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Zusammenfassung

Tiere haben eine Vielfalt von stabférmigen Strukturen evolviert, welche aktiv verformt werden koénnen,
obschon sie keine intrinsischen klassischen Gelenke besitzen, wie sie in den Ingenieurwissenschaften Ublich
sind. Die zugrunde liegenden Mechanismen dieser aktiv aktuierten gelenkfreien Bewegungen sind aber

bisher nur sparlich untersucht worden.

Diese Arbeit gibt einen Uberblick (iber all die gelenkfreien Bewegungsmechanismen, welche wir bei
wirbellosen Tieren finden. Der Schwerpunkt liegt auf dem sogenannten Gleit-Stopp-Mechanismus, welcher
hier an den Beispielen der Terebrae (= Ovipositorschaft oder Eilegebohrer) parasitoider Hymenopteren und
der stechend-saugenden Mundwerkzeuge von Raubwanzen untersucht wurde. Diese cutuculdren Strukturen
verfugen Uber keinerlei intrinsische Gelenke und werden Uber Muskeln im Hinterleib bzw. im Kopf
ferngesteuert. Bei diesen Systemen sind zwei oder mehrere stabférmige elastische Elemente in
Langsrichtung Uber ein Nut-und-Feder-System miteinander verfalzt. Die Elemente kdnnen dabei in
Langsrichtung gegeneinander verschoben werden. Wird diese Langsverschiebung jedoch durch eine
mechanische Sperre erschwert oder ganz unterbunden, so kommt es zu einer relativen und reversiblen
Verbiegung der Elemente aufgrund ihrer elastische Verformung. Beim Gleit-Stopp-Mechanismus zahlt daher
zu den aktiven Biegemechanismen, da die Biegung ausschliesslich auf den relativen Bewegungen der
Unterelemente zueinander beruht. Dem gegeniber stehen passive Biegemechanismen, welche aus der
mechanischen Interaktion zwischen den einzelnen Elementen einer stabférmigen Struktur und dem
Umgebungsmedium resultieren.

In mehreren Fallstudien haben wir umfassende morphologische Untersuchungen der gesamten
skeletomuskularen Systeme mit Verhaltensanalysen kombiniert, um Funktionsmodelle zu erstellen und die
zugrundeliegenden Mechanismen der gelenkfreien Bewegungen der cuticuldren stabférmigen Strukturen zu

eruieren und schlussendlich deren dko-evolutiondre Bedeutung und biomimetisches Potential zu diskutieren.

Parasitoide Wespen legen ihre Eier in oder auf andere Insekten(-larven) ab, welche oft verborgen im
Pflanzengewebe leben. Biegebewegungen der Terebra sind dabei u.a. wichtig flir das Aufspliren potentieller
Wirte und eine prazise Eiablage. Die Terebra von Hymenopteren besteht aus einer 2. Valvula, welche Uber
ein Nut-und-Feder-System mit den paarigen 1. Valvulae verbunden ist. Sie besitzt aber weder intrinsische
Gelenke noch intrinsische Muskeln.

In dieser Arbeit wurde der Ovipositor und das Eilegeverhalten mehrerer Arten parasitoider Wepsen aus den
Uberfamilien der Schlupfwepsenartigen (Ichneumonoidea), Erzwepsenartigen (Chalcidoidea) und
Gallwespenartigen (Cynipoidae) untersucht. Dabei zeigte sich, dass gelenkfreie Biegebewegungen der
Terebra weit verbreitet sind. Die verschiedenen Arten haben unterschiedliche aktive wie auch passive
Bewegungsmechanismen entwickelt.

In unserer umfassenden und detaillierten Studie Uber den Ovipositor der Lagererzwespe Lariophagus

distinguendus (Pteromalidae) konnten wir einen angepasste Version des Gleit-Stopp-Mechanismus



beschrieben. Die Terebra der Erzwepsen besteht aus einer in Langsrichtung aufgespaltenen 2. Valvula,
deren Halften nur ganz an der Spitze verwachsen sind. Die beiden paarigen mit der 2. Valvula assoziierten
Muskeln sind in ihrer Funktion modifiziert und dienen bei den Erzwespen primar der Biegung und Rotation
der Terebra. Kontrahieren die Muskeln einer Seite, so wird die Basis einer Hélfte der 2. Valvula nach dorsad
gezogen, wodurch sich eine Biegung der gesamten 2. Valvula und dadurch der gesamten Terebra ergibt.
Dieser fiir Erzwespen einzigartige angepasste Gleit-Stopp-Mechanismus erlaubt es den Tieren, ihre Terebra
aktiv in verschiedene Richtungen zu biegen und auch bis zu einem gewissen Masse zu rotieren und
gleichzeitig die 1. Valvulae vor und zurtlick zu schieben, ohne dass letzteres die Biegung beeinflusst.

Des weiteren haben wir die erste quantitative mechanische Analyse skeletomuskularen Ovipositor-Systems
einer Hymenoptere vorgenommen am Beispiel der Schlupfwespe Venturia canescens (Ichneumonidae).

Bei all den vorgestellten Studien Uber den Ovipositor parasitoider Wespen haben wir uns an die
Hymenoptera Anatomy Ontology (HAO) gehalten und diese erganzt und teilweise korrigiert sowie all die in
der bisherigen Literatur gefundenen Synonyme aufgelistet. Unsere integrativen Studien Uber das
skeletomuskulare Ovipositor-System, welche Analysen des Eilegeverhaltens und detaillierte morphologische
und biomechanische Untersuchungen des Ovipositors kombinieren, kdnnen als Referenzwerke fir kiinftige

Studien Uber dieses Thema dienen.

Die blutsaugenden Raubwanzen der Unterfamiliae Triatominae (Reduviidae) besitzen langgezogene
stechende Mundwerkzeuge, die aus paarigen Maxillen bestehen, welche von paarigen Mandibeln flankiert
werden. Die linke und rechte Maxille sind Gber ein Nut-und-Feder-System miteinander verbunden und bilden
das Maxillenbindel. Mit diesem suchen die Tiere im Gewebe ihrer Opfer nach Blutgefédssen, wobei oft
Biegebewegungen zu sehen sind.

In unserer integrativen Studie mit vier Arten der Triatominae haben wir herausgefunden, dass die Tiere in
Gewebe passive Biegemechanismen nutzen um das Maxillenbiindel zu biegen, also auf den mechanischen
Widerstand des Umgebungsmediums angewiesen sind. In Flissigkeit hingegen zeigen die Tiere
Biegebewegungen der Spitze des Maxillenbiindels, welche auf dem Gleit-Stopp-Mechanismus (also einem
aktiven Biegemechanismus) beruhen. Dies zeigt, dass passive und aktive Biegemechanismen in demselben

System vorkommen und dabei auch von denselben Muskelgruppen aktuiert werden kénnen.

Detaillierte Fallstudien wie diese sind wichtig um die Funktion(en) und das/die Wirkprinzip(ien) eines
Systems eruieren zu kdnnen. Diese beiden Konzepte sind zentral fiir den biomimetischen Wissenstransfer.

Sowohl die Terebrae parasitoider Wespen wie auch die Mundwerkzeuge der Raubwanzen kdnnen als
geeignete biologische Vorbilder fir Entwicklung miniaturisierter, nagelartiger und aktiv steuerbarer
Sondierungsinstrumente dienen. Aufgrund dieses hohen Innovations- und Anwendungspotentials ware das
insbesondere fir die minimal-invasive Chirurgie von Interesse. Da der Gleit-Stopp-Mechanismus jedoch
sowohl eine gewisse Elastizitat der Unterelemente als auch eine geringe Reibung zwischen diesen erfordert,
eignen sich Ovipositoren und Stechborsten aber aufgrund von auftretenden Skalierungsproblemen in den

meisten Fallen wahrscheinlich eher weniger als biologisches Vorbild fur Projekte in der Architektur.



Abstract

Animals have evolved a variety of rod-shaped structures that can be actively deformed, even though they do
not feature intrinsic classical joints as conventionally used in engineering. However, the underlying

mechanisms of these actively actuated joint-free movements have so far only been sparsely investigated.

This thesis provides an overview of all the joint-free movement mechanisms found in invertebrates; its focus
is on the so-called slide-lock mechanism, which has been investigated here by using the examples of the
terebra (= ovipositor shaft) of parasitoid hymenopterans and the piercing-sucking mouthparts of
haematophagous heteropterans. These cuticular structures have no intrinsic joints and are remotely
controlled by muscles in the abdomen and the head, respectively. In these systems, two or more rod-shaped
elastic elements are interlocked in a longitudinal direction via a tongue-and-groove mechanism. The
individual elements can be moved against each other in a longitudinal direction. However, if this longitudinal
displacement is restrained or fully prevented in some way by structural modifications, a relative and
reversible bending of the elements results attributable to elastic deformation. The slide-lock mechanism thus
belongs to the active bending mechanisms, as the bending is based exclusively on the relative movements
of the sub-elements. Passive bending mechanisms, on the other hand, result from mechanical interactions
between individual elements of a rod-shaped structure and the surrounding medium.

In several case studies, we have combined comprehensive morphological investigations of the
musculoskeletal systems with behavioural analyses to create functional models and determine the
underlying mechanisms of joint-free movements of the cuticular rod-shaped structures, and finally to discuss

their eco-evolutionary significance and biomimetic potential.

Parasitoid wasps lay their eggs in or onto insect hosts (usually larvae), which often live hidden inside plant
tissues. Steering movements of the terebra (i.e. bending and/or rotating) are thus important for locating
potential hosts and precise egg laying. The hymenopteran terebra consists of a 2nd valvula that is connected
with the paired 1st valvulae via a tongue-and-groove mechanism. However, the terebra has neither intrinsic
joints nor intrinsic muscles.

This thesis presents an investigation of the structure of the ovipositor and the oviposition behaviour of
several species of parasitoid wasps from the superfamilies Ichnemonoidea, Chalcidoidea and Cynipoidea.
Joint-free steering mechanisms of the terebra are widespread with different taxa having evolved various
active and passive movement mechanisms.

