14 g2565.t1a KTWTTLKMAVNKLLSRYRKLSKEDFKKILK 

15 g2565.t1b GRWDTFKEKVKIFAKDKKELAKQWAGKFKEWLITTKE
NAKIKLKE 

16 g17426.t1a GRKNDKYIGDVIKERLRKLKKSMVEGLRRLKN 

17 g17426.t1b GNKVTSKDPSKPKKKKKFSLKGIGESMKKWAKKGLEIL
KS 

18  L. rugulipennis Lrug_Comb_C538 SKIGSMGKHVIKQIGKVGLNMLKKGLKVLKSMYYKFG
GKRLLKRAKEYLKK 
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Supplementary figures 
 

 

Figure S1: Alignment of P. horrida redulysins g1038.t1, g1037.t1 and trialysin from 
T. infestans (Genbank accession: AAL82381.1). Acidic and basic amino acids are 
highlighted in red and blue, respectively. Cysteine residues are highlighted in yellow. The 
signal peptide sequence is marked in green and the lytic region according to Amino, et al. 
[1] in yellow. Dotted vertical lines represent the putative restriction sites after the signal 
peptide and pro-peptide. 
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Figure S2: Redulysin g1038.t1 (contig Phor_Comb_C9529) identified in the LC-MS/MS 
analysis of P. horrida PMG venom conducted in Fischer, et al. [2]. The numbered boxes 
indicate the bands that were cut out for analysis. The colored boxes highlight the bands 
where redulysin g1038.t1 (Phor_Comb_C9529) was detected. The colored sequences 
represent the peptides that were detected in the respective protein band and matched 
the amino acid sequence of g1038.t1. PMG = PMG extract; M = molecular weight marker. 
Details on methods of the transcriptomic and proteomic analysis are described in Fischer, 
et al. [2]. 
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Figure S3: Calcium imaging of D. melanogaster antennal lobes after treatment with 100 
µM of selected redulysin peptides. Changes of intracellular calcium concentration 
(represented by dF/F) after treatment with peptide 7 (A), peptide 10 (B) or peptide 12 (C). 
(-) = 20 mM MES pH 5.5. Violin plots represent the fluorescence intensity after 10 min. 
Statistical test: Kruskal-Wallis test (α = 0.05). Boxplots within the violin plots represent 
median (line), interquartile range (box) and data range (whiskers). 
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Figure S4: Alignment of the C-terminal region of the P. horrida redulysins and venom 
family 2 proteins. Residues with > 50% agreement to the consensus are highlighted.  
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