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Erklärung gemäß der Promotionsordnung des Fachbereichs 09 vom 07. Juli 2004 § 17 (2), 
geändert am 29. Mai 2019 
 
 
Ich erkläre: Ich habe die vorgelegte Dissertation selbständig und ohne unerlaubte fremde Hilfe und nur 
mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die wörtlich oder 
sinngemäß aus veröffentlichten Schriften entnommen sind, und alle Angaben, die auf mündlichen 
Auskünften beruhen, sind als solche kenntlich gemacht. Bei den von mir durchgeführten und in der 
Dissertation erwähnten Untersuchungen habe ich die Grundsätze guter wissenschaftlicher Praxis, wie sie 
in der „Satzung der Justus- Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ 
niedergelegt sind, eingehalten. 
 
 

 
__________________        Gießen, 31.08.2020  
     Tim Lüddecke 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Erklärung gemäß Promotionsordnung 

  II 

 
 
 
 
 
 
 
 
 
 
 
 
Die vorliegende Arbeit wurde in den Jahren 2018 bis 2020 in der Abteilung Bioressourcen des 
Fraunhofer-Instituts für Molekularbiologie und Angewandte Ökologie (IME-BR) in Gießen unter der 
Leitung von Prof. Dr. Andreas Vilcinskas angefertigt. Die Promotion wurde in dieser Zeit durch das 
LOEWE-Zentrum für Translationale Biodiversitätsgenomik (LOEWE TBG) finanziell gefördert und 
war innerhalb des Zentrums dem Schwerpunkt Naturstoffgenomik zugeordnet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Acknowledgements 

  III 

Acknowledgments  
 
Firstly, I sincerely want to thank my mentor and doctor father Prof. Dr. Andreas Vilcinskas for accepting 
me as his student and for providing me the means of pursuing a PhD under his guidance. In 2018 he 
offered me the opportunity to follow my lifelong passion for venomous creatures, despite that we never 
met before. For me, this act of blind trust was a rather life changing opportunity and ranks among the 
most generous things I´ve ever experienced. During my time in his group, Andreas constantly had an 
open ear for me and my concerns. He was always available when I needed him - even during the „special“ 
times, such as: Society shut downs through a pandemic, institute wide IT shutdowns through hacker 
attacks, important project evaluations being on the horizon or all the random catastrophes linked to the 
new building phenomenon. I am grateful for the time I had in his group and acknowledge that his 
mentorship largely shaped me into the scientist I am today. 
 
Furthermore, I need to thank two people who were instrumental for this thesis: Dr. Sarah Lemke 
successfully managed to supervise me and my project in the everyday business, may it be in the office or 
in the lab. For reasons that I have not been able to decipher, she remained calm and patient throughout 
my whole PhD and was never annoyed by my venom-monologues. On several occasions she would take 
custody for general tasks that I was in charge in order to create more opportunities for me doing science. 
It was her advice on many smaller and bigger issues along the way that provided the means for me 
successfully writing this work. Thanks Sarah! In addition to her, Dr. Björn M. Von Reumont was crucial 
for this work. His vast knowledge on basically all aspects of our field where I have been missing out, was 
a major contributor to this thesis. Moreover, the things I´ve learned from him about project planing, 
personal management and beer are essential for my future career (yeah, I know that I still have to focus 
;D). Despite we had arguments and often pursue research by different strategies, I acknowledge his 
experience and character. I am really happy to have had him among my mentors and friends. 

I am forever indebted to my previous supervisors Prof. Dr. Miguel Vences and Prof Dr. Sebastian 
Steinfartz who, during my times as a naive bachelor´s student in Braunschweig, took me under their 
guidance and kickstarted with me a project on amphibian toxins. These experiences and their teaching 
provided the baseline of me starting a PhD at all. I am equally grateful to a selected pair of people who 
I´ve met during my time in Braunschweig and whose friendship and knowledge still remains as a powerful 
source of joy and inspiritaion to date. Firstly, I want to mention the worlds leading authority for office-
neighbourhood and Steinfartz-wrangling: Kathleen Preißler. Thanks a lot for our time in the salamander 
office, your help on understanding aposematism and for our productive brainstormings. Oh yeah, and 
thanks for supporting me during my stupid idea of collecting Komodo dragon saliva… Next, I want to 
thank the girl that saves the salamanders: Vanessa Schulz. Thank you so much for party, spider-hunting-
hollidays and for not giving up in making me a bird-enthusiast. At some point I will still convince you on 
doing a PhD! 

Apart from these persons I owe a lot to all the current and former members of the Animal 
Venomics Group who also supported me whenever help was needed and who contributed a lot to the 
success of this work. That said, I am grateful to Dr. Andre´ Billion, Dr. Anne Paas, Angela Paul, Dr. 
Frank Förster, Gesa Schmidt, Dr. Henrike Schmidtberg, Dr. Ivan Koludarov, Dr. Kim N. Kirchhoff, 
Dr. Lea Talmann, Dr. Miray Tonk, Rabia Özbek, Dr. Stephan Drukewitz and Tanja Berghöfer. From 
other groups of the LOEWE-TBG and the Justus Liebig University I want to thank Prof. Dr. Günther 
Lochnit, Dr. Thomas Timm and Dr. Stefan Prost for providing me machines, material and teaching for 
different experiments. I sincerely thank Martin Reinartz and Wolfgang Dibiasi for providing me with 
their gorgeous photographies used to assemble spider related figures herein. 
 
Beyond fellow scientists working with me, I was very lucky in having people in my private life who 
constantly kept me motivated and supported me on my pursuit for knowledge. I am aware that my 
constant chatting about various creatures, their biology and their toxins can be rather disturbing. 
However, these folks patiently accepted me for who I am and generously offered their friendship. For 
whatever reason, some of these are already present in my life for almost 30 years. Thank You Frederik, 
Christiane, Tobias, Michi, Rene, Marius and Nik! In addition, I´ve met several people during my time in 



Acknowledgements 

  IV 

Gießen who became rather close and helped me to survive the bad times I certainly had at some point. 
Katharina, Philipp, Silke, Anne, Lea, Kathy Bäm, Miriam and Maren - I am grateful to have met you guys! 
Most of all I want to thank my family. Having me in your tribe comes with rather unusual life situations. 
Firstly for large fractions of my existence I messed up our house with multitudes of creatures in all shapes 
and sizes, many of which were life threatening toxic. Secondly, as a child I proudly announced, that I will 
become a scientist studying venomous animals and since then never stopped chatting about these. Lastly, 
I actually followed on this naive announcement and quitted my well payed industry job and instead, on 
purpose, moved into a financially insecure and health threatening existence as a toxinologist. Despite this 
difficult to digest life planing of mine and the abundant consequences you had (sorry for the crickets…) 
none of you challenged my sanity and, instead, you´ve always been supporting me - no matter what 
happened. Thank you for everything! Finally, I have to mention my personal little chaos - Katharina. 
During the time of writing and while thinking, working and pondering about my work, it was you who 
made me smile. It was you who brought my attention back to the real world when I was about to get 
lost. Whether it was the hacker attack or the Corona pandemic, you were there and brought light into my 
frequently emerging inner dark. Without you, these lines would probably never have been written. Thank 
you. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



            Summary 

   V  

Summary 
 
Spiders represent one of the most successful branches of metazoan life. Throughout their long-lasting 
evolutionary trajectory, spiders diversified into almost 50,000 species. They conquered all continents 
except antarctica and established themselves as predators in virtually all ecosystems. The invention of 
venom systems, that are present in all but one spider lineages, contributed significantly to their 
evolutionary success. Albeit research on spiders, referred to as Arachnology, is an old field of study, it is 
hampered by a variety of persistent challenges awaiting scientific resolution. A subset of four such 
challenges, relating to evolutionary systematics and toxinology, are of pivotal importance. First, the 
taxonomic status of many spiders, in particular within the mygalomorph infraorder, and their 
phylogenetics remains largely ambiguous. Secondly, knowledge on spider venoms is so far fully derived 
from selected taxa and biased towards the few medically significant or exceptionally large species. Third, 
the sheer diversity of spiders makes it rather difficult to select promising focal taxa for venom 
bioprospecting studies. Lastly, knowledge upon the evolutionary forces driving spider venom evolution 
remains in its infancy. Addressing these important issues via phylogenetic and venomic approaches is the 
scope of this work. 

Systematic ambiguity is addressed by using tarantulas (Theraphosidae) as a model group. In two 
experimental setups, a molecular phylogenetic study utilizing six sequenced genes plus a phylogenomic 
study on ca. 2,000 genes, the first phylogenetic trees for Theraphosidae are constructed. These recovered 
monophyly of Theraphosidae as a whole and supported validity of formerly questionable subfamilies 
Poecilotheriinae, Psalmopoeinae and Stromatopelminae. It clarifies the position of Brachionopus and 
Harpactirella and argues for paraphyly of Schismatothelinae. In a trait evolution analysis, this work finds 
that defensive hairs likely evolved convergently within neotropical tarantulas. To make bioprospecting 
studies more efficient, this work developed a phylogeny-driven strategy for rational taxon selection in 
biodiscovery, exemplified on the proposed tarantula phylogeny. Applying this strategy towards the whole 
spider kingdom recovered the family Araneidae as especially promising focal group. Consequently, the 
wasp spider Argiope bruennichi as a member of this family is subsequently studied. A morphological analysis 
of its venom apparatus found, that gland and chelicerae mirror structures present in the few other studied 
spider venom apparatuses. However, the venom duct that connects fang and venom gland was found to 
be substructured into four distinct units, displaying a previously hidden complexity within spider venom 
systems. A Venomic analysis revealed, that the wasp spider venom is rather simply composed and that 
CAP proteins dominates the venom profile. As other spider venoms are mostly composed of small 
neurotoxic peptides, the venom of A. bruennichi is considered as arachno-atypical. This work proposes an 
evolutionary scenario, in which an economic dilemma between the venom system and the silk system 
during hunting led to the loss of venom components in the wasp spider. Lastly, a selection of novel 
biomolecules that mirror insect-neuropeptides are identified within the wasp spider venom, highlighting 
the underestimated importance of neuropeptides as evolutionary starting points for the birth of toxic 
components.  

This work contributes to the field of Arachnology as it significantly advances the status quo within 
the four selected challenges in evolutionary systematics and toxinology through synthesis of 
phylogenetics and venomics. It clarifies the taxonomic placement of several spider lineages and proposes 
the first well supported hypothesis upon tarantula evolution. A novel approach towards a rational taxon 
selection is developed and explored. As a consequence, the study of an araneid venom expanded the 
general understanding of spider venoms and the architecture of their venom apparatus beyond the 
taxonomic bias. The underestimated importance of larger proteins versus small neurotoxic peptides is 
emphasized and the role of neuropeptides in venom evolution is supported. The role of negative selection 
in spider venom evolution is discussed in perspective to loss of toxicity in defensive hair-bearing 
tarantulas and the economic dilemma between both weapon systems in A. bruennichi. This work thus 
contemplates novel insights and concepts towards the four persistent challenges and provides an 
experimentally supported framework on which future systematic-, evolutionary-, bioprospective- and 
general venomic works can be informed upon. 
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I. Introduction 
 
Biodiversity and evolutionary relationships of spiders and their kin 
Spiders (Araneae) belong to Arachnida, a class that includes the orders scorpions (Scorpiones), camel 
spiders (Solifugidae), whip scorpions (Uropygii), harvestmen (Opiliones), whip spiders (Amblypygii), 
pseudoscorpions (Pseudoscorpiones), and mites (Acari), along with hooded tick spiders (Ricinulei) and 
palpigrades (Palpigradi). Together with horseshoe crabs (Xiphosura) and sea spiders (Pycnogonida), 
Arachnida forms the subphylum Chelicerata within the phylum Arthropoda (Sharma, 2018). 

Extant spiders are divided into the three infraorders: Mesothelae, Mygalomorphae, and 
Araneomorphae (Fig. 1). The most ancestral infraorder is represented by the monotypic Mesothelae, 
which harbors only the family Liphistidae: segmented trapdoor spiders comprising 135 species from Asia 
(World Spider Catalog, 2019). With ca. 3,000 valid species, Mygalomorphae accounts for a much higher 
percentage of global spider diversity (World Spider Catalog, 2019). Although mygalomorphs occur 
globally, most species described are from the tropics and subtropics (World Spider Catalog, 2019). Several 
prominent spider families belong to Mygalomorphae, such as tarantulas (Theraphosidae), trapdoor 
spiders (Ctenizidae), and funnel-web spiders (Atracidae). Finally, the most derived and diverse spider 
infraorder is represented by Araneomorphae (World Spider Catalog, 2019). Among others, the group 
harbors charismatic orb-weaver spiders (Araneidae), wolf spiders (Lycosidae), and jumping spiders 
(Salticidae). Araneomorphs display an unprecedented diversity of ecological specializations and have 
undergone a multitude of radiations culminating in an array of highly biodiverse families (World Spider 
Catalog, 2019). 

 

 
Fig. 1: Phylogenetic relationships between spider infraorders and illustration of spider diversity. The simplified 
cladogram, based on Garrison et al. (2016), depicts the relationships between Mesothelae (green), Mygalomorphae (red) and 
Araneomorphae (blue). Given are selected families of each infraorder. The righthand side illustrates representative taxa of 
some important lineages. Mesothelae: A) Liphistius yangae (Liphistidae). Mygalomorphae: B) Linothele fallax (Dipluridae), C) 
Brachypelma boehmei (Theraphosidae). Araneomorphae: D) Cheiracanthium punctorium (Eutichuridae), E) Latrodectus tredecimguttatus 
(Theridiidae) and F) Hogna schmitzi (Lycosidae). Images courtesy of: A), F) M. Reinartz; B), C) T. Lüddecke and D), E) W. 
Dibiasi. 
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The fossil record of spiders dates back to the Carboniferous (Dunlop et al., 2015; Selden & 
Penney, 2010). Since then, the overall spider body plan has remained largely unaltered. Today, spiders 
inhabit virtually all ecosystems and have successfully conquered all continents except Antarctica (Piel, 
2018; World Spider Catalog, 2019). Their vast distribution and occurrence are paralleled in their 
tremendous diversification. In total, the order comprises 48,424 extant species in 120 families, but it has 
been estimated that a total of 90,000 species will be discovered. Thus, only a fraction of the global 
arachnofauna has been described (Pennisi, 2017; World Spider Catalog, 2019). Such biodiversity is almost 
unprecedented in the animal kingdom, and only the realm of insects is more prolific in terms of 
diversification (Engel, 2015). 
 
The biology and ecology of spiders  
One of the possible explanations for the outstanding evolutionary success of spiders is their biological 
organization. They display a conserved body plan that is shared between all taxa in all infraorders. It is 
partitioned into two tagmata, namely the prosoma and opisthosoma. Both are covered by an exoskeleton 
consisting of chitin. Therefore, spiders perform periodic ecdysis to facilitate growth (Foelix, 1983; 
Nentwig, 2013). The prosoma carries numerous appendages. First, it has four pairs of legs symmetrically 
dispersed around it. Second, the pedipalps, an additional pair of leg-like structures is localized to the 
anterior prosoma in proximity to the oral cavity. These serve a variety of functions, and often play a role 
during reproduction for the male specimen (Calbacho-Rosa et al., 2013; Cargnelutti et al., 2018; Foelix, 
1983; Mahmoudi et al., 2008). Lastly, the prosoma carries a pair of chelicerae covering the oral cavity. In 
spiders, unlike all other chelicerates, these are modified into fangs and harbor a glandular system that 
produces a venom, which is released from an opening close to the tip of each. The opisthosoma houses 
most of a spider’s organs, including book lungs for respiration and large parts of the digestive and vascular 
systems (Foelix, 1983). Posttereoventrally located are the spinnerets, the major components of the silk 
spinning apparatus. Lastly, the opisthosoma contains the reproductive system of females.  

Silk is an omnipresent trait for spiders, and all taxa feature a functional silk apparatus that is used 
in a multifunctional manner (Eisoldt et al., 2011; Gosline et al., 1986; Vollrath, 1999). Silk is plesiotypically 
applied for the construction and stabilization of burrows and trapdoors in Mesothelae and 
Mygalomorphae. However, apomorphic silk functionality evolved in Araneomorphae, and is often 
implemented for the construction of complex foraging webs (Foelix, 1983; Harmer et al., 2011). Across 
all spiders, a myriad of silk types with specific functions and properties emerged (Vollrath, 1999). All silk 
types are composed of repetitive protein elements that are hyphenated and compose a macromolecular 
protein fiber (Vollrath, 1999).  

Principally, spiders are predatory. Most taxa feed on a variety of invertebrates, mostly insects. 
Therefore, spiders contribute to maintaining the equilibration of insect populations in several ecosystems 
and occupy an ecological niche of pivotal importance (Foelix, 1983). As most spiders are general 
predators that prey on a diversity of species, it is noteworthy that several groups evolved high degrees of 
trophic specialization, such as myrmecophagy (Zodarion sp.), oniscophagy (Dysdera sp.), lepidopterophagy 
(e.g. Mastophora sp.), or even occasional herbivory (Clark et al., 2000; Forster, 1977; Nyffeler et al., 2016; 
Pekár, 2004; Pekár & Toft, 2015; Řezáč et al., 2008; Yeargan, 1988). All spiders perform extraintestinal 
digestion and feed on enzymatically pre-liquefied prey items (Foelix, 1983; Nentwig, 2013). 