In our comprehensive and detailed study of the ovipositor of the chalcidoid wasp Lariophagus distinguendus
(Pteromalidae), we have described a specific version of the slide-lock mechanism that seems to be unique
for chalcidoids. The terebra of chalcidoid wasps features a longitudinally split 2nd valvula with overlapping,
asymmetric halves that are fused only at the apex. The two paired muscles associated with the 2nd valvula
are modified in their function and primarily serve to bend and rotate the terebra in chalcidoids. When the

muscles on one side contract, the base of one half of the 2nd valvula is pulled dorsad, resulting in a bending



of the entire 2nd valvula and thus the whole terebra. This adapted slide-lock mechanisms unique to
chalcidoid wasps allows them actively to bend their terebra in various directions and to rotate it to a certain
degree and, at the same time, to pro- and retract the 1st valvulae without the latter affecting the bending of
the whole terebra.

Furthermore, we have carried out the first quantitative mechanical analysis of the musculoskeletal ovipositor
system of a hymenopteran by examining the ichneumonid wasp Venturia canescens.

In all the presented studies on the ovipositor of parasitoid wasps, we have applied the Hymenoptera
Anatomy Ontology (HAO); we have also supplemented/corrected it and listed all the synonyms found in the
literature. Our integrative studies on the musculoskeletal ovipositor system combining analyses of the
oviposition behaviour with detailed morphological and biomechanical studies of the ovipositor system might

thus become reference works for the study of the hymenopteran ovipositor in the future.

The haematophagous kissing bugs of the subfamily Triatominae (Reduviidae) possess elongated piercing
mouthparts comprising a pair of maxillae flanked by paired mandibles. The left and right maxillae are
interlocked via a tongue-and-groove mechanism and form the maxillary bundle. The animals use this bundle
to search for blood vessels in the tissue of their hosts, whereby steering movements are often exhibited.

In our integrative study on four species of Triatominae, we have found that the kissing bugs employ passive
bending mechanisms within a host’s tissue to bend the maxillary bundle, i.e. they are dependent on the
mechanical resistance of the surrounding medium. In liquids, however, the bugs exhibit bending movements
of the apex of the maxillary bundle; these movements are based on the slide-lock mechanisms, i.e. on active
bending mechanisms. This shows that passive and active bending mechanisms can occur within the same

system and can also be actuated by the same set of muscles.

Detailed case studies as presented in this thesis are important for the determination of the function(s) and
the working principle(s) of a system. These two concepts are central to knowledge transfer in the field of
biomimetics.

The terebrae of hymenopterans and the mouthparts of heteropterans might be suitable biological concept
generators for the development of miniaturized, needle-like and actively controllable probing tools. Such
tools would be of particular interest for minimally invasive surgery because of their high level of innovation
and their application potential. However, as the slide-lock mechanism requires both a certain elasticity of the
individual sub-elements and low friction between them, ovipositors and piercing-sucking mouthparts are
probably less suitable as biological concept generators for large-scale projects, such as those in

architecture, because of possible up-scaling problems.



Introduction

Animals have evolved a variety of rod-like or tube-shaped systems capable of achieving actively actuated
deformation without the need for joints conventionally used in engineering. In these systems, joint-free
movements of organs, body parts or entire bodies do not involve flexible links (joints = articulations) between
rigid elements (e.g. bones in vertebrates or exoskeletal parts in arthropods), but function via reversible
shape-changes attributable to elastic deformation of the individual elements. In addition, adaptive stiffness
occurs when single organs or body parts (usually reversibly) adjust their bending stiffness in response to
changing external loads. Ideally, the systems exhibit flexibility during movement and develop an increased
stiffness and strength when required. Four general principles of of joint-free movement are observed in
invertebrates: (1) amoeboid cell crawling, (2) hydroskeletal mechanisms, (3) muscular hydrostats and (4)
slide-lock mechanisms (sensu Betz et al. 2016).

Slide-lock mechanisms involve the relative longitudinal sliding of two or more rod-like elements. If the relative
sliding movement between the elements is restrained by structural modifications at the interfaces, then joint-
free movements result because of the elastic deformations of the single elements. The bending stiffness of
the elements depends on their geometry, i.e. their cross-sectional shape, and their material composition
(Betz et al. 2016, Cerkvenik et al. 2018).

Several insects have evolved slender elongated needle-like cuticle structures featuring slide-lock
mechanisms, consisting of longitudinally interlocked elements that lack any joints in the direction of bending;
e.g. the terebrae (= ovipositor shafts sensu Quicke 1997, 2015) of hymenopterans (cf. Quicke and Fitton
1995, Quicke et al. 1995, Cerkvenik et al. 2017) or the piercing-sucking mouthparts of hemipterans (cf.
Lavoipierre et al. 1959). These structures are often capable of achieving target-oriented deformations. The
ability for sensing and precise steering (i.e. bending and/or rotational movements) enables these insects to
navigate body structures through a variety of substrates without visual information and to reach targets that

are hidden deep inside the substrate (Cerkvenik et al. 2017).

A parasitoid is an organism (usually an insect) that completes its larval development within or on a single
host that is usually killed at the end of its development or whose further reproduction is prevented (Hajek and
Eilenberg 2018). Parasitoid wasps are the most successful group of insect parasitoids, accounting for more
than half of the known diversity of Hymenoptera and most likely most of the unknown diversity (Polaszek and
Vilhemsen 2023). The parasitoid lifestyle evolved only once among basal hymenopterans more than 200
million years ago (Fig. 1) (Peters et al. 2017).

Oviposition is crucial for reproductive success; thus, oviposition behaviour and ovipositor structure have a
central adaptive role (e.g. Gauld and Bolton 1988, Le Ralec et al. 1996, Belshaw et al. 2003, Ghara et al.
2011) that should directly affect fitness. In order successfully to parasitize a wide range of hosts, parasitoid
wasps have evolved variety of parasitization strategies (ecto- vs endoparasitoidism, idiobiont vs koinobiont,
solitary vs gregarious, hyperparasitoidism; cf. Quicke 1997, 2015, Polaszek and Vilhemsen 2023) with

adapted oviposition behaviour and a huge morphological diversity in ovipositor structure.
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Fig. 1. Evolutionary history of Hymenoptera, highlighting the evolutionary success of parasitoid wasps (see point 7). a Representatives
of sawflies, wasps, ants and bees (scale bars = 5 mm). b Phylogenetic relationships and divergence time estimates of Hymenoptera.
Key evolutionary events are indicated at the respective clades. The tree was inferred under the maximum-likelihood optimality criterion.
Divergence times were estimated with an independent-rates molecular clock approach and considering validated fossils. The
superfamilies of the representatives studied in this thesis are marked with red arrows. From Peters et al. 2017, with kind permission of
the authors, Elsevier license number 5623651228925.




The hymenopteran ovipositor consists of the female T9 (9th abdominal tergum), two pairs of valvifers and
three pairs of valvulae derived from the 8th and 9th abdominal segments (7th and 8th metasomal segments)
(Snodgrass 1933, Oeser 1961, Vilhelmsen 2000). The paired 1st valvulae (1vv; Fig. 2d,e) and the 2nd
valvulae (2vv; Fig. 2d,e) enclose the egg canal (ec; Fig. 2e) and form the terebra (irb; Fig. 2 a—c). The ventral
surfaces of the 2nd valvula are interlocked with both dorsal surfaces of the 1st valvulae by a sublateral
longitudinal tongue called the rhachis, which runs within a corresponding groove called the aulax (au; Fig.
2d) along the dorsal surface of each of the 1st valvulae. This so-called olistheter system (oth; Fig. 2e) allows
the terebra to slide longitudinally relative to each other and simultaneously prevents their unwanted
separation (Oeser 1961, Quicke et al. 1994).

In order to reach their hosts and to permit greater control over egg placement, several parasitoid wasps are
able actively to steer (i.e. bend and rotate) their terebra in various directions, despite the lack of intrinsic
terebral musculature and joints (cf. Quicke and Fitton 1995, Quicke et al. 1995, Cerkvenik et al. 2017).
However, putative evolutionary novelties of the hymenopteran ovipositor, such as its morphological and
behavioural adaptations enabling terebra steering, its underlying mechanisms and its potential eco-

evolutionary significance have hitherto not been thoroughly investigated.

Kissing bugs belonging to the subfamily Triatominae (Hemiptera: Heteroptera: Reduviidae) are known for
their role as blood-sucking capillary feeding vectors of Chagas disease (e.g. Lavoipierre et al. 1959, Lent and
Wygodzinsky 1979, Krenn and Aspock 2012, Justi and Galvéao 2016).

The exclusively haematophagous Triatominae possess elongated piercing mouthparts comprising a pair of
mandibles that flank a pair of maxillae specialized for piercing and sucking. The maxillae are flexible half-
pipes (in cross-section) tightly interlocked by a tongue and groove system that allows them to move
longitudinally against each other (Wenk et al. 2010), while also ensuring the difficult task of forming and
sealing the antidromic channels for the passage of food and salivary fluids during blood feeding (Rakitov
2019). The maxillary apices are strongly asymmetrical in shape, i.e. the left maxilla is spine-like, whereas the
right maxilla is flagellum-like (Barth 1952, Wirtz 1987, Rakitov 2019).

While penetrating the host tissue, the animals are able to bend and rotate the maxillary bundle in various
directions (cf. Lavoipierre et al. 1959), even though the maxillae are single pieced cuticular rods that are
devoid of intrinsic musculature (Barth 1952). However, no studies have been presented so far about the

steering movements of the stylets (mandibles and maxillae) and the mechanisms behind them.

The two systems investigated here, i.e. the terebrae of parasitoid wasps and the mouthparts of triatomine
bugs (Fig. 2), share the following characteristics: (1) both these structures are elongated, acicular cuticle
structures; (2) neither of these structures have any intrinsic musculature; (3) neither of these structures have
flexible engineering-like joints in the direction of bending; (4) these structures consist of two or more
longitudinally interlocked elements that are connected by a tongue-and-groove mechanism that allows them
to slide against each other; and (5) these structures are capable of target-oriented bending movements that

(6) are actively actuated by muscles located at the proximal end of the elements.