Independently from a taxonomic assignment, ecological niche, or trophic specialization, spiders 
evolved a remarkable array of traits that enable their unparalleled diversity and abundance. For instance, 
rather complex hunting, mating, and defensive behaviors are distributed through the spider tree of life  
(Clark et al., 2000; Forster, 1977; Riechert & Singer, 1995; Welke & Schneider, 2012). However, the most 
outstanding development in spiders is the widespread implementation of a versatile toolbox of 
biomolecules that enables them to prevail throughout the ongoing struggle of survival. This biochemical 
toolbox is composed of two components, each including a plethora of different molecules and reflecting 
extraordinary complexity: the above-discussed silk and venom. 
 
The biological role of spider venom 
Venoms independently evolved in several animal lineages, and are present in each phylum of the animal 
kingdom (Casewell et al., 2013). They are defined as secretions produced in specialized glands of an 
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animal that are injected into another animal through the infliction of a wound, leading to the disruption 
of viable physiological processes in the victim (Fry et al., 2009). This physiological disruption is facilitated 
by bioactive molecules that compose the venom and are referred to as toxins. Most venom toxins are 
proteins and peptides that evolved from normal physiological isoforms via different processes, often 
following gene duplications and subsequent neo- and/or subfunctionalization (“weaponization”) (Fry et 
al., 2009). Other processes such as gene co-option and de novo evolution have also been claimed to have 
produced toxin proteins and peptides (Casewell et al., 2011; Casewell, 2017; Drukewitz et al., 2019). 
Originally, it was proposed that venoms serve the three biological functions of predation, defense, and 
sexual competition (Fry et al., 2009). However, this functional trinity was expanded in the recent past and 
additional biological functions were assigned to venom, including immune system function and 
applications in reproduction and digestion (Schendel et al., 2019).  

Spiders employ venoms for two predominant functions: predation and defense. During 
predation, venoms are essential to overpowering prey. Upon capturing its prey, a spider will utilize its 
chelicerae to bite the victim and to inject its venom. After envenomation, the toxic components rapidly 
immobilize the prey and allow the spider to feed (Nentwig, 2013). If applied defensively, a spider will 
deliver a bite to its potential predator. The negative effects caused by the envenomation may either 
enhance its chance to escape, lead to an abortion of the attack, or at least trigger a learning behavior that 
leads to the future avoidance of similar-looking prey by the predator. The latter is often enhanced via 
aposematic warning colorations or distinct defensive behaviors that flag the spider's toxicity towards a 
predator (Pekár, 2014).  
 
Components and biochemistry of spider venom  
All spiders – with the exception of Uloboridae – feature a functional venom system. Spiders are hence 
recognized as one of the most successful groups of venomous animals (Weng et al., 2006; Saez et al., 
2010). Spider venoms are outstandingly complex, and a single species can harbor up to 1,000 different 
components in its venom, which is unparalleled within the animal kingdom (Herzig, 2019). It has been 
estimated that a total of 10 million different compounds could be discovered in spider venoms (Saez et 
al., 2010). Components essentially fall into four categories: larger proteins, cysteine-rich peptides, small 
organic molecules, and antimicrobial linear peptides. 

Small organic molecules from spider venom are mostly acylpolyamines. These are composed of 
aromatic acyl groups linked to polyamine backbones and, sometimes, are extended to harbor amino acid 
moieties (Jasys et al., 1990; Langenegger et al., 2019; Tzouros et al., 2013; Wilson et al., 2017). Toxins of 
this class are insecticidal and may have antimicrobial activities (Langenegger et al., 2019). Likewise, 
antimicrobial linear peptides from spider venom have antimicrobial activities, but they also interfere with 
eukaryotic cells by disrupting the integrity of their cell membranes (Corzo et al., 2002; Garcia et al., 2013; 
Yan & Adams, 1998). 

The importance and abundance of large proteins in spider venom has recently been under 
discussion (Langenegger et al., 2019). In a few spiders, these are key components of their venoms. In 
particular, black widow spiders (Latrodectus sp.) have severe toxicity to humans that is derived from alpha 
Latrotoxin (LTX), a homotetrameric protein of 130 kDa that forms pores in presynaptic neuronal 
membranes of vertebrates. This leads to an uncontrolled flux of Ca2+ and neurotransmitters resulting in 
nociception, convulsions, and sometimes death (Grishin, 1998; Henkel & Sankaranarayanan, 1999; 
Orlova et al., 2000; Ushkaryov et al., 2008). The venom of recluse spiders (Loxosceles sp.) and related 
Sicariidae contains phospholipase D (PLD), a sphingomyelin hydrolyzing enzyme of 50 kDa that is 
responsible for the rapid cytotoxicity of recluse spider venom (Swanson & Vetter, 2006). In both black 
widows and recluse spiders, large proteins are essential parts of the venom and have effects during 
envenomation. Apart from these, a cytotoxic hyaluronidase-like enzyme has recently been isolated that 
enhanced the uptake of co-administered neurotoxins, thus acting as a spreading factor (Biner et al., 2015).  

Except these few examples, the role of larger proteins in spider venoms is ambiguous. Members 
of the cysteine-rich secretory protein/antigen 5/pathogenesis-related 1 (CAP) and neprilysin 
metalloproteases protein families have been identified in many spider venoms, but their biological role 
has not yet been illuminated (Kuhn-Nentwig et al., 2019; Langenegger et al., 2019; Undheim et al., 2013; 
Zobel-Thropp et al., 2019). Additionally, disulfide isomerases, carboxypeptidases, and serine proteases 
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were recently discovered in spider venom. It was proposed that these may facilitate the maturation and 
post-translational modification of toxins (Langenegger et al., 2019). While chymotrypsin-like activity and 
a role in toxin maturation could be experimentally determined for one of these serine proteases, the 
biological roles of the other proteins remain questionable (Langenegger et al., 2018). 

The last group of spider venom components is cysteine-rich peptides. These are rather small 
polypeptides, typically with molecular masses below 10 kDa, that are rich in disulfide bonds derived from 
cysteines. Many of them are thought to interact with ion channels and receptors, thus representing the 
principal neurotoxic component of spider venoms (Langenegger et al., 2019). This group comprises 
different protein families such as Kunitz-type serine protease inhibitors, helical arthropod neuropeptide 
derived peptides (HAND), colipase fold (MIT-1) peptides, disulfide-directed beta-hairpin fold (DDH) 
peptides, and, most importantly, peptides with an inhibitor cysteine knot (ICK) scaffold (Langenegger et 
al., 2019). While the first few mostly represent understudied components, ICK peptides are the most 
diverse, abundant, and well-studied group within spider venom systems (Langenegger et al., 2019). The 
secondary structure of ICK peptides is a triple-stranded antiparallel beta-sheet, and its tertiary structure 
is determined by at least six cysteines. After oxidation, these form disulfide-bonds with each other and 
lead to a characteristic pseudo-knot motif (Buczek et al., 2007; Cardoso & Lewis, 2019; Langenegger et 
al., 2019; Norton & Pallaghy, 1998). Most ICK peptides feature six cysteine residues and thus constitute 
three disulfide bridges. However, several derivatives with expanded cysteine scaffolds, as well as members 
with additional ICK motifs (double ICK, or dICK) were discovered recently (Chassagnon et al., 2017; 
Escoubas et al., 2003; McCarthy et al., 2015; Pineda et al., 2014). Inhibitor cysteine knot peptides are not 
restricted to spiders, and are present in other venomous animals as well (Drukewitz et al., 2018; Fry et 
al., 2009; Özbek et al., 2019; Von Reumont et al., 2014). However, spiders are the most prolific source 
of ICK peptides, as one species usually harbors dozens of different ICKs, and spiders exceed all other 
taxa for ICK diversity by far (Langenegger et al., 2019). 
 
Pharmacology and translational potential of spider venom toxins 
Inhibitor cysteine knot peptides in spider venom are neurotoxins that interfere with ion channels and 
receptors. They form stable complexes and perturb the normal biochemical mode of action in these 
vitally important targets, often by inhibiting their activation, delaying their deactivation, or shifting their 
potential limits (Langenegger et al., 2019). Key targets affected by spider venom neurotoxins are voltage-
gated sodium, voltage-gated potassium, and voltage-gated calcium channels, but targets also include acid-
sensing ion channels (ASIC), glutamate receptors, and transient receptor potential channels (TRP) 
(Langenegger et al., 2019). Given that such targets are of pivotal importance for signal transduction and 
cellular communication, their functional disruption disturbs the physiological homeostasis of the 
intoxicated organism. 

The binding of a neurotoxic ICK is commonly facilitated indirectly via a toxin’s partial 
penetration of a membrane and subsequent lateral migration towards the target (Deplazes et al., 2016). 
In some cases, a transient trimeric complex of the membrane, toxin, and the target can be employed 
(Agwa et al., 2017). The utilization of foreign biomembranes for the binding of neurotoxins to their target 
is energetically efficient, as large parts of the process’s binding energy deviates from membrane adhesion 
(Lee & MacKinnon, 2004). The proximity of venom proteins to membranes was shown to induce 
structural changes and support three-dimensional orientation prior to target binding (Mihailescu et al., 
2014; Ryu et al., 2017). Along their evolutionary trajectory, ICK peptides acquired outstanding biological 
performance. Their binding to a respective target is facilitated with unprecedented specificity, often on 
the level of ion channel subtypes. Similarly, the displayed bioactivity is of significant efficiency, as ICK 
peptides already exhibit their effects at concentrations that lie one order of magnitude below those 
afforded from other, less specific components (Langenegger et al., 2019). Lastly, their physicochemical 
properties relate to powerful pharmacodynamics. As molecular size negatively correlates with distribution 
time, small ICKs exert their physiological effects quickly post-injection. In addition, the ICK motif 
provides these peptides with outstanding stability against proteolytic degradation, thus maximizing the 
toxin's biological half-life (Pineda et al., 2014). 

The promising bioactivities, pharmacodynamics, diversity, and physicochemical properties that 
spider venom toxins display are why research efforts were previously made to study them as potential 
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bioresources (Pineda et al., 2014). Many such bioprospecting programs looking at spider venom were 
successful, and a variety of novel biomolecules with valuable bioactivities were discovered and are 
currently under closer investigation concerning potential translational applications. For instance, several 
ICK peptides that modulate sodium channels were shown to represent promising lead structures for 
subsequent development into novel analgetics (Park et al., 2008; Pineda et al., 2014; Saez et al., 2010). A 
spider toxin has also recently been used to rescue Dravet-syndrome mice from seizures and premature 
death (Richards et al., 2018). The most striking example, however, was derived from Hadronyche infensa, 
an Australian funnel-web spider. A dICK peptide isolated from its venom was successfully used to protect 
mice from neuronal damage following ischemic stroke, even when administered hours later (Chassagnon 
et al., 2017). Apart from therapeutics, spider venom is considered a prolific source for eco-friendly 
bioinsecticides, with great potential for plant protection in agriculture (Herzig et al., 2014; King, 2019; 
King & Hardy, 2013; Saez & Herzig, 2019; Windley et al., 2012). Antimicrobial peptides from spider 
venoms could potentially yield novel tools for the ongoing battle against drug-resistant prokaryotes (Samy 
et al., 2017). Lastly, the neglected array of proteins displaying enzymatic activities may be harvested as 
innovative enzymes for the production and degradation of industrial goods (Fig. 2). 

 
Fig. 2: Spiders in a nutshell. Summary of major points regarding spiders (top row) versus their venom (bottom row). 
Summarised are spider diversity, ecology, and body plan together with accounts on main venom components and their 
potential in applied research as further discussed in the text above. 
. 
Persistent challenges in Arachnology  
As described above, arachnological research already has a long and successful history. Several aspects of 
spider biology have already been scientifically addressed and demystified. However, a large number of 
questions regarding spider biology is still unanswered and awaiting scientific exploration. In particular, 
four areas related to spider evolutionary systematics and toxinology are of relevance. These are outlined 
below and henceforth referred to as (1) systematic ambiguity, (2) the taxonomic bias in spider venom 
research, (3) the taxon selection dilemma, and (4) the venom evolution conundrum. Along with a 
discussion of each of these four challenges, this work develops a series of working hypotheses that will 
be tested and serve as an informative baseline. 
 
Spider systematics is largely ambiguous  
During their ca. 300 million years of evolution, spiders evolved unique phenotypic and ethological 
adaptions that contribute to their survival (Pennisi, 2017; Selden & Penney, 2010). It is a longstanding 
aim of scientists to elucidate the diversity of global arachnofauna, expand its species inventory, and 
disentangle the evolutionary processes behind spider radiations and trait acquisitions. 

DIVERSITY ECOLOGY BODY PLAN

COMPONENTS APPLICATION

48,424 extant species in 3 
infraorders

Present on all continents 
except Antarctica

Venomous predators of 
invertebrates

Most successful venomous 
lineage

Two parts: Prosoma and 
Opisthosoma

Venom apparatus in 
chelicerae

Neurotoxins

Mostly small peptides (ICKs)

Industrial enzymes

Novel drug leads

BioinsecticidesOther: AMPs, polyamines and 
large proteins

Silk

Antibiotics

VENOM

SPIDERS



Introduction 

  7 
 
 

Most studies have emphasized morphological and ethological data to infer systematic 
relationships. However, in Mygalomorphae and, in particular, Theraphosidae (tarantulas), such 
morphological characters are often structurally conserved between lineages, thus limiting the amount of 
information that could be extracted. Moreover, on multiple occasions, it has been demonstrated that in 
the realm of theraphosids, morphological characters are affected by high degrees of homoplasy (Ortiz et 
al., 2018). Hence, it is likely that the combination of uninformativeness plus homoplasy in frequently 
used characters explains the prevailing systematic ambiguity in Theraphosidae. An alternative to such 
morphology-driven systematic and evolutionary studies is represented by a molecular workflow that 
sequences genetic material and uses molecular information instead. The implementation of such 
approaches on theraphosids, however, has been a rare exception and has prior exclusively been 
performed for studies on the genera Aphonopelma and Brachypelma (Hamilton et al., 2011; Turner et al., 
2018; Wilson et al., 2013). As a likely result of the large neglect of molecular data, the inner systematics 
of Theraphosidae are still questionable. On one hand, intrafamilial relationships among major lineages 
have been studied by several authors, but the results of these works were largely contradictory, and no 
consensus has been established so far  (Pérez-Miles et al., 1996; Raven, 1985, 1990; Wilson et al., 2013). 
On the other hand, morphologically informed alpha- and beta taxonomy of Theraphosidae remains 
mostly incongruent, and the taxonomic boundaries in and around the family are not well understood  
(Bertani et al., 2012; Hamilton et al., 2011; Hendrixson et al., 2015; Wilson et al., 2013). As a consequence, 
recurrent taxonomic and nomenclatural changes are frequent in tarantulas (Pérez-Miles et al., 1996; 
Fukushima et al., 2005; Guadanucci, 2007; Guadanucci & Gallon, 2008; Guadanucci & Wendt, 2014; 
Hamilton et al., 2016; Mendoza & Francke, 2017; Nagahama et al., 2009; West et al., 2008).  

Another mygalomorph family that illustrates the prevailing problem of systematic ambiguity is 
the Australian funnel-web spiders of the genera Atrax and Hadronyche. Commonly acknowledged as the 
world's most venomous spiders, these have drawn significant scientific interest due to their medical 
relevance. Based on morphology, they were placed within Hexathelidae in close relationship with genera 
such as Macrothele, Porrhothele, and Illawara  (Hedin et al., 2018). This long-standing hypothesis was recently 
reconsolidated by phylogenomic approaches, which recovered a paraphyly of Hexathelidae. 
Consequently, three new families (Atracidae, Macrothelidae, and Porrhothelidae) were erected to yield all 
non-hexathelid taxa and to reestablish the monophyly of Hexathelidae (Hedin et al., 2018). In this 
context, Atrax and Hadronyche were transferred to Atracidae, thus demonstrating that even focal taxa are 
not reliably assigned. Although such examples of systematic ambiguity are most frequent in 
Mygalomorphae, they occur in all of the three spider infraorders (Pennisi, 2017). 

Systematics represents the fundamental pillar for organismic research. Hence, such ambiguities 
cause direct repercussions in other branches of biology. For example, it is more difficult to expand the 
existing arachnological species inventory without a solid taxonomic framework in place, as new taxa need 
to be allocated within. Moreover, systematic ambiguity indirectly threatens the conservation of species, 
as the taxonomic system is the groundwork upon which extinction risks and conservation needs are 
predicted. This is an essential problem for some theraphosid spiders, which are currently threatened by 
habitat loss and fragmentation as well as by illegal wildlife trade (Fukushima et al., 2019; Hendrixson et 
al., 2015; Mendoza & Francke, 2017; Turner et al., 2018). The last repercussion is the potential impact 
that systematic ambiguity can have on the medication of envenomated entities. Recurrent nomenclatural 
changes of medically relevant taxa cause disturbances in choosing proper therapy for envenomated 
patients, as the literature accumulates inconsistent names for species. Henceforth, physicians’ selection 
of an optimal treatment may take more time, thus threatening a patient's health. 

Taking these negative implications into account, it is clear that the prevailing systematic ambiguity 
in Arachnology urgently needs to be resolved. 
 