Fig. 2. Two of the systems studied: a—e ovipositor of the parasitoid wasp Lariophagus distinguendus (Chalcidoidea: Pteromalidae:
Pteromalinae); f—j mouthparts of the haematophagous kissing bug Dipetalogaster maxima (Hemiptera: Heteroptera: Reduviidae:
Triatominae) (lateral view). During the oviposition process, female L. distinguendus are able actively to bend and rotate their terebra to
assess the host and to search for a suitable place for oviposition (b,c; single frames of high-resolution video recordings of a wasp
parasitizing a larva of Sitophilis granarius in an artificial chamber). The 2nd valvula and the paired 1st valvulae are interlocked via the
olistheter system comprising a longitudinal tongue called the rhachis, which runs in a corresponding groove called the aulax (d; SEM
image; e; light microscopical image of semithin cross section), and form the terebra. D. maxima exhibits bending movements of the
maxillary bundle when searching for a blood vessel (g,h; single frames of high-speed video recordings of the motion patterns of the
maxillary bundle in artificial feeding chambers containing agar and isotonic blood saline). The mandibles are anchored at the puncture
site (h). Opening of the food channel, whereby the left maxillae is splayed outwards forming a spine (i; SEM image). The maxillae are
interlocked by a tongue-and-groove system and form the two antidromic channels for the passage of food and salivary fluids (j; light
microscopical image of semithin cross section). For L. distingundus see Publication 5; for D. maxima see Publication 7; Image 2f: Oliver
Meckes. Abbreviations: 1vv: 1st valvula; 2vv: 2nd valvula; au: aulax; ec: egg canal; fc: food channel; md: mandible; mdL/mdR: left/right

mandible; mxb: maxillary bundle; mxL/R: left/right maxilla; oth: olistheter; prb: proboscis; sc: salivary channel; trb: terebra



The main aims of this cumulative dissertation can be summarized as follows.

What are the functions of the joint-free bending movements of the needle-like structures?
How do these bending and/or rotating movements look like exactly?
Behavioural investigations:

* Recording and behavioural analyses (i.e. of the oviposition process and the employment of the
terebra in parasitoid hymenopterans and the feeding process or the employment of the stylets in the
triatomine heteropterans, respectively).

* Qualitative analysis of the steering movements (i.e. bending and rotating) of the needle-like cuticular

structures (i.e. terebrae or maxillary bundle, respectively) in vivo.

Which cuticular structures and muscles are involved in the bending movements?
Morphological investigations:
» Thorough morphological descriptions of the acicular cuticular structures, including form, structure,
microsculpture, ultrastructure and material composition.
* Morphological descriptions of the musculoskeletal system involved, including all relevant cuticular

structures, articulations and muscles.

How are the different movements actuated?
How does joint-free bending of the terebrae and maxillary bundles work (working principles)?
Biomechanical analyses:

«  Examination of the actuation of the various movements observed to create functional models.

»  Determination of the underlying working principles behind the joint-free bending movements.

What adaptations and evolutionary novelties lie behind the joint-free bending movements?
What were the potential evolutionary drivers?
Eco-evolutionary analyses:

* Examination of the various mechanisms of joint-free bending movements and the underlying
adaptations in morpho-physiological, behavioural, ecological and life history traits based on the
aforementioned analyses.

* Examination of the eco-evolutionary significance of this system in the respective groups based on

our own data and the scientific literature available.

Are these findings interesting for biomimetic research?
Biomimetic point of view:
*  What are the function(s) and working principle(s) of the systems studied here?
* In which disciplines can these biological systems potentially act as suitable biological concept

generators and why?



Material and methods

Material examined

In our studies on the hymenopteran ovipositor we investigated the following species: Venturia canescens
(GRAVENHORST, 1829) (Ichneumonoidea: Ichneumonidae), Habrobracon hebetor (SAy, 1836)
(Ichneumonoidea: Braconidae), Microterys flavus (HOWARD, 1881) (Chalcidoidea: Encyrtidae), Lariophagus
distinguendus (FORSTER, 1841) (Chalcidoidea: Pteromalidae), and Leptopilina heterotoma (THOMSON, 1862)
(Cynipoidea: Figitidae).

In our studies on the stylets of hemipterans we investigated the following species: Dipetalogaster maxima
(UHLER, 1894) (Hemiptera: Reduviidae), Rhodnius prolixus STAL, 1859 (Hemiptera: Reduviidae), Triatomina
infestans (KLUG, 1834) (Hemiptera: Reduviidae), and Panstrongylus megistus (BURMEISTER, 1835)

(Hemiptera: Reduviidae).

Methods used

We combined behavioural analyses based on video recordings with various morphological and mechanical
investigations based on a variety of histological, microscopical and microtomographical techniques.
High-speed and high-resolution videography were used to study the animals’ behaviour in vivo and to
describe movement patterns, e.g. the joint-free bending movements of the terebra of hymenopterans or the
stylets of hemipterans, respectively.

In order to visualize and analyse the surfaces of morphological structures, we used stereomicrosopy and
scanning electron microscopy (SEM). Wide-field epifluorescence microscopy (WFM) and confocal laser
scanning microscopy (CLSM) were employed to analyse the material properties of the insect cuticle (cf.
Michels and Gorb 2012). In order to examine inner structures, samples were histologically fixed and
embedded to produce semi- and ultrathin serial sections with an ultramicrotome. These sections were then
visualized and analysed by light microscopy (LM) or a transmission electron microscopy (TEM) for structural
and ultrastructural investigations, respectively. In addition, we used non-invasive synchrotron X-ray phase
contrast microtomography (SR-uCT) to gain virtual serial sections without the destruction of the specimens
under study (for a detailed description see Betz et al. 2007).

We used Fiji (Schindelin et al. 2012; https://imagej.net/Fiji; RRID:SCR_002285) and its plugin TrakEM2
(Cardona et al. 2012; RRID:SCR_003070) and GIMP (https://www.gimp.org; RRID:SCR_003182) for image

processing, Amira version 6.0 (FEI Company, Hillsboro, OR, USA) for (pre-)segmentation, and the

Biomedical Image Segmentation App “Biomedisa” (L6sel et al. 2020; https://biomedisa.org) for automated

segmentation in order to create 3D models (surface meshes). Inkscape (https://www.inkscape.org;

RRID:SCR_014479) was employed to create schematic drawings.


https://imagej.net/Fiji
https://www.inkscape.org/
https://biomedisa.org/
https://www.gimp.org/

Terms

In the studies of Hymenoptera, the morphological terms have been strictly applied according to the
Hymenoptera Anatomy Ontology (HAO; Yoder et al. 2010, Seltmann et al. 2012, Hymenoptera Anatomy

Consortium 2022; http://glossary.hymao.org), which has also been supplemented, following modern

concepts of designating morphological structures in a standardized way. We have also provided tables with
a total of 210 terms relevant to the hymenopteran ovipositor system, their definitions and a total of 513

synonyms found in the literature (see appendices of Publications 1, 3 and 5).


http://portal.hymao.org/projects/32/public/ontology

Synopses
The published studies can be divided into three categories:

* Case studies on the structure and function of the ovipositior of parasitoid Hymenoptera (e.g.
ichneumonoid, chalcidoid and cynipoid wasps): actuation and mechanisms of joint-free terebra
movements and their eco-evolutionary significance (Publications 1-6)

* Case study on the structure and function of the mouthparts of bloodsucking kissing bugs
(Triatominae, Reduviidae, Hemiptera) and the mechanisms of joint-free movements of the maxillary
bundle (Publication 7)

* Biomimetic potential of actively actuated rod-shaped structures of animals (Publications 8—11)

In addition, | have also worked on a project concerning a fossil parasitoid dryinid wasp encased in Rovno

amber, which | also present in this thesis:
»  Description of a new dryinid species from Eocene Rovno amber (Publication 12)

The published PDF files of the articles and their corresponding additional files (supplementary material) are

attached in the above order in the following.



Publication 1

Eggs B., Birkhold A. I, Rohrle O. and Betz O. (2018). Structure and function of the musculoskeletal
ovipositor system of an ichneumonid wasp. BMC Zoology 3: 12. doi: 10.1186/s40850-018-0037-2

(peer-reviewed journal article)

Abstract

Background: Modifications of the ovipositor appear to have played a prominent role in defining the
host range of parasitoid hymenopterans, highlighting an important contributing factor in shaping
their oviposition strategies, life histories and diversification. Despite many comparative studies on
the structure of the hymenopteran terebra, little is known about functional aspects of the
musculoskeletal ovipositor system. Therefore, we examined all inherent cuticular elements and
muscles of the ovipositor of the ichneumonid wasp Venturia canescens (GRAVENHORST, 1829),
investigated the mechanics of the ovipositor system and determined its mode of function.

Results: We found that the movements of the ichneumonid ovipositor, which consists of the female
T9 (9th abdominal tergum), two pairs of valvifers and three pairs of valvulae, are actuated by a set
of six paired muscles. The posterior and the anterior 2nd valvifer-2nd valvula muscles flex and
extend the terebra from its resting towards an active probing position and back. The dorsal T9-2nd
valvifer muscle is modified in V. canescens and forms distinct bundles that, together with the
antagonistically acting ventral T9-2nd valvifer muscle, change the relative position of the 2nd
valvifer to the female T9. Thereby, they indirectly tilt the 1st valvifer because it is linked with both of
them via intervalvifer and tergo-valvifer articulation, respectively. The 1st valvifer acts as a lever
arm that transfers movements to the 1st valvula. The posterior T9-2nd valvifer muscle and the
small 1st-valvifer-genital membrane muscle stabilize the system during oviposition.

Conclusions: From our examination of the elements of the musculoskeletal ovipositor system of
ichneumonids, we discussed leverages and muscle forces and developed a functional model of the
underlying working mechanisms adding to our understanding of a key feature that has largely
determined the evolutionary success of the megadiverse Ichneumonidae with more than 24,000

hitherto described species.

Significance within the present thesis: The majority of previous studies on the ovipositors of parasitoid
hymenopterans have focused solely on morphological aspects of the terebra. Studies on the form and
function of the entire ovipositor system, which includes various cuticular elements, articulations and a set of
muscles, are rare. Therefore, we have described the ovipositor of the ichneumonid wasp Venturia canescens
in detail. To our knowledge, this is the first study presenting a quantitative analysis of the musculoskeletal

ovipositor system of a parasitoid wasp and a calculation of its muscle forces. We have also established a



functional model. Furthermore, many previous authors have employed various terms for the same
morphological structures. Therefore, we have strictly followed the Hymenoptera Anatomy Ontology (HAO;
Yoder et al. 2010, Seltmann et al. 2012, Hymenoptera Anatomy Consortium 2022) and provide a list of all
terms relevant to the ovipositor, including synonyms found in the literature. This investigation serves as a
basis for understanding the form and function of the ovipositor and allows for an easier identification and
comprehension of the specific (morphological) adaptations enabling these parasitoids to bend and steer their
terebrae, as examined in the subsequent studies.

Methods used: light microscopy (LM), scanning electron microscopy (SEM), synchrotron X-ray phase-
contrast microtomography (SR-uCT), videography

Own contribution: designing the study; preparing the specimens; performing the microscopical studies;
analysing and interpreting the data; writing the original version of the manuscript, preparing the figures;

revising the manuscript; correspondence
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Abstract

Background: Modifications of the ovipositor appear to have played a prominent role in defining the host range of
parasitoid hymenopterans, highlighting an important contributing factor in shaping their oviposition strategies, life
histories and diversification. Despite many comparative studies on the structure of the hymenopteran terebra, little
is known about functional aspects of the musculoskeletal ovipositor system. Therefore, we examined all inherent
cuticular elements and muscles of the ovipositor of the ichneumonid wasp Venturia canescens (Gravenhorst, 1829),
investigated the mechanics of the ovipositor system and determined its mode of function.

Results: We found that the movements of the ichneumonid ovipositor, which consists of the female T9 (9th abdominal
tergum), two pairs of valvifers and three pairs of valvulae, are actuated by a set of six paired muscles. The posterior and
the anterior 2nd valvifer-2nd valvula muscles flex and extend the terebra from its resting towards an active probing
position and back. The dorsal T9-2nd valvifer muscle is modified in V. canescens and forms distinct bundles that, together
with the antagonistically acting ventral T9-2nd valvifer muscle, change the relative position of the 2nd valvifer to the
female T9. Thereby, they indirectly tilt the Tst valvifer because it is linked with both of them via intervalvifer and
tergo-valvifer articulation, respectively. The 1st valvifer acts as a lever arm that transfers movements to the 1st
valvula. The posterior T9-2nd valvifer muscle and the small 1st-valvifer-genital membrane muscle stabilize the
system during oviposition.

Conclusions: From our examination of the elements of the musculoskeletal ovipositor system of ichneumonids,
we discussed leverages and muscle forces and developed a functional model of the underlying working mechanisms
adding to our understanding of a key feature that has largely determined the evolutionary success of the megadiverse

Ichneumonidae with more than 24,000 hitherto described species.

Keywords: Hymenoptera, Ichneumonidae, Kinematics, Muscles, Ovipositor, Parasitoid, SEM, SR-uCT

Background

The vast majority of hymenopterans are parasitoids of
other insects. Apart from oviposition, their ovipositor
serves several tasks in the parasitoid lifestyle, i.e. navi-
gating or penetrating the substrate (if the host is con-
cealed) or the targeted egg/puparium, assessing the
host, discriminating between suitable and previously
parasitized hosts, piercing the host, injecting venom,
oviciding the competitors’ eggs and finding a suitable
place for egg laying [1]. In some species, the ovipositor
is also used to form a feeding tube for host feeding or
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defensive stinging [2]. Undoubtedly, modifications of
the ovipositor apparatus have been one of the key fac-
tors in the evolution of the parasitoids’ oviposition
strategies, the life histories and the enormous diversifi-
cation of this large and ecologically important insect
order [2-4].

The hymenopteran ovipositor consists of the female
T9 (9th abdominal tergum), two pairs of valvifers and
three pairs of valvulae (cf. Figs. 1a, ¢, 5a) derived from
the 8th and 9th abdominal segments (7th and 8th meta-
somal segments) (morphological terms are applied
according to the Hymenoptera Anatomy Ontology
(HAQ) [5-7]; a table of the terms used, their definitions
and synonyms is given in Table 2 in the Appendix). The
basally situated valvifers accommodate the operating mus-
culature, whereas all the valvulae are devoid of intrinsic

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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musculature [8—10]. The 1st valvifers (fusion of the 8th
gonocoxites with the gonangula [10]; = gonangulum,
gonangula sensu [1]) anterordorsally are continuous with
the rami of the 1st valvulae (8th gonapophyses; = lower
valves sensu [1]). Their posterior angles articulate dorsally
with the female T9 via the tergo-valvifer articulation and
ventrally with the 2nd valvifers via the intervalvifer ar-
ticulation. The 2nd valvifers (9th gonocoxites) extend
in the form of the 3rd valvulae (9th gonostyli; = ovi-
positor sheaths semsu [1]) and are anteroventrally
articulated with the 2nd valvula (fusion of the 9th
gonapophyses; = upper valve sensu [1]) [8, 9], which is
secondarily re-separated except at the apex in some
parasitoid taxa [11]. The interlocked 1st and 2nd val-
vulae enclose the egg canal and form the terebra (=
ovipositor (shaft) sensu [1]), which is embraced by the
3rd valvulae when not in use. The ventral surface of
the 2nd valvula is interlocked with both of the 1st val-
vulae by a sublateral longitudinal tongue called the
rhachis, which runs within a corresponding groove
called the aulax along the dorsal surface of each of the
1st valvulae. This so-called olistheter system allows the
three parts of the terebra to slide longitudinally relative
to each other [9, 11]. The sensillar equipment of the
1st and 2nd valvulae is highly variable among parasit-
oid hymenopterans [2].

Despite many descriptive studies on the comparative
morphology of the hymenopteran terebra [8, 9, 11, 12],
the mode of function of the musculoskeletal ovipositor
system has only been described in some “symphytan”
families [10, 13-15], in the aculeate Apis mellifera Lin-
naeus, 1758 (Apidae) [8] and Cryptocheilus versicolor
(Scopoli, 1763) (Pompilidae) [16], in some species of
Cynipoidea [17, 18], and in a few parasitoid species of
Ceraphronoidea [19] and Chalcidoidea [20-27]. How-
ever, the underlying working mechanisms of the mus-
culoskeletal ovipositor system of the extremely diverse
and species-rich superfamily of Ichneumonoidea has
remained largely unexplored so far and little is known
about the actuation of the various ovipositor move-
ments that are executed during oviposition. In this
study, we investigated structural, mechanical and func-
tional aspects of the ovipositor of Venturia canescens
(Gravenhorst, 1829) (Hymenoptera: Ichneumonidae:
Campopleginae), a cosmopolitan, synovigenic [28],
non-host feeding [29], solitary, koinobiont larval endo-
parasitoid of several moth species (Lepidoptera) [30,
31]. The oviposition behaviour (Additional file 1) is de-
scribed by Rogers [32]. These parasitoid wasps coat
their eggs with virus-like particles (VLPs) to circum-
vent their host’s immune system [33-37] and exhibit
both  arrhenotokous and obligate thelytokous
reproduction modes [38—-41]. We aimed to (1) describe
the ovipositor of V. canescens, including all inherent

Page 2 of 25

cuticular elements and muscles, (2) examine the me-
chanics of this musculoskeletal system, (3) determine
its mode of function and (4) discuss the process of
oviposition.

Results and discussion

We combined light microscopy (LM), scanning electron
microscopy (SEM), synchrotron X-ray phase-contrast
microtomography (SR-uCT) and subsequent 3D image
processing with muscle and leverage analyses. Based on
these microscopical and microtomographical studies,
we present a thorough morphological, mechanical and
functional analysis of the musculoskeletal ovipositor
system (Additional file 2) that steers the various move-
ments executed by the female ichneumonid wasp dur-
ing oviposition.

Cuticular elements of the ovipositor

The paired 1st valvulae (1vv, Figs. 1a, ¢, e, 2a, b, ¢, f,
g, 4d) of V. canescens are terminally differentiated in
five apically directed sawteeth (st; Fig. 2b) of decreasing
size that are used to penetrate the substrate and the host’s
skin [42, 43]. Each of the 1st valvulae has a medioventral
part formed into a thickened longitudinal flap that pro-
jects inwards into the egg canal (Ifl; Fig. 3a; =
medio-ventral seal sensu [16]). These thin chitinuous flaps
are considered to effectively seal the crack between the 1st
valvulae and prevent the loss of venom and/or oviposition
fluid during oviposition [11, 44—46]. The pressure of the
venom squeezes the two membranes together and thus
closes the seal. A transverse flap called the valvillus (vlv;
Fig. 2e) protrudes from their medial walls and projects
into the central egg/venom canal (cf. [32]). Segregate val-
villi are typical for taxa of Ichneumonoidea but vary in
shape and number between subfamilies [11, 46]. In
non-aculeate Hymenoptera, they potentially serve as a
stop and release mechanism for the egg by maintaining
the egg in position within the terebra and blocking the egg
canal [32, 43, 46] or by pushing fluids into the ovipositor,
thereby creating a hydrostatic pressure that forces the egg
out of the terminal portion of the egg canal [43]. The
internal microsculpture of the medial walls of the egg
canal consists of distally oriented scale-like structures;
leaf-like ctenidia (ct; Fig. 2f) occur from the proximal
basis of the valvulae to the further distally positioned
region of the valvillus, where they are replaced by
spine-like subctenidial setae (scts; Fig. 2g). The cten-
idia help to push the deformable egg along the egg
canal by alternate movements of the 1st valvulae and
prevent it from moving backwards [43, 46, 47]. They
are also hypothesized to deliver forward a liquid lu-
bricant for the moving valvulae and thus reduce
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Fig. 1 SEM images of Venturia canescens. a The posterior part of the metasoma (lateral view) with the exhibited ovipositor that consists of the
female T9, two pairs of valvifers and three pairs of valvulae. Because of the storage in ethanol and the drying procedure, the 3rd valvulae are coiled
and do not embrace the terebra (formed by the interlocked 1st and 2nd valvulae) as in living animals (left is anterior). b Habitus image of V. canescens
(lateral aspect). c—e Ovipositor excised from the genital chamber (left is anterior; ¢, lateral view; d, dorsolateral view; e, ventral view), so that the
articulations of the 1st valvifer and the female T9 (tergo-valvifer articulation) and of the 1st valvifer with the 2nd valvifer (intervalvifer articulation)
become visible. The dorsal rami of the 1st valvulae are continuous with the 1st valvifers. The fat arrows represent the direction of view of the other
SEM images. f-g Detailed images of the tergo-valvifer and the intervalvifer articulation (lateral view, left is anterior) and the sensillar patch of the 2nd
valvifer (in g). Abbreviations: 1vf, 1st valvifer; 1w, Tst valvula; 2vf, 2nd valvifer; 2vv, 2nd valvula; 3w, 3rd valvula; dr1, Dorsal ramus of the 1st valvula; iar,
Interarticular ridge of the 1st valvifer; iva, Intervalvifer articulation; sp, Sensillar patch of the 2nd valvifer; T6, 6th abdimonal tergum; T7, 7th abdominal
tergum; T8, 8th abdominal tergum; T9, Female T9; T10, 10th abdominal tergum; tva, Tergo-valvifer articulation
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Fig. 2 SEM images of Venturia canescens (left is anterior). a, b The apex of the terebra (a, lateral view; b, ventral view; for a transverse section see
Fig. 3) showing the notch and the rhachis, which ends at the very apex of the 2nd valvula, and five sawteeth directed apically and decreasing in
size apically on each of the 1st valvulae. The valvulae bear various types of sensilla with the campaniform sensilla being numerous at the apices
of both the 1st and the 2nd valvulae. ¢ Upon removal of the 1st valvulae, the rhachises at the ventral side of the 2nd valvula become visible
(ventrolateral view). d The rhachises show distally directed scales/serrations. @ The inner surface of the apex of the right 1st valvula shows a single
valvillus and the aulax. f, g The egg canal formed by the 1st and 2nd valvifers bears a microsculpture consisting of distally oriented ctenidia (f),
which become further distally replaced by spine-like subctenidial setae (g) at the apex of the terebra. The aulaces of the 1st valvulae, similar to
the rhachis, show distally oriented scales. The fat arrow in a represents the direction of view of the image in b. Abbreviations: Tvv, 1st valvula; 2vv,
2nd valvula; au, Aulax; cs, Campaniform sensilla; ct, Ctenidium; no, Notch; rh, Rhachis; sc, Scales; scts, Subctenidial setae; st, Sawtooth; vlv, Valvillus