Taxonomic bias in spider venom research 
The great diversity of spiders, currently comprising 48,424 species in 4,160 genera assigned to 120 
families, is increasing annually. Despite problems imposed by systematic ambiguity, on average, 800 new 
species are described every year (World Spider Catalog, 2019). Unfortunately, this expansion in 
knowledge regarding biodiversity is not reflected in venom research. 
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As of today, spiders whose venom has been studied belong to only 28 different families. The 
other 90 families have been fully omitted from venom research (Jungo et al., 2010; Pineda et al., 2018). 
Metrics for venomically assessed spiders decrease even more on lower taxonomic levels. At the time of 
writing, venoms from 61 species of Mygalomorphae plus 66 Araneomorphae had been investigated, 
reflecting only ca. 1% of all mygalomorphs and 0.1% of all araneomorph taxa (Herzig et al., 2019). 
Moreover, no representatives of Mesothelae have been studied, and the discovery that Mesothelae harbor 
a functional venom system at all is only a recent development (Foelix & Erb, 2010). In total, only a 
marginal fraction of ca. 0.3% of extant spiders have been studied for their venom. The vast majority of 
taxa are a toxinological black box (Herzig et al., 2019). The taxon sampling in spider venom research is 
rather disproportionate, and the majority of studied taxa fall into one of two categories: spiders that are 
either of clinical relevance or of extraordinary size (Herzig et al., 2019; Kuhn-Nentwig et al., 2011). 

Clinically relevant spiders encompass a comprehensible subset of families, specifically Atracidae, 
Ctenidae, Paratropididae, Sicariidae, and Theridiidae (Hauke & Herzig, 2017). Thus, potentially 
dangerous species are exceptional, and account for only 0.5% of spider biodiversity (Hauke & Herzig, 
2017). However, as these are of great medical concern in some countries, the necessity of studying their 
venoms is emphasized by public health demands. The tendency to study exceptional large spiders is 
explained by several factors. Spider size correlates with venom yield and ease of collection (Herzig et al., 
2019). Research on spider venom has mostly been driven by pharmacology. In those studies, crude 
venoms were fractionated via liquid chromatography and subsequently investigated for bioactivity and 
structure (Herzig et al., 2019). Such workflows require large quantities of sample material, often on the 
milligram level. Given that this demand usually far exceeds the venom yield of small species, working 
with them is significantly more difficult. Moreover, the crude venom of spiders is usually obtained via 
electrical stimulation of the chelicerae. In small species, this approach fails regularly due to the petite 
venom system (Herzig et al., 2019). As an alternative, venom glands can be dissected for venom 
collection, thus sacrificing the animals (Herzig et al., 2019). This requires a high number of collected 
specimens and is therefore of ethical concern. Lastly, large spiders are kept and reproduced by arachno-
enthusiasts worldwide (Jäger, 2003). The private collections of hobbyists often encompass hundreds of 
specimens that are readily available for venom collection, thus circumventing laborious fieldwork. In 
particular, Theraphosidae, which harbor virtually all of the largest spider taxa known and are the 
predominantly kept as pets, have been frequently studied for their venoms. As a consequence, they 
currently account for a third of all spider venoms studied (Herzig et al., 2019). 

Previous research on spider venom suffers from a taxonomic bias consisting of two components. 
A first, anthropocentric component derives from medical significance and pet trade availability. The 
second, and methodological, component is fed by instrumental constraints. The result of this taxonomic 
bias towards larger and dangerous species is that today, available knowledge on spider venom is only 
inferred from a small, non-representative fraction of its total taxonomic breadth. The majority of families 
remain fully neglected in venom research, although these harbor most of the ecologically specialized and 
hyperdiverse lineages (Herzig et al., 2019). Given this fractionation of knowledge on venoms throughout 
the spider tree of life, it is questionable to what extent current assumptions about spider venom biology 
reflect the biological truth. Understanding the biology of spider venom systems in their totality relies 
upon a holistic understanding. It is therefore an important task to include as many neglected taxa as 
possible in detailed venom surveys. Only that will allow us to resolve the taxonomic bias in spider venom 
research, to make meaningful general inferences upon spider venom biology, and to understand spider 
venom systems beyond taxonomically imposed constraints. 
 
The taxon selection dilemma 
 At present, the pharmaceutical industry is facing unparalleled economic challenges, and the imminent 
collapse of its current system has been predicted  (Lindgardt et al., 2008). The main contributor to this 
situation is the subsiding number of truly innovative therapeutics that are developed and approved (Paul 
et al., 2010). Spider venom represents a naturally occurring chemical library that accommodates 
diversified yet unexplored pharmacopeias (Herzig, 2019; Pineda et al., 2014; Saez et al., 2010). 
Consequently, harvesting this bioresource will likely reveal novel leads for the development of in-demand 
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therapeutics. However, the diversity that spiders and spider venoms deploy represents a dilemma for 
bioprospecting programs. 

Taxon selection is a fundamental step in bioprospecting, as it largely determines the potential of 
a project. Only molecules of the respective organisms will be identified, and this identification is time and 
cost-intensive. Ergo, insufficient taxon selection can drastically reduce the potency and success rate of a 
bioprospecting program. Despite its importance, the means by which a taxon selection for spider venom 
bioprospecting should be performed is rather questionable. The current approach obeying to taxonomic 
bias (sensu Herzig et al., 2019) is not applicable to making strategic decisions regarding taxon selection, 
as it will neglect large swaths of overall spider diversity. The dilemma in spider venom bioprospecting 
has, therefore, two components: first, the great diversity deployed by spiders and their venom 
components highlights them as prime sources for novel bioressources. Second, the same factors 
drastically complicate a rational taxon selection for bioprospecting programs. 

Prevention of the anticipated crisis within the pharmaceutical industry will largely depend on the 
swift discovery of novel biomolecules (Paul et al., 2010). Patients suffering from diseases that could 
potentially be treated by such also depend on their near-term discovery. Therefore, rapid bioprospecting 
– of which reliable taxon selection is a major component – is demanded by producers and consumers in 
the pharmaceutical sector. Reliable taxon selection is further critical in the face of the continuing global 
biodiversity loss related to the prevailing sixth mass extinction (Barnosky et al., 2011). The conservation 
status of most spiders has not been assessed, but several representatives are already considered threatened 
(Fukushima et al., 2019; Turner et al., 2018). As largely insectivorous predators, their prosperity is 
interdependent with abundances of sympatric insects. As insects are declining worldwide (Hallmann et 
al., 2017; Sánchez-Bayo & Wyckhuys, 2019), it is of considerable concern that their decease may trigger 
the extinction of spiders. If this happens, for venom-wise unstudied species, their valuable venom 
components will never be studied and a whole library of bioresources will be lost forever. From a 
bioprospecting perspective, it is thus of utmost importance to apply reliable taxon selection to enhance 
spider venom biodiscovery. 

The importance of swift drug discovery for industrial applications as well as for patients, plus the 
threat of losing valuable bioresources through extinction, highlights the importance of addressing the 
taxon selection dilemma. Innovative strategies for a rational and optimized selection of taxa for spider 
venom research must be developed. 
 
The venom evolution conundrum 
 Venom systems are key innovations and promote integral biological functions for each species that 
features them (Schendel et al., 2019). Their prevalence throughout the animal kingdom has led to an array 
of eco-evolutionary studies (Fry et al., 2006; Fry et al., 2008; Hargreaves et al., 2014; Sanggaard et al., 
2014; Warren et al., 2008). Questions asked in this context are mostly related to the origin of venom 
systems as well as the ecological factors driving their evolution.  

Although a variety of different venomous taxa have been included to these studies, the largest 
proportion of knowledge on venom evolution has been derived from snakes. Here, the origin of the 
venom system as a transition from salivary glands to venom glands and their interconnection with 
apotypic dentition was discovered (Fry et al., 2006; Fry, Scheib, van der Weerd, Young, McNaughtan, 
Ryan Ramjan, et al., 2008; Hargreaves et al., 2014; Vonk et al., 2008). Further, the close connection of 
venom phenotypes and trophic niches was of interest. In this framework, venom has been discovered as 
a trait with high degrees of intra-specific plasticity, and dietary transitions between life-history stages and 
between sexes were frequently observed (Alape-Girón et al., 2008; Amazonas et al., 2018; Casewell et al., 
2014; Chippaux et al., 1991). Moreover, trophic specialization in snakes was shown to reduce or 
defunctionalize venom systems (Daltry et al., 1996; Li et al., 2005). Beyond species-level studies, the 
underlying machinery behind venom genes concerning evolutionary processes on the genomic level 
attracted much attention. The illuminated proteins involved in vital metabolic and regulatory processes 
are the substrate giving rise to toxins, based on different mechanisms such as duplication, co-option, or 
domain losses (Casewell, 2017; Casewell et al., 2011; Fry et al., 2008; Kordiš & Gubenšek, 2000; Vonk et 
al., 2013; Wong & Belov, 2012). Based on the convergent character of venoms, it is possible that some 
insights derived from snakes can be applied to other venom systems as well. However, the expansion of 
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studies beyond the scope of snakes has indicated that venom evolution and ecology are much more 
complex than previously thought (Aminetzach et al., 2009; Drukewitz et al., 2019; Harris & Arbuckle, 
2016; Jenner et al., 2019; Koludarov et al., 2017; Sanggaard et al., 2014). Each venom system is shaped 
by unique eco-evolutionary dynamics, and thus generalizations about the fundamental processes at work 
are difficult to propose.  

In contrast to snakes, many aspects of spider venom evolution are poorly understood, although 
great effort has also been made to study spiders’ venom. For instance, knowledge on the morphology 
and functionality of venom delivery systems is minuscule for most spider lineages, and only for a small 
fraction are profound examinations available (Dos Santos et al., 2000; Garb, 2014; Silva et al., 2008; Yiǧit 
et al., 2004). The morphology of venom systems across animal groups has increasingly been investigated, 
and adjacent studies have revealed evolutionary constraints and functional implications for venoms 
caused by venom system morphology (Schendel et al., 2019). Because of data unavailability, insights on 
the connectivity between morphology, functionality, and evolutionary constraints are currently hampered 
in spiders. It is thus important to examine more spider venom systems to derive insights about this 
interplay. 

Moreover, the processes underlying venom evolution in spiders are largely unknown. A 
comprehensive understanding of venom molecules throughout the spider kingdom is also missing, and 
it is challenging to infer the preferred evolutionary substrates that may give rise to toxins in spiders. That 
said, from available studies, it was deduced that lateral gene transfer is among the mechanisms involved 
in spider toxin evolution. For instance, PLDs have recently been traced back to their evolutionary origin 
(Cordes & Binford, 2018). This work demonstrated that PLDs are present in different organismic classes, 
but only acquired a venom function in sicariid spiders (Cordes & Binford, 2018). Further, PLD are found 
to derive from a single proteobacterial ancestor and, from there, seemingly radiated into other organismic 
groups, at least partially facilitated via horizontal gene transfer (Cordes & Binford, 2018). Apart from 
PLD, many studies have been performed on LTX in black widows (Latrodectus sp.) and related, yet 
medically insignificant Theridiiade (Steatoda sp. and Parasteatoda sp.). An evolutionary trajectory largely 
shaped by purifying selection was revealed for LTX (Garb & Hayashi, 2013). However, LTX acquired 
dissimilar properties and sequence patterns in different species: members of Steatoda and Parasteatoda, 
which are not toxic to vertebrates, differ drastically sequence-wise from their counterparts 
in Latrodectus that are of severe vertebrate toxicity (Garb & Hayashi, 2013). Thus, it was proposed that 
the functional shift towards vertebrate toxicity coincided with the evolutionary split from black widows 
off other Theridiidae (Garb & Hayashi, 2013). As with PLD, an origin via horizontal gene transfer has 
been proposed for LTX, mostly governed by the recently published genome of Parasteatoda tepidariorum 
(Gendreau et al., 2017; Schwager et al., 2017). The genome illuminated the role of gene duplications in 
the evolution of LTX as those substantially duplicated in Latrodectus compared to relatives (Gendreau et 
al., 2017; Schwager et al., 2017). The consecutive increase of available arachnid genomes (Garb et al., 
2018), in particular those of Acanthoscurria geniculata and Stegodyphus mimosarum, further strengthened the 
importance of gene duplication events for spider venom evolution (Sanggaard et al., 2014). Beyond the 
scope of PLD and LTX, knowledge of evolutionary processes on spider toxins is limited. Lynx spider 
(Oxyopes takobius) ICKs were found to evolve under purifying selection and to be likely descendants of 
spiderine toxins, although the exact process of their evolution remains questionable (Sachkova et al., 
2014).  

The venom system is a critical innovation in spiders and a key contributor for their evolutionary 
success and diversification (Nentwig, 2013). Ergo, it is of critical importance to derive a holistic 
understanding of its morphological and molecular evolution to gain detailed insights into the processes 
that shape the diversity and abundance of extant spiders. Therefore, the study of venom systems across 
the spider tree of life needs to be expanded urgently. 
 
The persistent problems are interconnected 
Scientists working on subfields linked to these four challenges have barely scratched the tip of the iceberg 
regarding the full spectrum of discoveries to be made (Fig. 3). Each of the above-outlined factors 
represents an individual problem that hampers Arachnology. They have a high degree of interconnectivity 
but pose multi-pronged hurdles across the field. 
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Systematic ambiguity and taxonomic bias interfere with the venom evolution conundrum. The 
first reason is the absence of a well-supported phylogenetic system for most spiders, as such is the 
prerequisite for making meaningful evolutionary inferences about deployed venom systems or other 
traits. The neglect of most venoms has resulted in a multitude of blind spots regarding venom 
components throughout the spider tree of life. It for this reason that no general patterns of evolution 
within spider venoms can be deduced so far. Likewise, the taxon selection dilemma is partially a result of 
taxonomic bias, but is, again, linked to systematic ambiguity. Without a reliable systematic framework, it 
is difficult to make rational decisions for venom bioprospecting. A major component that highlights the 
importance of this problem is the ongoing biodiversity loss. The need for enhanced venom 
bioprospecting that allows the exploitation of venom before species extinction is among the key 
components within this problem. Since international species conservation relies on systematic data as a 
foundation to assess conservation status, systematic ambiguity threatens conservation assessments and 
protective means in spiders. As a consequence, rapid venom bioprospecting in spiders becomes even 
more critical. 

Fig. 3: The four prevailing challenges in Arachnology summarised. Systematic ambiguity, the taxonomic bias in spider 
venom research, the taxon selection dilemma, and the venom evolution conundrum represent individual- but also 
interconnected challenges to the field of arachnology. As a result, for many subdisciplines that are related to these challenges 
scientists just scratched the tip of the iceberg of awaiting discoveries. 
 
The problems of systematic ambiguity, the taxonomic bias in spider venom research, the taxon selection 
dilemma, and the venom evolution conundrum each represent considerable impediments. Separately, as 
well as synergistically, they pose major challenges to fundamental and applied spider research. Resolving 
this Gordian knot would significantly contribute to the science of Arachnology. 
 
Aim of this work and working hypotheses 
This work is devoted to the four outlined challenges in arachnology and aims to advance their 
underlying status quo. Accordingly, it intends to answer a selection of questions related to evolutionary 
systematics and toxinology throughout the spider tree of life. It is designated to unravel evolutionary 
relationships between unresolved taxa and to support taxonomic stability within problematic groups. 
Moreover, it aims to advance bioprospecting from spider venoms and to optimize its processes by 
identifying a rationale on which taxon selections can be based. Lastly, this work contemplates expanding 
the existing knowledge on spider venom systems beyond the scope of taxa previously studied as a result 
of taxonomic bias. For this purpose, a series of six working hypotheses are proposed below, which then 
are tested experimentally throughout the chapters of this thesis. 
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Hypothesis 1: Molecular phylogenetics is in advantage over morphological analyses for 
systematic inference in spiders. In spiders, and in particular within Mygalomorphae, morphological 
homoplasy, the limited characteristics that are available, and their minuscule informativeness all affect 
the ability to make systematic inferences. Molecular phylogenetic approaches, on the other hand, 
circumvent these factors, as these technologies generate orders of magnitude more datapoints and can 
be bioinformatically normalized against a variety of effects that cause a bias. Thus, they may have the 
means to reconstruct the first reliable phylogenies for problematic spider lineages. Therefore, these 
methodologies represent a promising and powerful alternative to the traditionally used approaches that 
may at least augment or, very likely, fully replace morphology as the principal source of systematic data 
in spiders. 
 
Hypothesis 2: Reconstruction of trait evolution and systematic placements are supported by 
molecular phylogenetics. As morphology-based studies previously failed to determine the systematic 
placement of several spiders, a direct consequence is that the placement of many taxa is ambiguous. An 
opportunity of the first molecular phylogenetic trees will be, that the current systematics of spiders can 
be tested against this evolutionary framework. It is to be expected that molecular phylogenetically 
informed systematics will resolve large amounts of the taxonomic ambiguity in spiders and determine the 
systematic placement of several questionable groups. Moreover, an available phylogenetic system could 
serve as a baseline to study the evolution of important biological traits of relevant taxa. 
 
Hypothesis 3: Bioprospecting from spider venom can be optimized via rational taxon selection. 
The focus on dangerous and large spiders for venom bioprospecting enabled the discovery of powerful 
drug candidates but has been a slow and cost intensive process. Finding a rational criterion upon which 
taxon selection for bioprospecting in spiders can be based, may allow for streamlined, more efficient 
biodiscovery. 
 
Hypothesis 4: Studies beyond the taxonomic bias will challenge current assumptions on spider 
venom systems. The study of venom systems from large and dangerous spiders led to the current 
assumption that spider venoms are highly complex and dominated by small ICK peptides, with larger 
proteins being only minor components with limited biological importance. As these studies are based on 
a non-representative minority of the total spider diversity, this current picture on spider venoms should 
be challenged. It appears reasonable that the subsequent study of spider venom systems beyond the 
previously selected taxa may reveal different venom profiles based on other evolutionary innovations 
than ICK peptides and may eventually favor larger proteins within the venom system. 
 
Hypothesis 5: Venom system morphology is functionally underestimated in spiders. For most 
spiders, the cellular architecture of their centralized venom system remains unexplored. As in most 
animals, the venom system of spiders is thought of as a simple injector connected to a venom producing 
gland via a duct. However, in centipedes, cone snails, and snakes, it has been shown that venom systems 
can impose major evolutionary constraints on the venom, and that these systems can be physiologically 
rather complex when investigated in more detail. Hence, a similar underestimated complexity in function 
and organization is equally likely for spiders. 
 
Hypothesis 6: The study of more venom systems will illuminate novel evolutionary substrates 
and mechanisms for venom components. Previous work on spider venom systems addressed the 
evolutionary origins of ICKs, PLD, and LTX, but the evolutionary substages for other venom 
components remains unexplored. Moreover, the evolutionary processes in spider venom systems are only 
poorly understood in comparison to other venomous animals. The expansion of venomic data beyond 
the few previously studied venom systems will likely lead to the exploration of novel toxic proteins with 
independent evolutionary trajectory and thus advance our understanding of which genetic blueprints are 
weaponized in spider venoms and which mechanisms are involved in this process. 
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II. Thesis overview 
 
Chapters I-II. The taxonomic integrity and evolutionary relationships of many spiders are poorly 
understood. In particular, Mygalomorphae are rendered as systematically ambiguous. Theraphosidae, 
commonly referred to as tarantulas, comprises the most prominent and species-rich family within the 
infraorder. Despite their widespread recognition and long research history, their intrafamilial 
relationships have not been disentangled, as previous studies have delivered contradicting results and no 
consensus has been reached for most included taxa. Unsurprisingly, many such taxa were consistently 
questioned for their taxonomic validity and their monophyly. As is commonplace in arachnological 
research, theraphosid systematics relied almost exclusively on morphological data, and the utilization of 
molecular informed analysis is a rare exception. However, recent studies revealed that, in particular, the 
systematic ambiguity of theraphosids is reasoned by high degrees of morphological homoplasy. 

Chapter I infers the first molecular phylogeny of Theraphosidae based on 3,500 base pairs of 
genetic information derived from six genes. It shows that most of the traditionally recognized subfamilies 
are indeed monophyletic groups, and the previously questionable subfamilies Poecilotheriinae, 
Psalmopoeinae, and Stromatopelminae represent valid taxonomic entities. Moreover, this chapter 
recovered the paraphyly of Aviculariinae and Schismatothelinae and clarified the placement 
of Brachionopus and Harpactirella, two taxa formerly assigned to Barychelidae, as members of 
Theraphosidae. Lastly, it finds that statistical support was commonly absent from deep supra-generic 
clades, whereas shallow clades consistently received high support. Research conducted in this chapter 
contributes to the battle against systematic ambiguity in mygalomorph spiders, as it proposes the first 
molecular-based hypothesis on tarantula evolutionary systematics. It circumvents the traditional 
morphological workflow and delivers, for the first time, a reliable answer to some of the most critical 
questions within the field. However, as it is unable to resolve deep relationships of Theraphosidae, this 
research likewise explores the limitations of molecular phylogenetics based only on a few genes. It 
indicates a demand for more data-intensive approaches as a means to unravel such relationships with 
certainty. Addressing this demand and taking another major leap against mygalomorph systematic 
ambiguity are the major issues of Chapter II. Here, a phylogenomics approach is applied to illuminate 
the evolution and systematic relationships within Theraphosidae. 

In Chapter II, a core ortholog approach based on 2,460 genes from transcriptomes of 33 taxa is 
used to infer a first phylogenomically informed hypothesis on tarantula evolutionary systematics. It 
recovers high statistical support for shallow as well as deeper clades. Thus, Chapter II recovers the first 
reliable backbone phylogeny for theraphosids. In agreement with findings in Chapter I, Chapter II 
recovers the validity of Poecilotheriinae, Psalmopoeinae, and Stromatopelminae as well as the paraphyly 
of Aviculariinae and Schismatothelinae. The study furthermore shows that the paraphyletic subfamily 
Ischnocolinae is composed of at least two genetic lineages. Chapter II, moreover, introduces a previously 
unrecognized young clade of neotropical subfamilies that comprises ca. 60% of all described theraphosid 
species, and thus proposes that Neotropic tarantulas were subject to a relatively recent rapid 
diversification. A defensive system composed of varying types of urticating setae was found to be 
exclusive to members of this clade. The likelihood of different evolutionary scenarios behind these setae 
is compared, and their evolution is determined as most likely driven by convergence. Lastly, the study 
suggests that the evolution of urticating setae may have direct repercussions with defensive components 
in tarantula venoms, and that urticating setae represent a key innovation for neotropical tarantulas and 
facilitated their rapid diversification. 

Chapter II highlights the importance of phylogenomics to infer deep relationships within 
Theraphosidae and illustrates the first well-supported evolutionary hypothesis for the family. Moreover, 
this chapter underlines the power of this technology to deduce systematic validity and to disentangle 
paraphyletic groups that were previously difficult to study. Lastly, Chapter II explores how such 
phylogenies can be used for subsequent studies in spider trait evolution and thus contribute to the holistic 
understanding of spiders in an eco-evolutionary context. Like Chapter I, the research in Chapter 
II represents a major advance in the battle against systematic ambiguity in spiders, as it answers a plethora 
of open questions on tarantulas and tarantula trait evolution. 
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By using Theraphosidae as a model, Chapter I and Chapter II underline how molecular phylogenetic 
approaches can be deployed as a powerful tool for studies in spider evolutionary systematics. They 
provide a framework upon which subsequent studies in the field can be informed. 
 
Chapter III. The extent of potentially identifiable biomolecules and the diversity of species, represents 
a prevailing challenge for bioprospecting in spiders. It depicts the taxon selection dilemma of spider 
venoms as being (a) on one hand a promising and rich source for novel therapeutics and (b) on the other 
hand displaying a species hyperdiversity that makes it tremendously difficult to exploit this resource 
efficiently. So far, taxon selection in spider venom bioprospecting has been driven by taxonomic bias, 
and thereby has only discovered less than one percent of all expected venom biomolecules. Accordingly, 
this approach is deemed insufficient to deduce a representative view on spider venoms. Finding a 
rationale on which such bioprospecting can instead be based upon would represent a critical advance, 
eventually solving the taxon selection dilemma. Developing innovative strategies to overcome this 
dilemma is the subject of this chapter. 

Chapter III, again using Theraphosidae as a model group, combines data mining from 
bioinformatics resources with available phylogenetic data from Chapter I and Chapter II. It found that, 
despite Theraphosidae being the most studied spider group in terms of venom, available venomic data is 
restricted to a small subset of lineages. Therefore, Chapter III recovers a new level of taxonomic bias 
within a single spider family. Based on the phylogenetic placement and considering toxin data coverage 
throughout the phylogeny, this chapter deduced priority groups for future venom bioprospecting in 
tarantulas. Chapter III proposes that a taxon selection based on phylogenetics and big data mining may 
represent a promising approach to tackling the taxon selection dilemma. 

Chapter III shows that by reducing taxonomic ambiguity in spiders (Chapter I and Chapter II), 
preexisting insights can be accompanied by data mining approaches to illuminate the status quo in 
bioprospecting, which can be used to translate these findings into novel strategies for biodiscovery. The 
strategy that it proposes, however, needs to be evaluated on a larger scale. 
 
Chapters IV-V. Knowledge of spider venoms, their components, and their evolution is rather limited 
beyond species investigated in the context of taxonomic bias. By applying the bioprospecting strategy 
developed in Chapter III, Chapter IV and Chapter V aim to verify its usefulness and to expand 
knowledge on spider venom systems in understudied groups. When the phylogeny-guided approach for 
taxon selection is applied to spiders in their totality, a series of ecologically relevant, phylogenetic distant, 
and venom-wise understudied groups are revealed. Among these, the family Araneidae holds an 
outstanding position, as they comprise one of the most diverse spider lineages whose members are 
frequent model systems for the evolution of silk genes. This multi-pronged significance renders 
Araneidae a promising group for venom bioprospecting, and consequentially their venom systems are 
explored in Chapter IV and Chapter V. The wasp spider Argiope bruennichi was selected as a representative 
species as it is an established model organism for a variety of ecological questions, and thus elucidating 
its venom system will directly contribute to answering other research questions. For A. bruennichi, no 
venom components have been previously described, and the morphology of its venom apparatus has not 
been explored in much detail. 

Therefore, as a foundation, Chapter IV illuminates the morphological organization behind the 
venom apparatus in A. bruennichi via microscopy. It verified that in its outer morphology, the venom 
apparatus conformed to the basic structure, and used the jackknife motion that is typical for araneomorph 
spiders. Cheliceral teeth are present, in which the fangs rest when not in use, and which may support 
prey handling by the wasp spider. The investigation further revealed that A. bruennichi harbors relatively 
large venom glands that reach from the chelicerae into the prosoma. Lastly, this chapter depicts the 
cellular organization throughout a wasp spider’s venom apparatus. The most interesting observation of 
Chapter III is the underestimated complexity of the venom duct, which can be divided into three 
subregions that differ in cellular complexity. 

Chapter V investigates the venom composition of A. bruennichi via a proteo-transcriptomics-
based venomics workflow based on two mass spectrometry technologies for proteomics. Enabled by 
insights from Chapter IV, venom gland dissection was conducted as a means to collect venom from A. 
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bruennichi, as electrostimulation mostly fails in such small spiders. This chapter shows that proteo-
transcriptomic workflows are powerful tools for exploring the venoms of small neglected invertebrates. 
Furthermore, with the araneid A. bruennichi as a model, Chapter V contributes to the reduction of 
taxonomic bias in spider venom research. It shows that the venom of wasp spiders is comprised of several 
components that are typical for spider venoms, such as ICK peptides, MIT atracotoxins, neprilysin 
metalloproteases, and HAND peptides. More importantly, Chapter V reveals the presence of several 
novel venom components belonging to different protein families, some of which have never before been 
described from spider venoms. By analyzing these novel compounds for their sequences and 
relationships with known proteins, the study found that many of these represent apotypic neuropeptides 
or hormones recruited to the venom gland of A. bruennichi. This chapter also finds that the venom of 
wasp spiders is of an arachno-atypical composition, as it is of astonishing simplicity and dominated by 
CAP proteins instead of small neurotoxic peptides. Therefore, Chapter V discusses the biological role of 
CAPs and, based on sequence homology with functionally assessed CAPs, predicts a proteolytic activity 
within the venom of A. bruennichi. Lastly, it proposes an evolutionary hypothesis that may explain the 
observed arachno-atypical venom. Here, the venom system metabolically competes with the unique silk 
apparatus-based hunting behavior of wasp spiders, which leads to an energetic dilemma. Chapter V 
argues that in A. bruennichi, this dilemma was solved in favor of the silk apparatus, and most venom 
components fell victim to purifying selection along the species evolutionary trajectory. 

Chapter IV and Chapter V explore for the first time the venom system of wasp spiders. Chapter 
IV depicts the morphological organization of the venom apparatus in A. bruennichi and thus delivers 
critical insights into the architecture and functionality of these spiders. Chapter V illuminates the 
biochemical diversity of wasp spider venom. It illustrates the composition, identifies novel components, 
and reveals the arachno-atypical nature of wasp spider venom. Moreover, it proposes hypotheses that 
may explain the chapter's findings. In tandem, the results of Chapter IV and Chapter V support a 
phylogeny-based taxon selection as proposed in chapter III and argue that it may indeed represent a 
powerful approach to tackling the taxon selection dilemma. Moreover, by adding data from the venom 
of an understudied lineage, research in these chapters contributes to the resolution of taxonomic bias in 
spider venom research. Both chapters feature a variety of empirical and theoretical advancements on the 
understanding of araneid venom systems, in particular in an eco-evolutionary context. Thus, the work 
in Chapter IV and Chapter V helps to disentangle the venom evolution conundrum 
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III Discussion 
 
Molecular approaches are a powerful tool in spider systematics 
The mygalomorph family Theraphosidae represents an excellent model group for questions regarding 
systematic ambiguity, as this phenomenon is especially prevalent in this infraorder. Among 
Mygalomorphae, they represent the most diverse family, and members are present on all continents 
except Antarctica (Piel, 2018; World Spider Catalog, 2019). Their size and charismatic appearance have 
led to their widespread recognition and sparked a long-lasting pursuit to disentangle their evolutionary 
history, as well as to decipher their species inventory. This pursuit was pioneered by Robert Raven, who 
postulated the first hypothesis about intrafamilial relationships within Theraphosidae  (Raven, 1985). 
Since Raven's initial work, a series of follow-up studies from a variety of authors have been conducted. 
All of these studies relied fully on morphological characters but ranged in scope, and addressed 
intrafamilial, intrasubfamilial, or intrageneric relationships (Pérez-Miles et al., 1996; Guadanucci, 2014; 
Hamilton et al., 2011; Samm & Schmidt, 2010; West et al., 2008). Regardless of scope, the resulting 
phylogenies consistently contained polytomies and nodes of insignificant statistical support. Accordingly, 
previous studies were unable to resolve relationships for older or for younger taxonomic levels, and the 
inferred evolutionary hypotheses on Theraphosidae were fully contradictory (Guadanucci & Wendt, 
2014; Samm & Schmidt, 2010; Schmidt, 1995; Valencia-Cuéllar et al., 2019; West et al., 2008). Robert 
Raven later summarized the prevailing systematic ambiguity in Theraphosidae and the difficulties in 
disentangling their relationships by referring to the family as a taxonomic nightmare (Raven, 1990). 

Hypothesis 1 proposed that molecular phylogenetics is an advantageous means to overcome 
taxonomic ambiguity in mygalomorph spiders, of which the few characteristics available, the 
uninformativeness of these characteristics, and homoplastic effects are leading causes. By sequencing 
genetic material, large quantities of informative datapoints can usually be generated. Through selecting 
orthologous genes, effects such as homoplasy can be excluded from molecular approaches, and a variety 
of other sources of bias can be controlled for bioinformatically. The results of Chapter I and II agree 
with the proposed hypothesis, highlighted by the fact that their utilization of molecular phylogenetics 
was able to derive the first robust backbone phylogeny for Theraphosidae. In particular, the 
phylogenomics approach of Chapter II is a promising tool because it recovered even the deepest 
theraphosid branches with high support values. The tremendous potential of such techniques is also 
reflected in the increasing number of taxonomic studies on Theraphosidae that have utilized molecular 
approaches since (Hamilton et al., 2016; Hüsser, 2018; Ngamniyom et al., 2014; Ortiz et al., 2018; Ortiz 
& Francke, 2016, 2017). Some of these works are directly based on the research conducted in this 
work (see comment within Ortiz et al., 2018) and expand its scope towards shallower taxonomic levels. 
A result of these studies is that, for the first time in theraphosid systematics, obtained phylogenies are in 
agreement to each other even though they are derived from independent researchers and independent 
samples.  

Facing this recent rise of molecular approaches and the linked decrease of taxonomically 
ambiguous taxa in Theraphosidae, it can strongly be presumed that the “taxonomic nightmare” (sensu 
Raven, 1990) will be resolved soon. However, future research on theraphosid evolutionary systematics 
still needs to overcome some hurdles. For instance, some particularly import taxa of the Ischnocolinae 
and Selenogyrinae subfamilies could not be collected for the herein presented work. These critical groups 
are notoriously difficult to access as they live in some extremely remote and dangerous geographical areas. 
Therefore, collecting such samples will be a rather time-consuming and laborious task for the future. 
Interestingly, the rise of molecular phylogenetics and phylogenomics as a means to tackle systematic 
ambiguity in Theraphosidae have shifted the problem from methodological issues towards taxon 
sampling. It was previously problematic to resolve theraphosid relationships, but this task is now easier 
to perform. In contrast, obtaining sufficient material for molecular analyses from such hard-to-access 
groups is now the challenge that the battle against systematic ambiguity in Theraphosidae is facing. 

 
Resolving the systematic status of questionable theraphosids 
Linked to the previous difficulties in the inference of an evolutionary framework within Theraphosidae 
is the uncertain status of many included taxa. Boundaries within and around Theraphosidae have not 
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been successfully determined and several taxa are regularly transferred between genera and subfamilies. 
Hypothesis 2 stated that advancements in the field of phylogenetic research via molecular approaches 
will provide an informative baseline upon which systematic assessments can be informed. It predicts that 
this framework will enable the clarification of previously questionable taxa. The research in Chapters I 
and II tested this hypothesis using problematic theraphosids. 

Of particular interest were the subfamilies Psalmopoeinae, Poecilotheriinae, and 
Stromatopelminae. All of these groups exclusively harbor species that follow an arboreal lifestyle. 
However, they frequent different geographical areas. While Psalmopoeinae occur in the neotropics, 
Poecilotheriinae are endemic to the Indian subcontinent and Stromatopelminae are native to mainland 
Africa (Schmidt, 2003; Teyssie, 2015; World Spider Catalog, 2019). In the past, the validity of all three 
subfamilies was questioned, and, more often than not, they were placed in other subfamilies. For instance, 
Psalmopoeinae and Poecilotheriinae were sometimes considered as members of Selenocosmiinae 
(Marshall et al., 1999; Raven, 1985). Others placed Psalmopoeinae together with Stromatopelminae in 
Aviculariinae – another group of arboreal neotropical theraphosids (Fukushima & Bertani, 2017). The 
results of Chapters I and II refute these previous assignments and support the independence of 
Psalmopoeinae, Poecilotheriinae, and Stromatopelminae, thus claiming validity for these taxa. 
Stromatopelminae were recovered as sister to Harpactirinae, forming a clade composed of African 
lineages. The proposed relationship of Poecilotheriinae with Selenocosmiinae is not supported by the 
results in both chapters. Instead, a placement as a sister group to the Asian Ornithoctoninae is recovered 
with high confidence. Consistently throughout all analyses, Psalmopoeinae are recovered as the sister 
group to Schismatothelinae, and these, together, as sisters to Aviculariinae. An association of 
Psalmopoeinae with Poecilotheriinae, Selenocosmiinae, or Stromatopelminae is not supported. Recently, 
Hüsser (2018) was able to reproduce the findings concerning Psalmopoeinae. Hüsser officially re-erected 
the subfamily based on his findings and the research presented therein. Comprehensive studies to follow 
the recommended reestablishment of Poecilotheriinae, likewise to Psalmopoeinae, are currently 
underway (Meyer, pers. Comm). 