friction between the valvulae during oviposition [42,
45, 46, 48].

The 2nd valvula (2vv; Figs. 1a, ¢, 2a, b, ¢, d, 4d) is
bulbous at its proximal end and basally articulated
with the 2nd valvifers via the basal articulation (ba;
Fig. 4i; blue region in Fig. 3). There are openings on
each of the dorsolateral sides of the bulbs that presum-
ably enable the passage of eggs, venom and other

fluids. The dorsal ramus of the 2nd valvula extends
along its dorsal margin and bears the processus articu-
laris (pra; Fig. 5h) laterally at its proximal part (anter-
ior) and the processus musculares (prm; Fig. 5h)
dorsally. On its ventral side, the 2nd valvula bears the
rhachises (rh; Fig. 2b, ¢, d), which are interlocked with
both the aulaces (au; Fig. 2e, f, g) on the dorsal side of
the opposing paired 1st valvulae via the olistheter
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Fig. 3 SR-uCT images of the terebra of Venturia canescens. a 3D visualization of the whole terebra in the metasoma. b Virtual cross sections

100 pm

through the terebra from proximal to distal. Proximal (blue); every 65 um, a cross section is displayed because of strong morphological changes
such as the bulbous proximal end of the 2nd valvula. According to the limited morphological changes along the longitudinal axis, for the next
part (green), a cross section is shown only every 260 um over the next 3380 um. The most distal 900 um (red) shows, once again, large morphological
variations such as the spindle-shaped cavity formed by all three valvulae; therefore, a cross section is shown every 65 um. The arrows indicate the

undivided distal parts of the 2nd valvula. Abbreviations: 1

w, Tst valvula; 2vf, 2nd valvifer; 2vv, 2nd valvula; 3vv, 3rd valvulae; blb, Bulb; ec, Egg canal; If1,
Longitudinal flap of the 1st valvula; nm, Notal membrane; ssc, Spindle-shaped cavity; trb, Terebra

system (oth; Fig. 4h,), which extends all the way to the
apex. The 2nd valvula of V. canescens and other ich-
neumonids (e.g. taxa belonging to the subfamilies of
Campopleginae, Cremastinae, Ctenopelmatinae, Neor-
hacodinae and Tryphoninae) consists of two halves that
are joined together for the most of their length by a
dorsal notal membrane (nm; Fig. 3a; cf. [32, 45]) but
are fused at the apex [11], so that the 2nd valvula pos-
sesses a lumen that is undivided at the apex of the tere-
bra (arrows in red region of Fig. 3b) but that splits into
two lumina for a substantial proportion of its proximal
part. The blunt tip of the 2nd valvula dorsally possesses
a distal notch (no; Fig. 2a, c), which is assumed to be
associated with moderating penetration of the host cu-
ticle [42] or to maintain a grip on the inner surface of
the host cuticle and thereby providing a momentary
clasping mechanism in the host’s skin to ensure con-
tinuous engagement with the host during oviposition [43].
Almost all ichneumonid species with a pre-apical notch
are larval endoparasitoids of holometabolous insects [43].
At their external surface, both the 1st and the 2nd valvulae
of V. canescens exhibit canpaniform sensilla (cs; Fig. 2b),

which are concentrated at the apices of the valvulae, espe-
cially distally of the distal notch of the 2nd valvula and
posteriorly of the sawteeth of the 1st valvulae (cf. [45]).
However, the sensillar equipment of the terebra was not
further investigated in this study (but see [49]).

The terebra (trb; Fig. 1b, 3) consists of the paired
1st valvulae and the 2nd valvula, which are tightly
interlocked by the olistheter (oth; Fig. 4h,). The dis-
tally directed scales/serrations on the surfaces of both
the rhachises and the walls of the aulaces (sc; Fig. 2d, f,
g) potentially reduce friction forces by minimizing the
contact area of the olistheter elements [46]. However,
we hypothesize that these scales might also serve other
functions: (1) they, analogous to the ctenidia, might
forward a liquid lubricant from the metasoma to the
apex of the olistheter system to reduce friction be-
tween the moving valvulae (cf. [48]), and/or (2) they
might create anisotropic conditions in the olistheter by
increasing frictional forces whenever a valvula is
pushed in proximal direction, thereby preventing the
1st valvulae from randomly sliding back during pier-
cing/drilling. The terebra extends far beyond the tip of
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Fig. 4 Segmented 3D model of the structures involved in the ovipositior movements in Venturia canescens. a, b Cuticular elements and muscles
of the ovipositor (a, medial view, left is anterior; b lateral view, left is posterior). € Muscles involved (the cuticular structures are semi-transparent):
1st valvifer-genital membrane muscle (grey); anterior 2nd valvifer-2nd valvula muscle (pink); posterior 2nd valvifer-2nd valvula muscle (dark green);
dorsal T9-2nd valvifer muscle part a (light green); dorsal T9-2nd valvifer muscle part b (olive); ventral T9-2nd valvifer muscle (blue); posterior T9-2nd
valvifer muscle (cyan). d Selected cuticular elements involved (the ovipositor muscles are semi-transparent): 1st valvifer (orange); 2nd valvifer (yellow);
1st valvulae (pink); 2nd valvula (purple). The 3rd valvulae are not shown here. ej Joints involved with their degrees of freedom depicted as dashed
arrows. e Cuticular elements of the ovipositor and their inherent structures. f Enlarged view of rotation joints between the 1st valvifer and the 2nd
valvifer (intervalvifer articulation) and between the 1st valvifer and female T9 (tergo-valvifer articulation). g Joints with assumed rotation and translation
degree of freedom between the 2nd valvifer and the female T9 (assumed movements indicated by white dashed arrows, assumed rotation angle by
white dashed lines). h Translational joints with tongue and groove connection between the dorsal rami of the 1st valvula and the dorsal projection of
the 2nd valvifer (hy; image of the SR-uCT data stack; location of the virtual cross section is indicated in e by small number 1), and between the 1st and
the 2nd valvulae via the olistheter system: the tonge-like rhachises on the ventral surface of the 2nd valvula and the corresponding grooves called
aulaces along the dorsal surface of each on each of the 1st valvulae (h,; image of the SR-uCT data stack; location of the virtual cross section is
indicated in e by small number 2). i Rotational joint between the 2nd valvifer and the 2nd valvula called the basal articulation (the valvifers
and the female T9 are semi-transparent). j Joints and movements enabled by the 1st valvifer, which acts as a lever. Abbreviations: 1vf, 1st valvifer; Twv, Tst
valvula; 2vf, 2nd valvifer; 2vv, 2nd valvula; af9, Anterior flange of T9; asdf, Anterior section of the dorsal flange of the 2nd valvifer; ba, Basal articulation;
bl, Basal line; blb, Bulb; ca, Cordate apodeme; dp2, Dorsal projection of the 2nd valvifer; dr1, Dorsal ramus of the 1st valvula; ec, Egg canal; hsl, Hook-
shaped lobe of the 2nd valvifer; iar, Interarticular ridge of the 1st valvifer; iva, Intervalvifer articulation; m1, 1st valvifer-genital membrane muscle; m2,
Anterior 2nd valvifer-2nd valvula muscle; m3, Posterior 2nd valvifer-2nd valvula muscle; mda, Dorsal T9-2nd valvifer muscle part a; m4b, Dorsal T9-2nd
valvifer muscle part b; m5, Ventral T9-2nd valvifer muscle; m6, Posterior T9-2nd valvifer muscle; mb2, Median bridge of the 2nd valvifers; oth, Olistheter,
psdf, Posterior section of the dorsal flange of the 2nd valvifer; T9, Female T9; tmdb, Tendon of the dorsal T9-2nd valvifer muscle part b; tva,
Tergo-valvifer articulation

the metasoma. The diameter of the terebra decreases (Fig. 3b). The egg canal is largely defined by the 1st
from the proximal to its distal end, although the part valvulae but its dorsal side is formed by the 2nd val-
in between remains similar in diameter throughout. vula (ec; Fig. 3a). At the apex of the terebra, the 1st
The cross sections of both the 1st and the 2nd valvulae  valvulae are enlarged and form an approximately
are notably different across the length of the terebra  spindle-shaped cavity (ssc; red region in Fig. 3) that is
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Fig. 5 (See legend on next page.)
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(See figure on previous page.)