Besides these, the Ischnocolinae subfamily has been a critical group in the past. Originally erected 
to comprise all Theraphosidae that could not be assigned to other subfamilies, Ischnocolinae represents 
a paraphyletic taxonomic “trash bin.” Until recently, they were defined upon the absence of informative 
morphological characters (Schmidt, 2003). Considered the most problematic group within 
Theraphosidae, they were frequent subjects to systematic studies (Guadanucci, 2007; Guadanucci & 
Gallon, 2008; Guadanucci, 2014; Guadanucci, 2005; Guadanucci & Wendt, 2014). However, these works 
were only moderately successful: While some taxa were transferred to an independent subfamily 
(Schismatothelinae), other ischnocolines have not yet been successfully resolved. The research presented 
in Chapter I and Chapter II constitutes the most reliable hypothesis proposed for their systematic status. 
These studies support that Ischnocolinae is composed of at least two independent lineages. Of these, the 
first is a sister to Eumenophorinae, as one of the most ancestral theraphosid groups, while the other is 
related to the neotropical subfamilies and is of relatively recent origin. A potential third lineage was 
recovered that places Nesiergus insulanus in close relationship with Selenocosmiinae. However, this finding 
is exclusively based on a single gene obtained from an exuvia, and the relationship of N. insulanus to 
Selenocosmiinae is only marginally supported. As N. insulanus is endemic to the Seychelles archipelago 
and thus sample material of this genus is scarce, this data was evaluated as too valuable to omit and hence 
included to Chapter I (Canning et al., 2014). That said, this placement and thus the existence of a potential 
third lischnocoline lineage needs to be tested in the future.  

Another important yet systematically unclarified group of Theraphosidae is a selection of 
miniaturized taxa from Africa. These, comprising the genera Brachionopus and Harpactirella, were critically 
discussed for their placement within Theraphosidae, and some authors placed them instead in 
Barychelidae (brushed-foot trapdoor spiders) (Raven, 1985; Schmidt, 2002). However, the results of 
Chapter I reject that these genera are related to barychelids. The molecular analysis clearly recovered both 
as members of the Harpactirinae subfamily, placed sister to Stromatopelminae in a clade fully composed 
of taxa from Africa. 

Facing the above outlined implications for tarantula systematics made by this work, findings 
throughout this thesis largely conform to hypothesis 2. Research on tarantula systematics has been unable 
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to determine the independent characters of Psalmopoeinae, Poecilotheriinae, and Stromatopelminae in 
the past. Likewise, the status of Brachionopus and Harpactirella as well as the cryptic genetic diversity of 
Ischnocolinae have never been reliably recovered before. Only through the molecular phylogenetic 
framework erected in Chapter I and Chapter II has it been possible to address these important questions 
and to considerably advance the field of tarantula systematics. 
 
Evolution of urticating setae in Theraphosidae and implications for venom evolution 
Investigating the evolutionary processes and patterns in spiders, in particular under consideration of the 
venom evolution conundrum, was another substantial goal of this research. In this realm, hypothesis 2 
proposed that the phylogenetic framework that enabled the clarification of the systematic status of 
questionable groups could subsequently guide the study of relevant traits in each particular group. For 
example, resolving the phylogeny of squamates and combining it with morphological data on glandular 
systems and proteomics illuminated the evolution of reptilian venom systems (Casewell et al., 2012; Fry 
et al., 2012). Likewise, established phylogenies enabled the detailed study of varanid venom systems and 
the interconnected evolution of spitting, hooding, and aposematism with cytotoxicity in cobras 
(Koludarov et al., 2017; Panagides et al., 2017). Unfortunately, the spider kingdom lacks reliable 
phylogenetic insights for most lineages and thus comparable studies cannot be performed with certainty. 

At least for Theraphosidae, this has significantly changed. Within this study, the validity of 
hypothesis 2 was tested on this spider family and on one of its most characteristic traits relating to anti-
predatory defense: urticating setae. These are present in neotropical subfamilies (Aviculariinae, 
Psalmopoeinae, and Theraphosinae) and are mostly dispersed across the opisthosoma (Bertani & 
Guadanucci, 2013; Kaderka et al., 2019; Pérez-Miles & Perafán, 2015). Several functional mechanisms of 
urticating setae are described, with the most prevalent known as bombardment. Here, an agitated 
tarantula projects its setae into the air and towards a potential threat. If setae get in contact with vulnerable 
body parts (skin, eyes, respiratory system) of predators, they induce painful micro-injuries owed to their 
harpoon-like ultrastructure. A rather intriguing defensive trait, urticating setae were unsurprisingly often 
studied for their evolution (Bertani & Guadanucci, 2013; Kaderka et al., 2019; Pérez-Miles & Perafán, 
2015). However, as a result of systematic ambiguity, no hypothesis about their evolution has been 
proposed with a reliable foundation, thus leading to mostly controversial findings. 

The results of Chapter II suggest that all subfamilies in which taxa can carry urticating setae form 
a rather young monophyletic clade. This neotropical “bombardier clade” consists of Theraphosinae, 
Aviculariinae, Schismatothelinae, and Psalmopoeinae. Interestingly, urticating setae are not found in 
every species within the bombardier clade, and considering their distribution throughout the clade, their 
evolution could be explained by three different scenarios. A first scenario would conform to a multiple-
gain process, in which urticating setae evolved independently in Aviculariinae, Ephebopus, and 
Theraphosinae. Second, a multiple-loss scenario would predict that urticating setae evolved once in the 
last common ancestor (LCA) of the bombardier clade but were then lost twice in Schismatothelinae and 
Psalmopoeinae after the split off of Ephebopus. Lastly, a gain-loss-gain scenario would propose the 
emergence of urticating setae in the LCA and a secondary loss when Schismatothelinae diverged from 
Aviculariinae. Then, urticating setae were regained in Ephebopus, but not in Psalmopoeinae. The 
bioinformatic analysis within Chapter II favored the multiple-gain scenario and therefore indicated that 
convergent evolution of urticating setae likely explains the distribution of this peculiar trait throughout 
the bombardier clade. Interestingly, the presence of urticating setae relates to anecdotal reports on 
theraphosid venoms. Theraphosidae carry functional venom systems and are, with very few exceptions, 
not considered to be medically significant (Hauke & Herzig, 2017). However, anecdotal reports 
consistently highlighted that bites from old-world theraphosids are causing more severe envenomations 
in humans than bites from taxa from the bombardier clade (Escoubas & Rash, 2004). Therefore, the 
theraphosid tree of life appears to be bifurcated in terms of toxicity towards primates: while most 
plesiotypic lineages seem to cause relatively painful envenomations in humans, the reduction of toxicity 
towards humans coincides with the apotypic bombardier clade. Defense against predators is among the 
principal biological functions of venom (Fry et al., 2009). However, venoms are also metabolically 
expensive (Morgenstern & King, 2013; Wigger et al., 2002). Considering that, the loss of toxicity within 
the bombardier clade could be explained by the evolution of urticating setae. In a defensive situation, the 
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projection of urticating setae and the injection of venom could be used by tarantulas as a means to deter 
predators. While both mechanisms serve the same goal, they differ drastically in their metabolic 
expensiveness. Venom consists of proteins and other biomolecules that need to be re-synthesized and 
thus requires an energetic investment in replenishing the venom gland after it has been emptied 
(Morgenstern & King, 2013; Wigger et al., 2002). Urticating setae, on the other hand, are structures that 
consist of chitin and are localized on the exoskeleton (Kaderka et al., 2019). As ecdysozoans, tarantulas 
perform regular ecdysis throughout their life history, in which their old exoskeleton is replaced by a larger 
one enabling growth. During ecdysis, the arsenal of urticating setae is replaced, probably with significantly 
lower energetic costs when compared to venom components. Therefore, Chapter II proposed that the 
evolution of urticating setae within the bombardier clade may have caused the subsequent loss of 
defensively used venom components. Intriguingly, urticating setae represent key innovations for 
tarantulas of the bombardier clade that contribute to their evolutionary success, as lineages that harbor 
such setae exceed other tarantula groups in diversity. The bombardier clade subfamilies comprise ca. 60% 
of the total biodiversity of Theraphosidae, and genera with multiple types of setae usually have more 
congenerics than those with a less diverse setae arsenal. 

Findings throughout this body of research verify the proposed hypothesis 2, as the erection of a 
reliable phylogenetic framework indeed enabled the study of trait evolution in tarantulas. However, the 
conclusions made about the evolutionary interactions of venom versus urticating setae need to be tested 
in the future. Facing the evolutionary success displayed by the bombardier clade and the fact that the 
presence of urticating setae is the only obvious ecological difference within Theraphosidae, it is likely that 
future studies may reveal an evolutionary mechanism that relates to these hypotheses. 
 
Fighting off the taxon selection dilemma: Towards novel strategies for venom bioprospecting 
in spiders 
Previous attempts at mining spider venom for translational applications were largely driven by taxonomic 
bias. Thus, the current view on the subject is derived from a non-representative minority of taxa (Herzig 
et al., 2019). To derive a more comprehensive picture and to increase the efficiency of bioprospecting 
programs, parts of this research were devoted to the optimization of related workflows. Among the most 
important factors in this realm is the taxon selection dilemma. Related to this specific problem is 
hypothesis 3, which states that a rational selection of target species may enable accelerated biodiscovery 
from venom systems. This hypothesis has been tested in Chapters III and V. 

Chapter III developed an alternative path towards rational taxon selection in spider venom 
research that is based on phylogeny instead of size or medical significance. It has been proposed that 
phylogenetic distance is among the main drivers of venom diversification (Fry et al., 2015). Consequently, 
the discovery of novel bioresources in venoms is predicted to be more likely if phylogenetically distant 
groups are studied (Fry et al., 2015). However, this concept has not yet been applied to spider venom 
bioprospecting, partly because taxonomic ambiguity often prevented the inference of phylogenetic 
distances. Previous chapters of this thesis provided the needed phylogenetic framework for one spider 
family, and thus relieved a major constraint for such an approach, at least in this group. Using these 
spiders of the Theraphosidae family as a model group, the research of Chapter III took advantage of the 
available phylogeny and combined this with metadata for theraphosid venoms (Pineda et al., 2018) to 
illuminate priority groups. This work suggests that subfamilies such as Poecilotheriinae or 
Eumenophorinae likely reflect the most promising groups for venom bioprospecting. However, the 
proposed phylogeny-based approach needs to be further validated before its usefulness can be 
established. As a first step in this direction, the strategy has been applied towards the totality of spider 
families, thereby selecting the wasp spider Argiope bruennichi as a promising taxon (Fig. 4). The venomic 
analysis of A. bruennichi in Chapter V, recovered a plethora of biomolecules, including ICK peptides, MIT 
atracotoxins, and HAND family peptides. All of them, but in particular the ICKs, represent attractive 
leads for translational applications (Saez et al., 2010). Besides these, the presence of several peptides that 
seem to derive from neuropeptides has been discovered. Most of these neuropeptide-based venom 
components have never before been isolated from spider venoms. 

Although these studies that sought to battle the taxon selection dilemma are of exploratory 
nature, the findings support the validity of hypothesis 3. By applying the strategy developed in Chapter 
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III, a swift and rational taxon selection for venomic analysis was enabled. This yielded, in its first trial, a 
variety of promising biomolecules worth further study. All of these are molecules that are new to science 
and belong to different classes of proteins and peptides. For several of these classes, this work was able 
to report their presence in spider venoms for the first time. It can therefore be deduced that the 
phylogeny-based strategy represents a promising approach for rational taxon selection. The subsequent 
study explored the venom of a single taxon, and thus more trials are needed to validate it. That said, if 
such subsequent trials are successful, the strategy’s scope could even be expanded to other venomous 
lineages. For example, pseudoscorpions reflect a similarly diverse group of small venomous invertebrates 
(von Reumont et al., 2014). Therefore, bioprospecting from their venoms may be challenged by similar 
hurdles as in spiders. Overcoming the taxon selection dilemma in pseudoscorpions (or any other 
hyperdiverse group of venomous metazoans) may thus be enabled by this research as well. 
 

 
Fig. 4: The wasp spider and their relatives. The wasp spider A. bruennichi (A)was selected as a promising target species for 
venom bioprospecting and subsequently studied in the chapters IV and V. The species belongs to the understudied Araneidae 
family and displays a charactersistic black and yellow coloration. This phenotype is shared in several congenerics, including 
Argiope aurantia (B) and Argiope lobata (C). Images courtesy of W. Dibiasi. 
 
Challenging the current picture on spider venom composition 
Among the major questions behind the venom evolution conundrum in spiders is the evolutionary origin 
from which toxins arose, how venom systems are organized, and how they are composed. One important 
goal was to gain new knowledge on spider venom evolution beyond the current status quo. Addressing 
this important task, hypothesis 4 states that the study of venom systems beyond taxonomic bias will 
recover venom profiles that challenge the current picture on spider venoms, as this is derived from only 
a marginal fraction of the exorbitantly diverse spider kingdom. 

The in-depth venomic analysis of the wasp spider venom by proteo-transcriptomics conformed 
to this hypothesis, as it recovered an unusual venom profile with an unprecedented degree of simplicity. 
This finding drastically contradicts the paradigm that spider venoms are outstandingly complex entities. 
Although the venoms of Cupiennius salei and Physocyclus mexicanus were recently found to be relatively 
simple (Kuhn-Nentwig et al., 2019; Zobel-Thropp et al., 2019), their chemical complexity still exceeds 
that featured in A. bruennichi by far. Another commonly accepted concept is that small neurotoxic 
components, and in particular those with an ICK scaffold, dominate spider venoms. The venom of wasp 
spiders, again, defies this rule: it is foremost composed of large molecules in the CAP superfamily. 
Contrary to other spider venoms, that of A. bruennichi yields only a few small neurotoxic peptides, and 
those with an ICK scaffold do not reflect a significant proportion of the venom profile. In parallel to the 
venom of A. bruennichi, the venom of a related araneid species (Araneus ventricosus) was re-analyzed because 
the original work did not provide a functional classification of identified proteins. This approach revealed 
that the venom of A. ventricosus is also predominantly composed of large molecules, mostly thryoglobulins 
and CAPs, and, similar to wasp spiders, ICKs are underrepresented. 

In this perspective, the work that was conducted in Chapter V addresses the venom evolution 
conundrum as it adds to the increasing body of evidence that large proteins are indeed pivotal 
components in spider venom systems. It also emphasizes that the commonly made assumptions of spider 
venoms are taxonomically biased, and that the study of neglected venom systems in spider will reveal 
rather different venom profiles. 
 

A)                                                B)                                                 C)               
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Changing perspectives on the importance of large proteins in light of the dual prey inactivation 
strategy 
For most of toxinological history, large proteins from spider venoms were neglected, and it was 
questioned whether they constituted important or abundant components at all. Most authors recognized 
large proteins, except LTX and PLD, as minor components that were unlikely to mediate key functions 
in spider venoms (Langenegger et al., 2019). This perspective has recently begun to change, as an 
increasing number of studies have reported on large components (Kuhn-Nentwig et al., 2019; Undheim 
et al., 2013; Zobel-Thropp et al., 2019). Some of these belong to protein classes that are known as toxins 
from other animals, and thus represent potential toxins for spiders. Others were functionally linked to 
cellular homeostasis within the venom system, as they are involved in the maturation of toxins. For most 
of the large proteins, biological functions remain unstudied (Langenegger et al., 2019). As indicated by 
the venoms of A. bruennichi and A. ventricosus, some spider venoms can be largely composed of such 
proteins and therefore defy the widespread rule of small peptide dominance.  

Despite the enigmatic nature of most large proteins, a recent study proposed the dual prey 
inactivation strategy for spider venom (Kuhn-Nentwig et al., 2019). It postulated that spiders inject a 
venom cocktail of neurotoxic small peptides together with an array of larger proteins into their prey. 
Some of the larger proteins are thought to interfere with metabolic pathways that mediate cellular 
homeostasis. Others are proposed to affect the integrity of cell membranes and therefore enhance the 
dispersion of neurotoxins, thus acting as spreading factors. Neurotoxins mediate their activity on ion 
channels or receptors and subsequently lead to prey immobilization (Kuhn-Nentwig et al., 2019). The 
dual prey inactivation strategy therefore proposes that spider venoms largely rely on the synergistic 
machinery of large and small components that employ their biochemical properties in two waves. While 
some large proteins rapidly interfere with the victim's metabolism, thus mounting a first physiological 
attack, others increase the spread of neurotoxins. Then, in a second wave, these neurotoxic compounds 
overpower the prey item (Kuhn-Nentwig et al., 2019). In total, the strategy implies that large proteins, 
although functionally understudied, reflect important parts of spider venom systems, and thus rejects 
their previous perception as minor compounds. 

In light of this novel hypothesis, research in Chapter V recovered several venom components 
from A. bruennichi that may relate to the dual prey inactivation strategy. It identified S10-Peptidases, 
astacin-like metalloproteases, serine-proteases, and lectins within the venom of A. bruennichi. Members of 
these molecule classes are widespread throughout animal venoms and are known to have cytotoxic 
activities. Thus, they may represent spreading factors in A. bruennichi following the dual prey inactivation 
strategy (Kuhn-Nentwig et al., 2019). Another spreading factor could be represented by chitinases, as 
these degrade chitin, a major structural element of insect prey items. For proteins that interfere with 
cellular homeostasis and thus represent the first wave of chemical attack within the preys metabolism, 
nucleotidases, Kunitz peptides, and cystatin were recovered as potential candidates. That said, the 
presence of large proteins with thyroglobulin- and leucine-rich repeat domains inside the venom of A. 
bruennichi have been detected. For these, no data on their biological activities is available from any venom 
system, and their function needs to be established by future studies to interpret these molecules in 
perspective to the dual prey inactivation strategy. Lastly, the presence of neurotoxic ICKs, HAND 
peptides, and MIT atracotoxins, plus a subset of putative novel neurotoxins, likewise conforms to the 
dual prey inactivation strategy assumptions (Kuhn-Nentwig et al., 2019). 

The major wasp spider venom components that this work revealed belong to the class of CAP 
proteins. These are frequently recruited venom proteins and are featured in virtually all known venom 
systems (Fry et al., 2009). Throughout the venomous tree of life, they acquired a wide array of biological 
functions. While they are proteolytic enzymes in cone snails, they reflect neurotoxins in snake venom 
and hemotoxins in ticks, some insects, and lampreys (Fry et al., 2009). In spider venoms, CAPs are also 
frequently reported, however, their biological functions and modes of action have not been established 
(Fry et al., 2009; Kuhn-Nentwig et al., 2019; Undheim et al., 2013). In the context of the dual prey 
activation strategy, it is assumed that spider venom CAPs are parts of the first wave in envenomation 
that interferes with the prey’s metabolic homeostasis (Kuhn-Nentwig et al., 2019). That said, proteolytic 
activity, as well as neurotoxic activities, are known in CAPs outside of spider venoms. It is therefore also 
possible that they reflect spreading factors or neurotoxins involved in the second wave of envenomation. 
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Consequently, the functional assignment of CAPs within the dual prey inactivation strategy remains to 
be validated. Chapter V compared the primary structure of CAPs from A. bruennichi venom with other, 
functionally resolved CAPs. It confirmed that the C terminal domain that facilitates the neurotoxic 
activity of snake venom CAPs is absent from those in A. bruennichi, and concluded that a neurotoxic 
function is unlikely (Fry et al., 2009). Instead, it found that all CAPs recovered from wasp spider venom 
displayed a high sequence similarity with a proteolytic CAP from the cone snail Conus 
textile (Tex31) (Milne et al., 2003). Tex31 facilitates its proteolytic activity based upon its active site that 
contains histidine and glutamic acid (Milne et al., 2003). In order to derive insights about the potential 
biological function of CAPs in A. bruennichi, exploratory structural-sequence alignments and homology 
modelling against Tex31 plus structurally elucidated CAPs from other organisms were conducted (Fig 5). 
The alignment revealed that the active site of Tex31, which contains glutamic acid and histidine moieties, 
is conserved in A. bruennichi CAPs (Fig. 5 a). However, these feature an insertion of 27 amino acids 
between both moieties, thus disrupting their presupposed proximity. Interestingly, the insertion within 
A. bruennichi CAPs carries an additional set of glutamic acid and histidine, and therefore comprises an 
additional putative active site that mirrors Tex31. The homology modelling revealed that these moieties 
indeed are in proximity and are localized within a potential binding pocket (Fig. 5 b). Moreover, if the 
protein’s predicted folding is taken into consideration, this active site may be expanded by the original 
histidine that is present in Tex31. Through three-dimensional orientation this distant moiety is brought 
in proximity to the inserted putative active site of A. bruennichi CAPs, forming a potential triad of glutamic 
acid and two histidines (Fig. 5 b and c). Therefore, the active site that is responsible for proteolytic activity 
in Tex31 is present and potentially even expanded in the CAPs of wasp spiders, suggesting that these 
also have a proteolytic function. 

Based on these insights, the results of this work reject that CAPs from wasp spider venom are 
involved in the metabolic perturbance during the first wave as it is proposed by the dual prey inactivation 
strategy (Kuhn-Nentwig et al., 2019). Instead, it supports the theory that the CAPs of wasp spiders 
represent spreading factors, although another role within extraintestinal digestion cannot be excluded. 
This analysis of CAP proteins from wasp spider venom are in agreement with hypothesis 4, as this analysis 
beyond the taxonomic bias reshaped the perception of biological functions of CAP proteins in spider 
venom systems. 

 
Fig. 5. Structural insights on the putative function of wasp spider CAPs. (a) Structural-sequence alignment of selected 
A. bruennichi CAPs against the active site of Tex31. The active site of Tex31 consists of glutamic acid (E, red) and histidine 
(H, blue) and is conserved between A. bruennichi CAPs. The latter carry a 27 amino acid insertion with an additional set of 
glutamic acid and histidine, forming a potential active site. (b) homology modelling shows (left protein structure, right protein 
surface) that the inserted active site and the histidine of the Tex31 active site are nested within a putative binding pocket. (c) 
Enlarged view on the three putative active site moieties in A. bruennichi CAPs reveal that their side chains are in proximity, 
thus forming a potential triad. The structural insights support a proteolytic activity of A. bruennichi CAPs. 

43
tex31           1 QMWADEGVWTD---------------------------GTGHYIQ
Argiope_CAP2    1 IQLSSEPNWRLAITFLYDEVKDYNINWIDSFKPHNVPKKTGHLTQ
Argiope_CAP3    1 QEPSNEPDWTWAITALYDEVVDYRVNWLDSFTKHPGP-KTGHFTQ
Argiope_Cap4    1 QEPSNEPDWTWAITALYDEVVDYRVNWLDSFTKHPGP-KTGHFTQ

tex31           1 QMWADEGVWTD---------------------------GTGHYIQ
Argiope_CAP2    1 IQLSSEPNWRLAITFLYDEVKDYNINWIDSFKPHNVPKKTGHLTQ
Argiope_CAP3    1 QEPSNEPDWTWAITALYDEVVDYRVNWLDSFTKHPGP-KTGHFTQ
Argiope_Cap4    1 QEPSNEPDWTWAITALYDEVVDYRVNWLDSFTKHPGP-KTGHFTQa)

b)

c)
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The architecture of spider venom systems and hidden complexity of the venom duct 
The venoms of most spiders have not yet been studied, and even less is known about the morphological 
organization of their venom systems. Given the wide variety of spider species that employ their venom 
systems in different ecological contexts, hypothesis 5 predicts that the morphology of these systems is 
functionally underestimated. 

In all spiders, the outer part of the venom system is composed of chelicerae consisting of a large 
basal segment and a fang. On the inside, the system comprises a venom gland that produces and stores 
the venom, an orifice at the fangs end from which venom is released, and a duct that connects the gland 
with the opening (Foelix, 1983). The morphological analysis of the wasp spider venom system made in 
Chapter IV illuminated that the outer morphology of the chelicerae conforms to the basic structure that 
is typically reported in Araneomorphae. At the basal segment, A. bruennichi harbors cheliceral teeth into 
which the fangs are folded in the resting position. Such teeth have been proposed to increase friction and 
enable the spider to use their chelicerae during the handling of prey (Foelix, 1983). The presence of 
cheliceral teeth in A. bruennichi suggests that this spider utilizes its venom system in more scenarios than 
just envenoming prey, for example as a means of adjusting the prey item during feeding within its orb 
web. 

A histological analysis of the wasp spider venom system found that the venom gland is composed 
of a complex system of secretory cells that release vesicles, presumably filled with venom components 
towards the glands lumen. The gland itself is covered in a dense layer of muscle bundles and is attached 
to nervous fibers. Innervation and muscles are likely the means of regulating the release of venom. As 
spiders are known to be capable of controlling the amount of venom used depending on the prey type, 
such an architecture can be expected, as a high degree of regulation is needed to facilitate the fine tuning 
of the venom system. Moreover, the histology of the wasp spider venom system largely mirrors the 
venom systems of the few other spiders studied so far. Despite coming from different infraorders and 
occupying different ecological niches, spiders seem to rely on the same cellular architecture for their 
venom systems. 

The most important insights gained from Chapter IV concern the often-overlooked venom duct. 
This structure was found to be composed of four different subsections that differ histologically. While 
venom ducts in most species are considered to be a simple connection between the injector and venom 
gland, the study of venom ducts in cone snails and Bothrops pit vipers revealed that venom ducts can be 
metabolically active and synthesize parts of the venom cocktail (Hu et al., 2011; Valente et al., 2018). 
These findings mean that venom ducts in other venomous species, including spiders, may be of higher 
importance than previously thought. To what extent these insights apply to the wasp spider is a subject 
for future investigations. However, a biological function of the venom duct seems rather likely 
considering the given substructures. 

The insights gained by morphologically examining the venom system of wasp spiders partly agree 
with and partly refute hypothesis 5. On one hand, the expected functional underestimation of spider 
venom systems was not found for most parts of the chelicerae and the venom gland, as these mirror 
those from other spiders. On the other hand, the presence of cheliceral teeth and the new insights 
regarding the potential role of the venom duct as part of the toxin synthesizing machinery are in 
agreement with hypothesis 5. It is important for future research to test these potential roles, in particular 
that of the venom duct, via appropriate technologies such as MALDI-imaging approaches. 
 
Neuropeptides as frequently recruited spider venom components 
By exploring the wasp spider venom from a chemical perspective, the presence of a variety of venom 
components that share similarities with arthropod neuropeptides has been revealed. These findings relate 
to hypothesis 6, which predicts that deep venomic studies in neglected spider lineages will recover venom 
components that are derived from understudied protein groups. Thus, the identification of the 
evolutionary substrate giving rise to toxic proteins beyond ICKs, PLD, and LTX will be enabled. 

In general, neuropeptides are promising evolutionary substrates for the birth of toxins, as they 
are involved in the control and regulation of vital processes. Dysregulation of these is likely to cause 
perturbations of neuronal chemistry and thus neurotoxicity. Recruitment into the venom system may 
already be sufficient to weaponize neuropeptides. Following initial recruitment, the toxicity of these 
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neuropeptides can be enhanced via subsequent mutations that alter the surface chemistry. The simplicity 
by which neuropeptides can be recruited to venom systems is flagged by the diversity of venomous taxa 
that incorporate such molecules into their venoms, for example, the emerald jewel wasp (Ampulex 
compressa) utilizes neuropeptides in its venom to induce hypokinesia in cockroaches (Arvidson et al., 2019). 
Helodermatid lizards, centipedes, ticks, and wasps equally feature weaponized neuropeptides in their 
venoms, and even the skin poison of frogs harbors an arsenal of neuropeptides (Roelants et al., 2013; 
Undheim et al., 2015; Yap & Misuan, 2019). The recruitment of neuropeptides into spider venoms has 
been described only on a few occasions. The most prominent examples are HAND peptides that were 
shown to be recruited into the venom system of spiders and centipedes via weaponization of ion 
transport peptide/ crustacean hyperglycemic hormone neuropeptides (ITP/CHH)  (Undheim et al., 
2015). The same family of neuropeptides has been recruited to the venom of Theridiidae, where they 
gave rise to Latrodectins (McCowan & Garb, 2014). Beyond the modification of ITP/CHH peptides, 
little is known about the importance of neuropeptides as the evolutionary substrate for spider toxins. 

In Chapter V, the presence of HAND peptides was revealed in wasp spider venom. As these 
evolved from ITP/CHH neuropeptides, this study supports that the recruitment of neuropeptides into 
the venom system also happened in A. bruennichi. This is further emphasized by other results 
from Chapter V, which illuminated the presence of an array of peptides that represent weaponized 
neuropeptides. Among these is a set of putative toxins with homology to diuretic hormones. Venom 
components that are derived from such hormones have not been described from spider venom before. 
Next, a group of toxins that mirrors insulin-like growth factor binding proteins has been identified. These 
are functionally unstudied but have previously been found in venoms of several arachnids, including a 
spider (Cupiennius salei) (Kuhn-Nentwig et al., 2019). The last group of putative neuropeptide-derived 
venom components features high similarity with ITG-like peptides. Representatives within A. 
bruennichi venom mirrors those from the black cutworm moth (Agrotis ipsilon) and the Florida carpenter 
ant (Camponotus floridanus). As diuretic hormones, members of ITG-like peptides have not been described 
from spider venom before. 

The findings of Chapter V conform to the predictions made by hypothesis 6 and indicate that 
neuropeptides and hormones represent a prolific evolutionary substrate for novel tools in spider venom 
systems. Also, the chapter expands the knowledge on the diversity of neuropeptide-based toxins, as it 
discovers two new families that have never before been found in spider venoms. These results represent 
important advances regarding the venom evolution conundrum, as for many spider toxins, it is unknown 
from which ancestral proteins and peptides they arose. However, it must be established whether the 
discovered neuropeptide-derived molecules display neurotoxic activities or if they instead participate in 
other, yet undiscovered processes within the venom of A. bruennichi. 
 
A reductive approach to venom systems? The role of purifying selection in spider venom 
evolution 
It has been a long-standing paradigm that venoms evolve rapidly under strong positive Darwinian 
selection (Gibbs & Rossiter, 2008; Juárez et al., 2008; Lynch, 2007; Sunagar et al., 2013). In agreement 
with the Red Queen hypothesis of Van Valen, it has been proposed that venoms in predators and venom 
resistance in prey exert reciprocal positive selection on each other, thus leading to the diverse and 
powerful pharmacopeia observed in extant venoms (Fry et al., 2015; Holford et al., 2018; Van Valen, 
1974). However, this assumption has been derived from studies exclusively using evolutionary young 
organism classes, in particular reptiles (Sunagar & Moran, 2015). By studying the selection pressures on 
venom genes throughout the whole animal kingdom, recent studies discovered that selective pressures 
differ between younger and older clades (Sunagar & Moran, 2015). While venom genes in young clades 
indeed tend to evolve under strong positive selection, older lineages such as spiders show signatures of 
purifying selection. This led to the proposal of the “two-speed mode” of venom genes, which predicts 
that the diversifying nature of positive selection mostly acts on the earlier stages of ecological 
specialization within a given species (Sunagar & Moran, 2015). This period of diversification is then 
followed by an extended stage of purifying selection that imposes heavy constraints on the venom system. 
Although this process has been shown to act on spider venom genes on the nucleotide level, it is 
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questionable how this type of selection – which conserves advantageous and purges deleterious alleles – 
shapes the venom systems.  

By investigating the evolutionary history of Theraphosidae, Chapter II focused on the 
bombardier clade. Its members are known to exert less significant envenomations in humans compared 
to other theraphosid lineages (Escoubas & Rash, 2004). It has been discussed above that the evolution 
of urticating setae within the bombardier clade caused the loss of defensively used toxins. Toxins are 
energetically expensive, as their biosynthesis affords metabolic investments (Morgenstern & King, 2013; 
Wigger et al., 2002). Consequently, any evolutionary innovation that relieves these toxins from their 
biological function would essentially turn them into a deleterious trait, as their biosynthesis and 
maintenance would be energetically wasteful. Urticating setae, on the other hand, are composed of chitin 
and are recovered during each ecdysis, thus representing a metabolically less expensive alternative to 
defensive toxins. The negative selection that has been proposed for spider venoms could therefore lead 
to a subsequent purge of toxin alleles. The energy that is saved by such a process could instead be invested 
in other expensive processes, such as reproduction or growth. The fact that urticating setae-carrying 
tarantulas are the most diverse lineages within the family and that they also comprise the largest members 
could suggest that these concepts may apply to Theraphosidae (Mammola et al., 2017). 

Chapter V investigated the venom of the wasp spider A. bruennichi and proposed that its simple 
venom results from an energetic dilemma between the venom system and the silk apparatus. In contrast 
to most spiders, A. bruennichi employs a unique hunting behavior. While others tend to overpower prey 
items via injection of venom, A. bruennichi utilizes its silk apparatus instead (Eisner & Dean, 1976). Prey 
items that enter the foraging web usually have silk spun around them, and only when immobilized by the 
silk are they injected with venom (Eisner & Dean, 1976). Therefore, the biological function of prey 
immobilization is relieved from the venom system and instead imposed on the silk apparatus. Given that 
toxins within the venom, as well as proteins within the silk, are metabolically expensive, the wasp spider 
faces an economic dilemma in which both systems compete for resources. In the case of A. bruennichi, 
many venom components are therefore energetically wasteful and likely to fall victim to purifying 
selection, thus relieving the spider from a metabolic burden. However, for some lepidopteran prey 
items, A. bruennichi switches its strategy and applies a venomous bite first (Nyffeler & Benz, 1981), a 
behavior that could explain the presence of the few neurotoxic components detected.  

Little is known about the evolutionary processes behind spider venoms, although their toxins 
have already been under investigation for a long time. This venom evolution conundrum is still largely 
unresolved, and many details and nuances will be discovered in future studies, hence the proposal of 
hypothesis 6. However, the herein presented findings on theraphosid defenses and araneid hunting seem 
to conform with the proposed importance of purifying selection and with the prediction of hypothesis 6 
that the mechanisms at play in spider venom evolution can be experimentally disentangled (Sunagar & 
Moran, 2015). This work suggests that in these two spider groups, evolutionary forces are driving the 
venom systems towards simplicity. Components that are made redundant by morphological or 
ethological alternatives are seemingly removed from venom systems. Therefore, the spiders investigated 
in this work seem to pursue a reductive approach to venom evolution in which venom systems tend to 
be simplified instead of diversified.  