Fig. 5 Mechanics of the musculoskeletal ovipositor system of Ventuia canescens. a-g, i Kinematics of the musculoskeletal ovipositor system; acting
(input) muscle forces are visualized by solid red arrows (b, d, f, g, i) and resulting (output) movements by solid black arrows (c, e, g, i). a-g, j-m 3D
model of the ovipositor system (medial view, left is anterior). b m1 potentially serves as a tensor muscle for stabilization of the ovipositor system
during oviposition. ¢, d, i Contraction of both m4a and m4b (F, in d, i) moves the 2nd valvifer posteriorly and the female T9 anteriorly towards each
other (small number 3 in ¢, i), thus indirectly causing the 1st valvifer to tilt anteriorly (small number 4 in ¢, i). This is possible because the 1st valvifer is
articulated with both the 2nd valvifer and the female T9 via the intervalvifer and tergo-valvifer articulations that act as rotational joints. The 1st valvifer
thereby functions as a lever arm that transfers the movement to the dorsal ramus of the 1st valvula and consequently causes the 1st valvula to slide
distally relative to the 2nd valvula (small number 5 in c). These movements might also facilitate the extension of the terebra back towards its resting
position (c). m6 thereby stabilizes the ovipositor system by holding the 2nd valvifer and the female T9 in position and preventing them to rotate
around the articulations (d). e, f, i Contraction of m5 (Fs in f, i) moves the 2nd valvifer anteriorly and the female T9 posteriorly apart from each other
(small number 6 in e, i), thus causing the 1st valvifer to tilt posteriorly (small number 7 in e,i) and consequently causing the 1st valvula to slide
proximally relative to the 2nd valvula (small number 8 in e). These movements might also facilitate the flexion of the terebra (e). g, i Contraction of m3
(F3 in g, i) causes the bulbs to pivot anteriorly at the basal articulation, thus flexing the 2nd valvula and, therefore, the whole terebra (small number 2
in g, i). Contraction of m2 (F, in g, i) extends the terebra back towards its resting position (small number 1 in g, i). h Light microscopical image of the
insertion regions of m2 and m3 at the processus articularis and the processus musculares, respectively (lateral view, left is anterior). The duct of the
venom gland reservoir of the 2nd valvifer ends at the lateral openings of the bulbous region of the 2nd valvula. i Resulting schematic drawing of the
mechanism of the tilting movements of the 1st valvifer and of the flexion/extension of the terebra (lateral view, left is anterior, not to scale). Only the
two pairs of antagonistically acting muscles that are mainly responsible for these movements are represented in simplified terms (m2/m3 and m4/mb5).
The muscles stabilizing the system (m1 and mé) are not depicted here. j-m Simplified mechanical scheme of the leverages of the ovipositor in the
resting position; acting (input) muscle forces are visualized by solid red arrows, their horizontal force vector components and the resulting (output)
forces by thin red arrows (j, k), the anatomical (in)levers by solid black lines and the effective (= mechanical) levers by thin black lines, and the joint
angles (q, B, €) are given (k, m). j, | Major direction of the acting muscle forces (F,, 5, F4 and Fs) from a muscle’s insertion point to the centre point of
its origin. j, k Under the simplified assumption that the 2nd valvifer, which acts as the frame of reference, and the female T9 are guided and cannot
twist but only move towards or apart from each other along the horizontal anterior—posterior axis, the input force vectors F4, and Fs, act horizontally
at the 1st valvifer at the tergo-valvifer-articulation. The distance between the tergo-valvifer articulation (where the force is applied) and the intervalvifer
articulation (joint axis/pivot point) is the anatomical inlever ¢; for torques see egs. 4, 5. The 1st valvifer acts as a lever with the effective outlever d’,
resulting in pro- or retraction forces at the dorsal ramus of the 1st valvula Fy4 and Fiyys; see egs. 6, 7.1, m Input force vectors F, and 5 acting at the
proximal end of the 2nd valvula with the basal articulation as joint axis and the anatomical inlevers a and b; for torques see egs. 2, 3. n Schema of a
female wasp flexing its terebra to an active position for oviposition (after [32]) (Additional file 1), which might be supported by the flexible 3rd valvulae
(not shown in a-m). Abbreviations: 1vf, 1st valvifer; 1vv, Tst valvula; 2vf, 2nd valvifer; 2vv, 2nd valvula; 3vv, 3rd valvua; ba, Basal articulation; blb, Bulb;
dr1, Dorsal ramus of the 1st valvifer; F, Force; F,, Horizontal vector components of a force; iva, Intervalvifer articulation; m1, 1st valvifer-genital
membrane muscle; m2, Anterior 2nd valvifer-2nd valvula muscle; m3, Posterior 2nd valvifer-2nd valvula muscle; m4a, Dorsal T9-2nd valvifer
muscle part a; m4b, Dorsal T9-2nd valvifer muscle part b; m5, Ventral T9-2nd valvifer muscle; m6, Posterior T9-2nd valvifer muscle; pra,
Processus articularis; prm, Processus musculares; T9, Female T9; trb, Terebra; tva, Tergo-valvifer articulation; vd, Duct of the venom gland
reservoir of the 2nd valfiver

partly occluded by the valvilli of each of the 1st valvu-
lae (cf. [32]).

The paired 3rd valvulae (3vv; Figs. 1a, ¢, e, 3) emerge
at the posterior end of the 2nd valvifer and ensheath
and protect the terebra when at rest. The lateral walls
of the 3rd valvulae of V. canescens and other parasitoid
wasps with long external terebrae are annulated by fine
transversal narrow furrows (cf. [50]), which makes them
flexible and allow their extensive deformation during
oviposition. Since the valvulae lack intrinsic muscles,
deformation must arise as a passive response to exter-
nal pressures. The ability to bend the 3rd valvulae facil-
itates oviposition [50], however, it is not yet clear if V.
canescens is able to support the flexion of the terebra
towards an active probing position and its steering dur-
ing the search for a potential host with their 3rd valvu-
lae or if they simply follow the movements of the
terebra (Fig. 5n; Additional file 1; cf. [32]). The distally
directed dense microsetae on the inner surface of the
3rd valvulae (cf. [45]) are thought to be involved in
cleaning the ovipositor sensilla between oviposition

episodes [2, 12, 50]. The 3rd valvulae potentially also
have a sensory function [1].

The paired 1st valvifers (1vf; Figs. 1a, ¢, d, f, g, 4b, d, j) of
V. canescens and other ichneumonid species are short
and show an almost oblong shape (with rounded
edges) [8], unlike the bow-shaped 1st valvifers of spe-
cies of Chalcidoidea [21, 23-26] or the triangularly
shaped 1st valvifers of species of Apoidea [8, 9, 51, 52].
The posterior angles of the 1st valvifer are doubly
movably articulated with the modified female T9 via
the tergo-valvifer articulation and via its posteroventral
corner with the 2nd valfiver by means of the intervalvi-
fer articulation (tva/iva; Figs. 1c, £, g, 4f, j). A strength-
ened ridge called the interarticular ridge (iar; Figs. 1f,
4f) occurs between the two articulations and might
mechanically stabilize the 1st valvifer during ovipos-
ition. The anterodorsal angle of the 1st valvifer is con-
tinuous with the dorsal ramus of the 1st valvula (drl;
Figs. 1c, d, f, 4h;, i, j), which is interlocked with the
dorsal projection of the 2nd valvifer (dp2; Fig. 4e, h;)
by a system analogous to the olistheter. This tight
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interlocking guides the dorsal rami and prevents them
from buckling when pushing forces are applied during
the protraction of the 1st valvulae. The rami make
acute angles around the proximal bulbous end of the
2nd valvula. The cuticle in the part of the dorsal rami
that slides around the angle during pro- or retraction
of the 1st valvulae needs to be flexible in the sagittal
plane and might contain high proportions of the very
elastic rubber-like protein resilin (cf. [53-55]).

The paired 2nd valvifers (2vf; Fig. 1a, ¢, ¢, f, g, 4b, d)
are elongated and their posterior parts are placed medi-
ally of the female T9. A conjunctiva, called the genital
membrane (not shown), connects the ventral margins
of both the 2nd valvifers arching above the 2nd valvula.
The 2nd valvifer bears the dorsal flange, which extends
upon its dorsal margin and which is divided by a
sharply defined ridge called the basal line (bl; Fig. 4e)
into an anterior and a posterior section. The anterior
section of the dorsal flange of the 2nd valvifer (asdf;
Fig. 4e) dorsally bears the dorsal projection of the 2nd
valvifer (dp2; Fig. 4e, h;) and extends upwards in a
hook-shaped lobe (hsl; Fig. 4e; sensu [8]) at its postero-
dorsal end, which might allow a greater arc of move-
ment of the 1st valvifer and therefore a greater
protraction of the 1st valvulae. The dorsal margins and
the dorsal flanges are strengthened by cuticular ridges
that might have a stabilizing function to prevent de-
formation. Sensillar patches (sp; Fig. 1g) can be seen on
the 2nd valvifer near the intervalvifer and the basal ar-
ticulation (cf. [56]), monitoring the movements of the
1st vlavifer and therefore the connected 1st valvula or
the position of the bulbs of the 2nd valvula. The poster-
ior section of the dorsal flange of the 2nd valvifer (psdf;
Fig. 4e) is elongated and oriented almost vertically. At
their posterodorsal ends, the 2nd valvifers are con-
nected by the median bridge (mb2; Fig. 4€). The duct of
the venom gland reservoir (vd; Fig. 5h) is situated in
between the paired 2nd valvifers.

The female T9 (T9; Figs. 1a, ¢, e, f, g, 4b, d) is
elongated and anterodorsally bears a hook-shaped
structure. Medially at its anterior end, the T9 forms
a funnel-like structure at the cordate apodeme (ca;
Fig. 4e, f, g), situated posteriorly to the tergo-valvifer
articulation. This structure has not yet been de-
scribed in parasitoid hymenopterans. The anterodor-
sal and dorsal margins of the female T9 is
strengthened by the anterior flange of T9 (af9; Fig. 4e) that
might mechanically stabilize the female T9 during
oviposition.

Joints of the musculoskeletal ovipositor system
The musculoskeletal ovipositor system possesses three
main joints.

Page 9 of 25

The basal articulation (ba; Fig. 4i) connects the lat-
erally placed bulbs of the 2nd valvula with the thickened
anteroventral parts of the 2nd valvifers via a rotational
joint. This joint might also allow some limited pivoting
movements of the 2nd valvula and therefore of the
whole terebra.