 
Conclusions and future perspectives 
This work embodies the results of subsequent phylogenetic and venomic investigations of the four 
prevailing challenges for the science of arachnology guided by six proposed hypothesis. The major 
conclusions of each chapter are summarized in Fig. 6 and contribute to a potential resolution of these 
challenges.  

By resolving large swathes of the theraphosid phylogeny, this work advanced the battle against 
systematic ambiguity. It clarified the systematics of several important lineages and made a variety of 
taxonomic changes. However, due to limited taxon sampling, a few important groups are still missing. In 
particular, the subfamily Selenogyrinae, as well as the paraphyletic groups Ischnocolinae and 
Schismatothelinae, demand a broader taxon sampling. Although the first evolutionary hypothesis upon 
major theraphosid lineages was inferred, large parts of the lower taxonomic levels are still unresolved. A 
myriad of follow-up studies by experts who devote their scientific interest to these rather specialized 
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groups will be required. Moreover, a broad sampling of tarantula venoms will be needed in order to test 
the new hypotheses about the interactions of venom systems and urticating setae. The long and 
cumbersome process of collecting venoms and specimen from missing taxa has been initiated in the wake 
of this thesis. 

This work aimed to improve bioprospecting from spider venoms. The strategy that has been 
developed needs to be validated in the future, as the first trial relied only on a single taxon. More studies 
aiming to expand the strategy towards other spider venom systems and to establish it as a rationale for 
taxon selection in venom bioprospecting are already under way. 

Improving the taxonomic bias in spider venom research was another focus of this research, and 
applying the taxon selection strategy contributed to its solution. In total, ca. 50 novel components were 
identified and added to the toxin arsenal of the understudied Araneidae family, reflecting 25% of all 
known venom components from this group. This major advance regarding the understanding of spider 
venom compositions beyond the taxonomic bias is accompanied by findings regarding the arachno-
atypical nature of wasp spider venom. These findings highlight that the picture of spider venoms, in 
general, is indeed not representative, and that studies on neglected spider lineages may drastically alter 
the understanding of spider venoms overall. 

 
Fig. 6. Summarised results of my research conducted throughout this thesis. Major findings are summarised as bullet-
points below each of the addressed prevailing challenges. 

 
Several insights gained by this work expanded the knowledge on spider venom evolution 

processes. In this regard, Chapter IV demonstrated that spider venom systems employ an astonishing 
degree of conversation for their cellular organization, but that the complexity of the venom duct has been 
underestimated. Moreover, it has been established that neuropeptides are important yet understudied 
evolutionary starting points for the birth of toxic proteins in spiders. Results throughout this thesis 
support the recently proposed dual prey inactivation strategy of spider venom and indicate that large 
proteins are more important for spider venoms than previously thought. That said, for the CAP proteins 
in spider venom, a role in the first wave of envenomation as proposed by the dual prey inactivation 
strategy could be rejected. Instead, a biological role as a spreading factor or as an agent for extraintestinal 
digestion is supported. Lastly, this work found evidence for the importance of purifying selection in 
venom systems of Theraphosidae and Araneidae and postulates mechanistic hypotheses to be tested in 
the future. 

A large fraction of hypotheses derived from insights on the analyzed venom systems are fully 
theoretical and demand experimental approaches. This is, in particular, true for the novel identified 
venom components derived from neuropeptides and for establishing the biological role of large proteins 
in the face of the dual prey inactivation strategy. However, due to the small size of most spiders, it is 
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currently not possible to collect sufficient amounts of venom to allow the testing of isolated compounds. 
It is therefore an important task for future studies to develop methods that allow the isolation of trace 
compounds from venom samples of a limited amount. As an alternative, biotechnology may represent 
an answer to this fundamental problem. By engineering prokaryote or eukaryote cells for the production 
of venom components discovered by venomics, it should be possible to produce sufficient amounts of 
material for accessing their enigmatic bioactivities – even from taxa that have previously been impossible 
to study in this way due to their size and venom yield. Studies in this direction are currently underway. 
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Simple Summary: Despite that spiders are the most successful group of venomous 
animals, the venom systems of most taxa remain unexplored for their biochemistry and 
morphological organization. Here, we analyzed the morphology of the venom system of 
the wasp spider Argiope bruennichi, a member of the Araneidae family. Its architecture 
largely resembles venom systems of other spider lineages. Wasp spiders pursue an 
uncommon trophic strategy as their hunting is almost exclusively based on the silk 
apparatus and previous research found, that they evolved an arachno-atypical venom as a 
likely consequence of this adaption. Interestingly, this unusual character of the venom is 
not reflected in the wasp spider’s venom system morphology. Also, the herein performed 
analysis revealed that the venom duct, that connects the spiders fang with the venom 
gland, is composed of four differentiated subunits and thus is more complex than 
previously acknowledged. These results suggest that the venom duct in spiders may be 
involved in biosynthesis of venom components as known from pitvipers and cone snails.  

Abstract: Spiders are one of the most successful groups of venomous animals, but only a 
fraction has been examined for the structural basis of their venom system. Among the 
neglected spiders, Araneidae as one of the most diverse families is of particular interest. 
For Argiope bruennichi, known as the wasp spider, it was recently shown that it features an 
arachno-atypical venom mostly composed of CAP proteins. Thus, we studied the 
morphology its venom apparatus by thorough microscopic investigation. Further, we 
explored if the arachno-atypical nature of this spiders venom is also reflected in an unusual 
architecture of its venom system. We find, that the venom system of wasp spiders 
morphologically largely confers to those found in already studied species. A comparison 
with other spider venom systems across different families, ecological niches and taxonomic 
infraorders revealed that large swathes of the spider venom system architectures are 
conserved between studied taxa and little alteration is present. However, a detailed 
analysis of the wasp spiders venom duct revealed, that this element of the venom system 
is composed of four structurally different subunits. As similar substructures in pitvipers 
and cone snails were previously found to be involved in toxin biosynthesis, we propose 
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that parts of the venom duct may likewise shape spider venom profiles and represent 
previously underestimated components for the venom system. 

Keywords: Araneidae; Argiope bruennichi; Venom glands; Morphology 
 

1. Introduction 

Across the metazoan tree of life, venoms convergently evolved more than 100 times in all 
major animal lineages [1, 2]. Beyond the three principal biological functions of venom 
(predation, defense and competition) at least eleven different ecological functions for 
venoms can be described [1,3]. The functional diversity of venoms and its application ways 
is inherently linked to the organization of the venom delivery apparatus, hence its 
functional morphology may constrain on venom usage. For example the ability to modulate 
venom compositions and to shape venom profiles can be influenced by the possession of a 
centralized or decentralized venom system, or the degree of gland-complexity [1]. A 
thorough description of the morphological organization of venom delivery systems in 
venomous animals is one of the prerequisite to understand their venom biology. 

Except of Uloboridae, all spiders utilize a venom system. This reasons that spiders are 
commonly acknowledged as the worlds most successful group of venomous animals 
comprising 48,464 extant species from 4157 genera and 120 families [4, 5]. Spider venoms 
are chemically complex entities and composed of small molecules, proteins and peptides of 
which numerous representatives were isolated and pharmacologically examined in the past 
[5–10]. The current knowledge on spider venoms, however, comes from only a small non-
representative fraction of species, while the vast majority of spiders remain unstudied [11, 
12]. Surprisingly, even less is known about the morphological organization of most spider 
venom delivery systems. Although some detailed studies exist, these previous works 
selected again an unrepresentative minority of taxa that do not reflect overall spider 
diversity. In particular, the venom systems of potentially dangerous species such as black 
widows (genus Latrodectus), recluse spiders (genus Loxosceles) and wandering spiders 
(genus Phoneutria) were subject to closer investigations [13–18]. Recently, further taxa were 
studied such as lynx spiders (Oxyopidae), wolf spiders (genus Lycosa), furrow orb weavers 
(genus Larinioides), tarantulas (genus Vitalius), and tube web spiders (genus Segestria) [19–
24]. However, for a more comprehensive understanding of the morphological organization 
of venom delivery systems in spiders, it is indispensible to study further taxa.  

With 3,058 commonly accepted species, the family Araneidae, also known as  orb-
weavers, represents the third most speciose spider family [4]. Araneidae are general 
predators on insects that utilize complex and conspicuous orb-shaped foraging webs for 
hunting [25]. These provided them with a widespread recognition in the general public and 
drew a significant research interest to uncover their natural history and ecology [26–29]. In 
particular, Argiope bruennichi, which is often referred to as the wasp spider due to its 
characteristic black-yellow coloration that resembles some hymenopterans, became a 
frequently studied model taxon in this context (Figure 1). As it displays an array of unique 
ethological characters, A. bruennichi was exhaustively studied for its mating, silk-spinning 
and predatory behavior [30–36]. Moreover, the genetic basis of its recent, outstandingly 
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successful, pole-ward range expansion as well as its microbiome was of particular interest 
[37–40]. 

Apart from these studies, the venom of A. bruennichi has recently been investigated by 
proteo-transcriptomics guided venomics [41]. In this study it was revealed, that wasp spider 
venom appears as arachno-atypical: Spider venoms are generally thought to be mostly 
composed of small neurotoxic peptides with an inhibitor cysteine knot (ICK) motif and to 
be highly complex cocktails [41]. Large proteins, on the other hand, were considered minor 
components of spider venoms. The venom of wasp spiders, however, is primarily composed 
of CAP proteins instead of ICKs and contains predominantly large proteins [41]. Most 
interestingly, the wasp spider venom abounds with an astonishing simplicity as it is 
dominated by only a single protein class [41]. It has been proposed that this remarkable 
venom evolved as an outcome of an economic competition between the venom system and 
the silk apparatus during hunting [41]. Contrary to most other spiders that rely on 
venomous bite as a first means to overpower their prey, wasp spiders instead favor their 
silk apparatus to immobilize prey [32]. Here, the victim is spun in and only bitten when 
fully trapped in silk, thereby providing the wasp spider an increased success rate when 
capturing well defended prey [32]. 

 
Figure 1. The wasp spider Argiope bruennichi displays a characteristic black-yellow banding pattern. 

Facing the biological importance of Araneidae as one of the most diverse and derived 
spider families [4], it is rather unfortunate that their venom systems have been largely 
neglected so far. The venom of Araneus ventricosus is, besides A. bruennichi, the only araneid 
venom that has been studied in detail [42]. The morphological organization of venom 
systems in Araneidae, on the other hand, has not been subject to closer investigation.  

This work fills the gap in lack of knowledge on venom system morphology in Araneidae 
by studying that of A. bruennichi via microscopic techniques. In several cases throughout the 
animal kingdom, venom system morphology impose evolutionary frameworks upon the 
venom itself – thus both systems are evolutionary tightly connected [1, 43]. In perspective 
to the arachno-atypical nature of wasp spider venom, we asked if the morphological 
organization of its venom system likewise displays unusual adaptions. Our research 
supplies data on the morphology behind spider venom systems and provides a framework 
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on which subsequent exploratory studies of the remaining majority of spider venom 
systems can be informed upon. 

2. Material and Methods 

2.1. Collection of spiders 

Adult female wasp spiders were collected in August 2019 on a meadow in Gießen, 
Germany. The collection site has been used previously for the collection of wasp spiders for 
venomic analysis. The collected animals were kept in plastic enclosures (20 x 20 x 20 cm) 
until further processing. Prior to any analyses, the respective wasp spiders were 
anesthetized and killed with CO2.  

2.2. Preparation of histological sections 

For structural analyses, the prosomata of collected wasp spiders with both chelicera and 
their associated venom glands were removed from the opisthosoma. The tissues were 
submerged in ice-cold PBS (pH 7.2) before they were fixed in 2.5% glutaraldehyde in 0.2 M 
phosphate buffer (pH 7.4) for 2 h. After washing in phosphate buffer, the samples were post-
fixed with 1% OsO4 in the same buffer at room temperature for 1 h, followed by washing in 
tap water, dehydrating through a graded ethanol series, and embedding in Araldite. Semi-
thin sections (1 µm) were prepared using a Leica Reichert Om/U3 ultra-microtome (Leica 
Microsystems, Wetzlar, Germany). Staining was performed with 0.5% toluidine blue in 0.5% 
sodium borate. The positioning of cross-sections is given in Figure S1. 

2.3. Microscopy 

The external morphology of wasp spiders was examined via light microscopy on a Keyence 
VHX stereomicroscope. Histological sections were examined with a DM 4 B microscope 
(Leica Microsystems, Wetzlar, Germany).  

 

3. Results 

3.1. The external morphology of the wasp spider venom system 

The external morphology of the wasp spider venom system is composed of a pair of 
chelicerae consisting of an enlarged basal segment and a smaller curved fang proximal to 
the basal segment (Figure 2). The orientation of the chelicerae is labidognathous, thus both 
parts are directed towards each other. Some sensory hairs are distributed across the basal 
segments. The ventral side of the chelicerae harbor a series of cheliceral teeth. These 
effectively form an U-shaped pocket into which the fang is enfolded when in resting 
position. 
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Figure 2. The external morphology of the wasp spider venom apparatus. Anterior (a) and ventral view (b) on 
the chelicerae of A. bruennichi illustrates the labidognathous orientation of the venom apparatus. It is composed 
of an enlarged cheliceral basal segment and a small curved fang at the tip. Magnification of the right fang is 
given in (c). A magnified ventral view on the cheliceral basal segment (d) highlights the assembly of cheliceral 
teeth (arrows), forming a pocket into which the fangs can be enfolded. 

3.2. From fang to reservoir: Structural analysis of the venom apparatus   

 The analysis of the serial semi-thin sections throughout the prosoma illustrated the course 
of the venom system in A. bruennichi. Starting from the distal part of the paired venom 
ducts in the cheliceral fangs, the venom apparatus ends with the posterior parts of the 
glands within the prosoma. According to the location and the cellular structure, the venom 
ducts can be differentiated into four discrete parts: I) the orifical venom duct (ovd) in the 
distal parts of the fangs which opens with a pore, II) a distal venom duct (dvd) in the 
proximal part of the fangs and in the cheliceral basal segment, III) a central venom duct 
(cvd) in the basal segment, and IV) a proximal venom duct (pvd) in immediate contact to 
the venom gland in the prosoma. All parts show different structural characteristics. 

The orifice of the venom duct opens nearby the fang tips (Figures 3, 4a). The fangs 
are surrounded by an outer- and inner endocuticle formed by a hypodermis consisting of 
cuboidal cells (Figures 4b, c). The orificidal venom duct proceeding in the distal part of the 
fang is arranged by a flattened epithelium (Figure 3c) lying on a small layer of connective 
tissue. Apically, the epithelium comprises a thin cuticle layer (Figures 4b, c). As the cellular 
organization in this part of the venom duct differs from the following part, we refer to both 

A)                                                          B)

C)                                                                         D)
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as two different units (Figure 3d). Thus, cross sections of the distal venom ducts within the 
proximal fang and the basal segments reveal cuboidal cells with a slightly fringed apical 
region surrounding a broad luminal cavity (Figure 4). A few droplet-like granules are 
frequently distributed in the luminal cavity in this part of the venom duct. Its epithelium 
is also lying on a thin layer of connective tissue. 

 
Figure 3. Course of the venom duct in the fang (S1). (a) Longitudinal section of a fang nearby the orifice of the 
venom duct (arrowhead). (b) and (c) Cross sections of a fang with orificidal venom duct (ovd). The fang is 
surrounded by an outer epicuticle (epc) and inner endocuticle (enc) formed by a hypodermis (hd) consisting of 
cuboidal epithelial cells. Hemocytes (hc) are present. The epithelium of the orificidal venom duct (ovd) 
comprises a thin cuticle layer (arrowhead). (d) Cross section of the chelicera (c) reveals two different venom 
ducts: the orificidal venom duct (ovd) within the fang and the distal venom duct (dvd) in the basal segment.  
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Figure 4. The section (S2) through the chelicera illustrates the course of the distal venom duct (dvd). (a) The 
fang (f) with the distal venom duct separates (arrowheads) from the cheliceral basal segment (c). At the ventral 
surface of the chelicera  cheliceral teeth (ct) are localized. (b) Magnification of the distal venom duct (dvd) at the 
base of the fang reveals a cuboidal epithelium with its slightly fringed apical region surrounding a broad 
luminal cavity. (c) - (d) Serial sections of basal segment showing the assembly of cheliceral teeth (ct).   