Both the 2nd valvifer and the female T9 are con-
nected with the 1st valvifer by the intervalvifer articu-
lation and the tergo-valvifer articulation (iva/tva;
Figs. 1c, f, g, 4f, j), respectively, forming a double joint.
The tergo-valvifer articulation is situated dorsal to the
intervalvifer articulation. Both of these articulations act
as rotational joints; thus, the 1st valvifer is movable in
the sagittal plane only.

Ovipositor muscles

The maximum tensions at constant muscle length (iso-
metric tension) that individual insect muscles can exert
greatly vary between species, ranging from 19 to
700 kPa [57, 58] (e.g. approximately 38 kPa exerted by
the asynchronous dorso—ventral flight muscle in Bombus
terrestris (Linnaeus, 1758) at 30 °C [59]). In case of par-
allel muscle fibres, the maximum force (F) created by a
muscle can be estimated by using the specific tension (f)
and the mean cross section area (CSA; Table 1) accord-
ing to the equation:

F=CSA - f (eq. 1)

However, there are, to the best of our knowledge,
no studies hitherto that measured tensions of abdom-
inal muscles of hymenopterans we could refer to.

The ovipositor of V. canescens possesses a set of six
paired muscles (Fig. 4c; Table 1), one of them (m4)
forming two distinct bundles.

The paired 1st valvifer-genital membrane muscles
(ml) are the only muscles of the 1st valvifer. They
originate at the medial surface of the posteroventral
part of the 1st valvifer, i.e. between the tergo-valvifer
and the intervalvifer articulation, and insert anteriorly
on the genital membrane. They are the smallest mus-
cles of the ovipositor with a CSA of 0.0008 mm? each
(Table 1).

The paired fan-shaped anterior 2nd valvifer-2nd
valvula muscles (m2) arise at the medial region along
the anterodorsal part of the 2nd valvifer, largely at the
anterior section of the dorsal flange (asdf; Fig. 4e), and
insert at the processus articularis (pra; Fig. 5h), a
process that extends laterally from the proximal part
of the 2nd valvula to form the medial part of the
basal articulation. These muscles have a CSA of
0.0032 mm? each (Table 1).

The paired posterior 2nd valvifer-2nd valvula
muscles (m3) originate at the medial region along the
ventral part of the 2nd valvifer and insert at the
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processus musculares (prm; Fig. 5h), namely the apo-
deme that extends dorsally from the proximal part of
the 2nd valvula to the genital membrane. These mus-
cles have a CSA of 0.0039 mm? which is similar to
that of m2 (Table 1).

The paired dorsal T9-2nd valvifer muscles (m4a/
b) are modified in their insertion and form two dis-
tinct muscle bundles, as it is also known to occur in
the ichneumonid genus Megarhyssa Ashmead, 1858
[8, 60]. One part of these muscles (m4a) arises at the
lateral region along the posterodorsal part of the an-
terior margin of female T9 and inserts at the anterior
section of the dorsal flange of the 2nd valvifer (asdf;
Fig. 4e) and partly on the hook-shaped lobe of the
2nd valvifer (hsl; Fig. 4e). The other part (m4b) is
fan-shaped and originates at the medial region along
the posterodorsal part of the anterior margin of fe-
male T9. The muscle tendons (tm4b; Fig. 4f, g) also
insert at the anterior section of the dorsal flange of
the 2nd valvifer, ventrally to the insertion region of
m4a. The tendon of m4b thereby traverses the
funnel-like structure at the cordate apodeme (ca; Fig.
4f, g) of the female T9. Muscles m4a and m4b are
long thick muscles with a CSA of 0.0050 mm?” and
0.0039 mm?, respectively (Table 1).

The paired ventral T9-2nd valvifer muscles (mb5)
arise from the medial region of the anterodorsal part of
the female T9, partly at the funnel-like structure at the
cordate apodeme (ca; Fig. 4f, g), and insert along the
posterior section of the dorsal flange of the 2nd valvifer
(psdf; Fig. 4e). These are the largest ovipositor muscles
with a CSA of 0.0077 mm?>.

The paired posterior T9-2nd valvifer muscles (m6)
arise medially at the posterodorsal part of the female
T9 and insert at the median bridge of the 2nd
valvifers (mb2; Fig. 4e). They are the second smallest
muscles of the ovipositor with a CSA of 0.0015 mm?
(Table 1).

The literature concerning the musculoskeletal ovi-
positor system of ichneumonoid wasps is limited and
some inconsistent statements have been made about
certain ovipositor muscles. We describe the 1st
valvifer-genital membrane muscle for the first time in
an ichneumonoid species. Either this small muscle is
not present in all ichneumonoid species or, more
likely, previous authors (e.g. [8, 60]) might have over-
looked its presence. In Megarhyssa macrurus lunator
(Fabricius, 1781) (Hymenoptera: Ichneumonidae), Ab-
bott [60] described the 1st valvifer-2nd valvifer muscle
as ‘a small muscle connecting the “runner” plate [=
2nd valvifer] with the dorsal margin of the “kidney”
plate [= 1st valvifer]. However, this muscle has nei-
ther been found in Megarhyssa atrata (Fabricius,
1781) (Hymenoptera: Ichneumonidae) by Snodgrass
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[8] nor in V. canescens in the present study and
might have been mistaken for the anterior 2nd
valvifer-2nd valvula (m2) muscle by this author.

In general, the musculoskeletal ovipositor system of
ichneumonoid wasps is similar to that of the parasit-
oid hymenopteran species belonging to Ceraphronoi-
dea [19], a superfamily that is closely related to
Ichneumonoidea [61]. However, the ceraphronoids
lack the anterior 2nd valvifer-2nd valvula muscle [19]
that is present in V. canescens and other ichneumo-
nids. All chalcidoid species investigated to date with
regard to the ovipositor muscles (Agaonidae [26],
Aphelinidae [27], Chalcididae [20], Eurytomidae [23],
Pteromalidae [21, 25] and Torymidae [24]) comprise
the same set of muscles as ichneumonids but lack the
1st valvifer-genital membrane muscle. All the taxa of
Chalcidoidea, Ceraphronoidea and Ichneumonoidea
investigated hitherto (including our study of V. canes-
cens) lack the 1st valvifer-2nd valvifer muscle, lateral
T9-2nd valvifer muscle, 2nd valvifer-genital membrane
muscle and T9-genital membrane muscle, which have
been described in other hymenopteran taxa [7].

Mechanics and mode of function of the musculoskeletal
ovipositor system

The set of six paired ovipositor muscles in V. canes-
cens (Fig. 4c; Table 1) comprises two pairs of two an-
tagonistically working muscles that are mainly
responsible for the various ovipositor movements, and
two muscles stabilizing the musculoskeletal system.
Based on the following functional model, we assume
that the anterior (m2) and the antagonistically acting
posterior 2nd valvifer-2nd valvula muscles (m3) ex-
tend or flex the terebra, whereas the two parts of the
dorsal T9-2nd valvifer (m4a/b) and the antagonistic-
ally acting ventral T9-2nd valvifer muscle (m5) indir-
ectly protract or retract the 1st wvalvulae. The
relatively small 1st valvifer-genital membrane muscle
(ml) and the posterior T9-2nd valvifer muscle (m6)
might predominantly serve for the stabilization of the
ovipositor system during oviposition.

Flexion and extension of the terebra

The 2nd valvula of V. canescens is connected with
the 2nd valvifers by a rotational joint called the basal
articulation (ba; Figs. 4i, 5h, i, I, m). Two antagonis-
tic muscles (m2, m3) insert at the bulbous region
around this articulation (Fig. 5h). The insertion re-
gion of the posterior 2nd valvifer-2nd valvula muscle
(m3) at the 2nd valvula is located dorsally of the
basal articulation, whereas its region of origin at the
2nd valvifer is located posteroventrally to it. There-
fore, a contraction of m3 (F3; Fig. 5g, i) causes the
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bulbs (blb; Fig. 4e, i) to pivot anteriorly at the basal
articulation. This leads to a flexion of the 2nd valvula
and the interlocked 1st valvulae from its resting pos-
ition between the paired 3rd valvulae towards an ac-
tive probing position (small number 2; Fig. 5g, i
Table 1). An alternate contraction of m3 on either
side might also cause the terebra to rotate to a cer-
tain degree. The insertion region of the anterior 2nd
valvifer-2nd valvula muscle (m2) at the 2nd valvula is
situated posteroventrally of both the basal articulation
and the insertion region of m3, whereas its origin at
the 2nd valvifer is located posterodorsally of the ar-
ticulation. Hence, when m2 (F,; Fig. 5g, i) contracts,
the terebra is extended towards its resting position
(small number 1; Fig. 5g, i; Table 1).

The anatomical cluster comprising the 2nd valvifer,
the 2nd valvula and the two muscles connecting them
(Fig. 51) is a simple mechanical system in which the
2nd valvula is a two-armed class 1 lever. The ratio of
the anatomical inlevers (a = 66 um and b = 84 pm; Fig.
5m) is 1:1.27. The torques (M) of the muscle forces of
the anterior and posterior 2nd valvifer-2nd valvula
muscle (F, and F3) on the basal articulation in the rest-
ing position can be estimated by using the maximum
force of the muscle (F; cf. eq. 1), the lengths of the
anatomical inlever arms and the attachment angles of
the muscles at the 2nd valvula (a =154° and f5 =96
Fig. 5m) according to the equations:

My =F, - a - sin(a) (eq. 2)

Mz =F;-b-sin(f) (eq. 3)

However, the lengths of the effective (= mechanical)
inlever arms (a’ and b’; Fig. 5m) vary greatly with at-
tachment angle (joint angle), i.e. during the flexion or
extension of the terebra. The attachment angle of m3
in the resting position is almost 90° thus, the effect-
ive inlever arm is almost optimal, so that the force of
m3 can be optimally transmitted to the 2nd valvula,
which leads to a high torque. By contrast, the attach-
ment angle of m2 in the resting position is far below
90° but increases when the wasp flexes its terebra to-
wards the active probing position. This results in an
increase in length of the effective inlever arm, an op-
timal force transmission of m2 at the basal articula-
tion and consequently a high torque. High torques at
the basal articulation might be crucial to enable the
extensive movements for both the flexion and exten-
sion of the terebra, despite the relatively small ana-
tomical inlevers.