The anterior parts of the prosoma and the cheliceral basal segments are packed with 
muscles inoculating the pharynx in caudal parts of the prosoma and the chelicera, 
respectively (Figure 5a). At this level the central venom duct transverses the cheliceral basal 
segment. It consists of a single layer of flat cells with slender nuclei supported by a small 
layer of connective tissue (Figure 5b). It proceeds dorsally towards the region of the 
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emerging anterior part of the venom gland (Figures 6c, d). The duct again structurally 
alters close to the venom gland, thus forming a fourth section of the venom duct, 
henceforth referred to as the proximal venom duct (Figure 5e). Here, a thick layer of 
connective tissue with flattened nuclei is surrounding the single layer of columnar 
epithelial cells. The apical parts of the cells form thin projections that enclose large granules 
towards the ducts lumen (Figure 5f). The proximal venom duct joins ventrally the anterior 
part of the venom gland in the prosoma (Figure 6). The transition from proximal venom 
duct to venom gland is marked by changes in the cellular organization. The epithelium of 
the proximal venom duct shows basally located nuclei and apically almost fringed 
projections. The epithelial cells of the venom gland are loaded with secretory granules of 
different sizes and small vesicles that increase towards the gland lumen. In contrast to the 
venom gland, the proximal venom duct lacks surrounding muscle tissue. 
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Figure 5. Location of central and proximal venom duct and anterior part of the venom gland. (a) Cross-section 
S3 through the prosoma (p) and cheliceral basal segment (c) including the central venom duct (cvd) plus 
pharynx (phm) and cheliceral muscles (cm). (b) The central venom duct with associated epithelium (e) and 
surrounding connective tissue (ct). (c) Cross-section S3 illustrates the course of the central venom duct towards 
the emerging venom gland (vg), which is linked to pharynx (phm) and cheliceral muscles (cm). (d) The anterior 
part of the venom gland with radially proceeding muscle fibers (ml) enclosing glandular cells (arrow). Nerves 
(n) are closely connected to the muscle fibers. (e) In cross-section S3/S4 the proximal venom duct (pvd) can be 
differentiated from the central duct. (f) Magnification of the proximal venom duct (S4). A layer of connective 
tissue with flattened nuclei (nu) surrounds the epithelial cells. The apical parts of the epithelium form thin 
projections (arrowheads) that enclose large granules (arrows) towards the lumen. 
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Figure 6. Convergence of venom duct and venom gland. ((a) The venom gland (vg) with secretory granules is 
surrounded by muscle fibers that are connected via a connective tissue layer (ctl) to the glandular cells. The 
proximal venom duct (pvd) reaches the venom gland. (c) The proximal venom duct enters the venom gland. 
The epithelium of the duct shows basally located nuclei (arrowheads) and apically projections, whereas the 
venom glands epithelium contains secretory granules (sg) and small vesicles (sv). Because of overlying fibers, 
the single layered muscle layer occasionally forms a double layer (arrow) (c) Cross section S4/S5 showing the 
proximal venom duct reaching the anterior part of the venom glands (vg) in the prosoma. cm = chelicera 
muscles, cns = central nervous system, ml = muscle layer, phm = pharynx muscles, pvd = proximal venom duct. 

3.3. The architecture of venom glands 

The anterior part of the venom gland is characterized by radially proceeding muscle fibers 
enclosing the first glandular cells. They are obliquely arranged in single layers alongside the 
gland and small nerves are closely connected to them (Figures 6d, 7). In sections, they are 
longitudinally or transversally aligned. Occasionally overlapping muscle fibers pretend to 
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form a double layer. When the gland enlarges, it abounds with a spongy network built by 
the glandular epithelium that is incorporated to a thick layer of densely packed muscles 
(Figure 7). The epithelial cells lie on a basal membrane which is again attached to a thick 
connective tissue with basally located nuclei. A large amount of secretory granules is 
apically located. The secretory epithelium of the gland forms an extended network of 
interdigitating cytoplasmic processes which enclose secretory granules with distinct 
patterns and include several vesicles of different sizes. These occur either isolated or in 
agglomerates inside the large secretory granules. In this area, the lumen of the gland is 
generally filled with secretory granules lacking smaller vesicles (Figure 7a). Nerve fibers are 
located along the venom gland and reach to the muscle layer (Figure 7b). The central part 
of the venom gland exhibits the largest diameter (Figure 7c). Here, the highest structural 
differences of secretory granules are found presuming that the content of the secretory 
granules of the glandular epithelium is highly diverse. Additionally, the amount and 
density of small coarse vesicles inside the secretory granules differs. In some parts of the 
gland, the whole apical cellular membranes of the epithelial cells dissolve and numerous 
small secretory vesicles discharge by holocrine secretion and distribute into the lumen. A 
magnification of the area elucidates a high diversity of secretory granules of the gland 
epithelial cells (Figure 7d). Most of the secretory granules are densely filled with small 
opaque vesicles whereas others seem to be rather empty as they are translucent. As the 
secretory granules increase in size, the epithelium is subdivided into units formed by an 
agglomeration of several cells with cytoplasmic projections reaching into the lumen. 
Alongside these projections, the large secretory granules proceed in the apical parts of the 
cells (Figure 7e). Towards the posterior part of the prosoma, the central glandular lumen of 
the venom gland subsequently becomes free of granules and vesicles (Figure 7e). This 
results in a canal-like empty luminal cavity. Here, distinct cellular membranes of the 
glandular epithelium enclose large densely packed secretory granules that are located 
around the lumen. Thus, the sponge-like arrangement of the epithelial apical cell region 
with its secretory granules drains into a central compartmentalized lumen.  
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Figure 7. Anterior and central part of the venom gland. (a) Cross-section S5 illustrates the anterior part of the 
venom gland with longitudinally (arrowhead) and transversally (arrow) running muscle fibers. The gland 
harbors secretory granules (sg) and are either filled with or lack vesicles (sv. (b) Magnification reveals nervous 
fibers (n) linked to muscle layers (ml). Epithelial cells develop cytoplasmic projections (cp). (c) Cross-section S6 
illustrates the central part of the venom gland in its biggest expansion. The asterisk indicates holocrine discharge 
of vesicles into the lumen. (d) Magnification elucidates the high diversity of secretory granules within central 
venom gland epithelial cells. Arrowheads indicate translucent granules, whereas arrows indicate those filled 
with opaque vesicles. (e) The central part of the venom gland with empty luminal cavity (lu). An agglomeration 
of cells forms cytoplasmic projections that reach into the lumen (arrow). A distinct membrane (arrowhead) 
covers the epithelium. cns = central nervous system 
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The posterior part of the venom gland is located at the level of the pharynx (Figure 8). 
The diameter of the venom gland decreases towards the posterior end of the prosoma. The 
central lumen is filled with large secretory granules which contain dense material whereas 
the number of secretory granules with small vesicles inside diminish.  

 

Figure 8. Posterior part of the venom gland. (a) Cross-section S7 gives an overview of the posterior part of the 
venom gland (vg). phm = pharynx muscles. Towards the posterior part of the gland the lumen is completely 
filled with secretory granules (arrow). (b) The magnification  reveals secretory granules with differing dense 
material (arrow). (c) Almost posterior end of venom gland. ctl = connective tissue layer, hc = hemocyte, lu = 
lumen, ml = muscle layer. 

4. Discussion 

4.1. An overview on the venom system in wasp spiders  

The venom gland of wasp spiders represents a relatively large organ that reaches deep 
into the prosoma. It is, like all so far studied spider venom glands, deeply covered by a 
variety of muscles that are the main tools enabling gland contraction and venom release. 
The gland represents a complex network of secretory cells that release vesicles which 
discharge their content into the lumen. These vesicles are likely filled with the venom 
components of wasp spiders that are synthesized in the secretory cells. Within these 
vesicles, the venom components migrate towards the lumen where the venom is stored until 
usage.  

The venom system of spiders is constructed around chelicerae. These effectively work 
as hypodermic needles and enable the injection of venom into prey or predators [44]. In 
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chelicerae bearing arthropods, a variety of different types evolved that differ in their 
biomechanics [45]: The chelicerae of spiders follow a jack-knife mechanic. They are 
composed of two mobile units, a sharp fang on the tip followed by a larger basal segment 
that connects the fang with the prosoma. In resting position, the fang is folded against the 
basal segment. An unfolding of the fang enables the spider to deliver the venomous bite and 
venom is released from a small opening close to the fangs tip. In spiders two different types 
of chelicerae are differentiated by their orientation along the prosoma [45]: In orthognathous 
chelicerae, both fangs are facing downwards and work in parallel, whereas in 
labidognathous chelicerae the fangs face each other and work in a tweezer-like fashion. 
Moreover, orthognathous chelicerae are characterized by a large basal segment that 
connects the fang with the prosoma [44]. The venom gland is located within this basal 
segment. In labidognathous systems, the venom gland is instead positioned within the 
prosoma and the basal segment is reduced in comparison to orthognaths [44]. While 
orthognathous systems are found in the two ancestral infraorders Mesothelae and 
Mygalomorphae, labidognathous systems are present in Araneomorphae [44]. It has been 
proposed, that the migration of the venom gland from the basal segment of orthognaths into 
the prosoma of labidognaths enabled the reduction in body size that is observed in 
Araneomorphae versus other infraorders, without imposing spatial constraints on the 
venom system [6,46]. This reduction in body size seemingly enabled the evolution of a web-
based lifestyle that is found in many of the araneomorph taxa and thus likely contributed to 
their evolutionary success [46]. 

Wasp spiders belong to the large family of Araneidae in which one of the most diverse 
radiations occurred within Araneomorphae [4]. It is thus rather unsurprising that we 
confirm the labidognathous character of A. bruennichi chelicerae. The wasp spider carries 
cheliceral teeth ventrally to its chelicerae. In these, the fang is placed when the venom 
delivery system is in resting position (Figures 3, 5). Cheliceral teeth are found in several 
distinct spider lineages and they may enable a secure grip on prey items [47]. Moreover, in 
spiders that evolved cheliceral teeth, these structures are used in extraintestinal digestion 
by mechanically breaking up tissue [44]. In addition to the release of digestive fluids on the 
prey, the spider uses the cheliceral teeth as a support to masticate and liquify its victim. 
Albeit the wasp spider follows a largely silk-based hunting behavior in which the venom 
apparatus is mostly omitted [32], the presence of cheliceral teeth indicates that the chelicerae 
represent valuable tools for the species. In particular, their versatility in prey handling and 
consumption instead a role in prey subjugation seems to be of importance for wasp spiders. 

The fang is characterized by a thick cuticle (Figure 3) built by the underlying 
hypodermis and, together with the chitin of the exoskeleton, likely contributes to the 
stabilization of the fang during bite and venom injection. The venom duct, from the fangs 
orifice to the basal segment of the chelicerae, consists only of a flat epithelium forming a 
thin cuticle layer and is surrounded by a hemolymph rich in hemocytes (Figure 3). When 
the fang proceeds into the basal segment of the chelicerae, a variety of morphological 
alterations occur (Figures 5, 6). Primarily, the diameter of the venom system increases and 
the basal segment is filled with muscle fibers, probably enabling movement of the 
chelicerae. Externally of the chelicerae, the prosoma is rich in pharynx muscles that seem to 
be connected to parts of the cheliceral muscle apparatus, suggesting a functional interplay 
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of both systems. This is in particular the case for the venom gland that begins at the proximal 
end of the chelicerae. It is embedded in both, the cheliceral muscles and the pharynx muscles 
and this assembly may, besides facilitating the movement of the chelicera, support the 
primary muscles along the venom gland during contraction for venom release. The 
functionality of this complex system is moreover supported by their connection to small 
nerves that may regulate and fine-tune its utilization (Figure 5). A comprehensive overview 
about the venom system of A. bruennichi is given in Figure 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9. Internal anatomy of the venom system. (a) The labeling S1-S7 give information about the position 
of cross-sections shown in the following figures. Inside of the prosoma lies the central nervous system, an 
extensive musculature for the extremities and the pharynx, part of the intestinal tract, and a pair of venom 
glands. Each venom system consists of long, cylindrical part and an adjoining duct, which terminates at the 
tip of the cheliceral fang. (b) Schematic drawing of different subunits of the venom duct. S1: ovd = orificidal 
venom duct of the fang; S2: dvd = distal venom duct of the fang and the distal basal segment; S3: cvd = central 
venom duct of the basal segment; S4: pvd = proximal venom duct in the basal segment/prosoma bs = basal 
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segment of the chelicera, c = chelicera, cns = central nervous system, f = fang, it = intestinal tract, p = prosoma, 
pd = pedipalp , ph = pharynx, phm = pharynx muscle, vd = venom duct, vg = venom gland. 

4.2. Hidden complexity of the venom duct  

 While the venom duct resembled a simple structure in the fang, it gains structural 
complexity as it proceeds through the chelicerae towards the venom gland (Figure 9b). In 
the chelicerae, it is composed by a flattened simple epithelium with slender nuclei and a 
layer of connective tissue (Figure 5). The venom duct alters proximal to the venom gland 
even more. Here, it comprises columnar epithelial cells that are surrounded by a thick layer 
of connective tissue, rich in flattened nuclei. Apical parts of the epithelium form projections 
enclosing large granules towards the ducts lumen. Given these obvious differences in 
cellular organization throughout the venom duct, our analyses recovered that it consists of 
four different subunits: A first orificidal region in the fang, a second distal and third central 
venom duct. Both being present throughout most parts of the basal segment within the 
chelicerae. A fourth proximal region is present close to the convergence of venom duct and 
venom gland in the prosoma. 

According to our knowledge, this structural diversification throughout the venom 
duct has not yet been described for any spider. Generally, knowledge upon the importance 
of venom ducts for its linked venom system appears to be scarce and such ducts are mostly 
considered as the connection between the injector and the venom gland [44]. At least for 
cone snails and Bothrops pitvipers it has been demonstrated that toxins can be expressed by 
the venom duct and not exclusively by the venom gland [48, 49]. Similar to the wasp spider, 
venom ducts of cone snails were recently recovered as a functional trinity [50]. However, 
venom ducts may be much more important for the functionality of a given venom system. 
Firstly, they form a thin bottle-neck between the venom gland and the fang, thus they may 
represent major factors influencing injection pressure and thus envenomation efficiency. 
Secondly, venom ducts may have also a metabolic role for the venom system. Their venom 
duct is also subdivided into a distal, central and proximal duct and each of these were 
shown to express a different subset of toxins. It has been proposed that subdivisions within 
the cone snail venom duct were evolutionary specialized towards biosynthesis of specific 
conotoxins [50]. Our findings, that the venom duct of wasp spiders is structurally, and 
therefore likely functionally, subdivided into four discrete parts suggests a potential 
metabolic role of the venom duct. In particular, the proximal duct resembles parts of the 
venom gland as it contains a loose network of thin projections with large granules. This 
interesting subject is awaiting further investigation. 

4.3. The arachno-atypical venom of wasp spiders is not reflected in the venom systems morphology  

Parts of the herby conducted research tested if the unusual venom of wasp spiders, 
which is of astonishing simplicity in comparison to other spider venoms [41], is also 
reflected in the venom systems morphology. Venom is a costly resource and a loss of toxic 
components or even the whole venom cocktail can occur when a species adapts to a novel 
ecological niche where venom becomes obsolete. For example, sea snakes that switched 
from fish hunting to an egg-based diet completely lost their venom [51]. Scorpions that rely 
on their pedipalps for hunting usually have less complex venoms than their relatives that 
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favour their stinging apparatus and in centipedes it has recently been established, that their 
venom evolves under morphological constraints [43, 52]. 

The wasp spider evolved a rather simple venom composition, likely as a consequence 
of a mostly silk-based hunting strategy. However, our findings reject the hypothesis that the 
architecture of its venom apparatus differs from those described from other previously 
studied. Reflecting the typical morphology for araneomorphs, it is composed of 
labidognathous chelicerae that appear functionally and shape-wise comparable to spiders 
with a similar body size. Moreover, the associated venom gland is rather large and reaches 
deep into the prosoma, indicating that this system yields large quantities of venom for a 
small araneomorph spider. The muscular layers that cover the venom gland as well as the 
attached nerves mirror the structure present in spiders from other families. The overall 
structure of the venom gland equally resembles that of other spiders. In all species so far 
studied, the venom gland comprises a complex network of secretory cells, granules, vesicles 
and cytoplasmic projections albeit minor structural differences occur.  

5. Conclusions 

The spider kingdom represents one of the most diverse branches of the metazoan tree 
of life and virtually all (except one) of its included families carry functional venom systems. 
These venom systems are likely to yield a plethora of powerful bioressources and thus were 
investigated intensely in the past. Despite this, the vast majority of spiders remains 
unstudied for their venom so far and even less species have been studied for their venom 
systems architecture. 

Here, we conducted a thorough morphological analysis on the wasp spider A. bruennichi 
a member of the understudied Araneidae family. By focusing on a venom system-wise 
neglected family, our study contributes to the understanding of spider venom system as it 
closes a prevailing taxonomic gap within the available literature. Among the array of 
insights regarding the architecture of the wasp spider venom system, we recovered a 
previously hidden structural complexity of the venom duct that is divided into four distinct 
regions. In particular, the proximal venom duct seems to be structurally reorganized 
towards a potential role in venom production. In subsequent studies this finding should be 
further pursued by applying more adequate technologies such as MALDI imaging and µ-
CT 3D reconstructions. Our hypothesis, that the arachno-atypical venom of wasp spiders 
may be reflected in an unusual venom system morphology could be rejected. Contrary to 
our working hypothesis, we recovered a widespread agreement between structures of 
previously studied spider venom systems with A. bruennichi. 
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Further Publications 
 
In order to broaden the scope of this research, several studies on metazoan toxin systems, their evolution 
and natural history were conducted in parallel to the herein depicted works on spiders. These additional 
works were conducted mostly on amphibian systems, in particular the fire salamander Salamandra 
salamandra, but include also ribbon worms (Nemertea). 
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CAP  = cysteine-rich secretory protein/antigen 5 / pathogenesis-related 1 protein 
DDH  = disulfide-directed beta-hairpin fold 
dICK  = Double inhibitory cysteine knot peptide 
ESI  = Electrospray ionisation 
HAND  = Helical arthropod derived neuro peptide 
ICK  = Inhibitory cysteine knot peptide, knottin 
ITP/CHH = ion transport peptide/ crustacean hyperglycemic hormone neuropeptides 
LC  = Liquid chromatography 
LCA  = Last common ancestor 
LTX  = Latrotoxin (alpha-Latrotoxin) 
MALDI = Matrix assisted laser desorption ionisation 
MIT-1  = Venom peptides with colipase fold (atracotoxins) 
ML  = Maximum likelihood 
MP  = Maximum parsimony 
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