Pro- and retraction of the 1st valvulae

Three muscles (m4—-m6) connect the 2nd valvifer
with the female T9, both these structures being con-
nected with the 1st valvifer by the intervalvifer
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articulation or the tergo-valvifer articulation (iva/tva;
1c, £, g, 4f, j, 5i-k), forming a double joint. The inser-
tion regions at the 2nd valvifer of both parts of the
dorsal T9-2nd valvifer muscle (m4a/b) lie anterodor-
sally, whereas the regions of origin at the female T9
are posterodorsally located of both articulations. A
contraction of m4a and m4b (Fy Fig. 5d, i) moves
the 2nd valvifer posteriorly and the female T9 anteri-
orly towards each other (small number 3; Fig. 5c, i),
whereby the tension of the posterior T9-2nd valvifer
muscle (m6) presumably prevents the involved cuticu-
lar elements to rotate around the articulations. This
movement causes the 1st valvifer to tilt anteriorly
(small number 4; Fig. 5c, i) because it is articulated
with both the 2nd valvifer and the female T9 via rota-
tional joints (intervalvifer and tergo-valvifer articula-
tion). The 1st valvifer acts as a one-armed class 3
lever that transfers its tilting movement to the dorsal
ramus of the 1st valvula, causing the 1st valvula to
slide distally relative to the 2nd valvula (small number
5; Fig. 5¢). Both m4a and m4b act as protractors of
the 1st valvulae (Table 1). They might also assist in
extending the terebra (Fig. 5¢), as a simultaneous pro-
traction of the 1st valvulae places the terebra under
unilateral tension due to friction between the olisth-
eter elements of the 1st and 2nd valvulae. The origin
of the antagonistic ventral T9-2nd valvifer muscle
(m5) at the female T9 is situated posterodorsally near
the intervalvifer articulation and posterior to the
tergo-valvifer articulation, whereas its insertion region
at the 2nd valvifer is located posteroventrally of both
these articulations. Its contraction (Fs5 Fig. 5f i)
moves the 2nd valvifer anteriorly with respect to the
female T9 (small number 6; Fig. 5e, i), thus indirectly
causing the 1st valvifer to tilt posteriorly (small num-
ber 7; Fig. 5e, i) and the 1st valvulae, as a direct con-
sequence, to slide proximally relative to the 2nd
valvula (small number 8; Fig. 5e). Therefore, m5 acts
as a retractor of the 1st valvulae (Table 1). It might
also assist in flexing the terebra (Fig. 5e), as a simul-
taneous retraction of both of the 1st valvulae places
the terebra under a unilateral tension due to friction
between the olistheter elements of the 1st and 2nd
valvulae. Muscles m4a and m4b act antagonistically
against mb5, ie. mda/b protract the 1st valvulae,
whereas m5 retracts them. The posterior T9-2nd val-
vifer muscle (m6) stabilizes the ovipositor system by
holding the 2nd valvifer and the female T9 in position
and prevents them to rotate around the articulations
(Fig. 5d; Table 1), although some limited movements
in dorso—ventral direction at their posterior ends are
likely to occur (cf. Fig. 4g).

The following assumptions were made for a simpli-
fied estimation of the torques (M) of the muscle
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forces of the dorsal and ventral T9-2nd valvifer
muscle (F, and Fs): (1) The 2nd valvifer acts as the
frame of reference; therefore, the intervalvifer articu-
lation (iva; Figs. 1lc, f, g, 4f, j, 5i, j, k) acts as the
pivot point (= joint axis or fulcrum) at which the 1st
valvifer tilts; and (2) the 2nd valvifer and the female
T9 are guided and cannot twist around the articula-
tions but only move towards to or apart from each
other along the horizontal anterior—posterior axis
without friction occurring. Under these assumptions,
the horizontal force vector components of m4 and
mb5 (Fy, =cos(y) - F4 and Fs, =cos(d) - F5 with y=5°
and §=24° Fig. 5j, k) act at the 1st valvifer at the
tergo-valvifer articulation (tva; Figs. 1c, f, 4f, j, 5i, j,
k). Therefore, the torque (M) of F,, and Fs, on the
intervalvifer articulation in the resting position can be
estimated by using the horizontal vector component
(F,) of the maximum force of a muscle (cf. eq. 1),
the length of the anatomical inlever arm (c =103 pm;
Fig. 5k)—which is the distance between tergo-valvifer
and intervalvifer articulation—and the joint angle (e =
113°% Fig. 5k) according to the equations:

M, = F,, - c - sin(e) (eq. 4)

Ms = Fs, - ¢ - sin(e) (eq. 5)

The 1st valvifer acts as a lever with the effective out-
lever (d’; Fig. 5k), which is defined as the length be-
tween the intervalvifer articulation and the point
where the 1st valvifer continues as dorsal ramus of the
1st valvula. The resulting pro- or retracting forces at
the dorsal ramus of the 1st valvula (Fyypma and Fiyms;
Fig. 5k) can be estimated by using the horizontal vec-
tor components (F,) of the forces acting on the 1st
valvifer at the tergo-valvifer articulation, the length of
the effective inlever arm (c’=c - sin(e) = 94.8 um; Fig.
5k) and the effective outlever arm according to the
equations:

Fiwa=(Fax - )/ d (eq. 6)

Fiys=(Fsx- ) /1 d (eq. 7)

The distance that the 1st valvifer moves is equally
transferred to the 1st valvula. Thereby, the shape of
the 1st valvifer and the positions of the tergo-valvifer
and the intervalvifer articulations influence the way
how the 1st valvula is moved, i.e. the more closely
the two articulations are situated to each other and
the further they are away from the anterior angle of
the 1st valvifer, the further the 1st valvula will slide
relative to the 2nd valvula along the olistheter [19].
An increase of the quotient of the effective outlever
to the effective inlever (d: ¢’ ratio) results in a
smaller force output but an increase in the potential
maximum velocity and mechanical deflection, ie. an
increase in the speed and the movement distance of
the dorsal rami of the 1st valvulae. Their tight inter-
locking with the dorsal projection of the 2nd valvifer
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prevents them from buckling and transfers the move-
ments to the apex of the valvulae. The double joint
system of the 1st valvifer enables an pro- and retrac-
tion of the 1st valvulae.

The 1st valvifer-genital membrane muscle (m1) po-
tentially serves as a tensor muscle that stabilizes the
1st valvifers during their fast alternate movements by
holding them in position laterally to the 2nd valvifers
(Fig. 5a, b; Table 1).

Process of oviposition

After a female wasp has found a suitable oviposition
site, the contraction of the posterior 2nd valvifer-2nd
valvula muscles (m3) causes the 2nd valvula and the
interlocked 1st valvulae to flex anteriorly towards the
active probing position [19]. This flexing and the gen-
eral employment of the terebra of V. canescens (as in
many other ichneumonoid wasp taxa [62, 63]) might
be assisted by the annulated and flexible 3rd valvulae
and the generally improved manoeuvrability of the
metasoma of the Apocrita [64]. The 2nd valvifer is
then rotated away from the dorsal surface of the
metasoma concomitantly with the terebra. During the
so-called cocking behaviour (sensu [32]) of V. canes-
cens, the 2nd valvifer and the terebra flex simultan-
eously. In V. canescens, this characteristic behaviour
is always performed prior to the actual oviposition
and is assumed to correlate with the egg being passed
down into the spindle-shaped cavity at the apex of
the terebra in readiness for oviposition [32, 45]. The
parasitoid then performs localized probing movements
with the unsheathed terebra in the substrate (Add-
itional file 1). Drilling movements of the terebra are
not needed, since the hosts of V. canescens live in
soft substrates. Once a suitable host is found, stab-
bing movements are conducted, whereby the terebra
is quickly inserted into the host caterpillar [32, 65].
Thereby, alternate contractions of the dorsal T9-2nd
valvifer muscles (m4a/b) and the ventral T9-2nd val-
vifer muscles (m5) indirectly execute the penetration
movements of the 1st valvulae (which are docu-
mented in a braconid wasp [66]). In some species of
Braconidae (the sister group of Ichneumonidae), these
movements of the 1st valvulae are known to enable
the wasps to actively steer their terebra to some ex-
tent: asymmetrical apex forces at the terebra in a vis-
cid medium—caused by varying its asymmetrical tip
by pro- or retracting one 1st valvula with respect to
the other—result in a passive bending of the terebra
[66], or restrictions in inter-element displacements
(e.g. strongly swollen short regions pre-apically on the
rhachises) cause the terebra to bend due to tensile
and compressive forces [67]. Throughout penetration,
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the relative position of the valvifers and consequently
of the 1st valvulae might be monitored via the sensil-
lar patches of the 2nd valvifers situated anteriorly to
the intervalvifer articulations. In addition to penetrat-
ing the substrate, the longitudinal alternate move-
ments of the 1st valvulae presumably serve to pass
the egg along the terebra. This is facilitated by the
egg canal microsculpture consisting of distally ori-
ented scales (ctenidia and subctenidial setae) that
push the egg towards the apex of the terebra and
hold it in position by preventing backward move-
ments [43, 46, 47]. Shah [45] suggests that the valvilli
assist in moving the egg in the terminal part of the
terebra by using hydrostatic pressure for a speedy de-
livery of the egg into the host. In V. canescens, the
laying of an egg into the haemocoel of the host cater-
pillar takes only a fraction of a second [32, 45]. After
oviposition and withdrawal of the terebra, the anterior
2nd valvifer-2nd valvula muscles (m2) extend the
terebra back towards its resting position between the
internal concave faces of the 3rd valvulae [10]. Ovi-
position is commonly followed by cleaning behaviour
during which the wasp especially grooms its antennae
and terebra.

Conclusions

The examination of the elements of the musculoskel-
etal ovipositor system of V. canescens and its under-
lying working mechanisms adds to our understanding
of a key feature in the evolution of parasitoid hyme-
nopterans, a feature that has impacted the evolutionary
success of ichneumonid wasps (with more than 24,000
described [68] and more than 100,000 estimated spe-
cies [69]) and parasitoid hymenopterans in general
(with 115,000 described and 680,000 estimated species
[70]). Whereas the basic organization of the ovipositor
is remarkably uniform among the Hymenoptera [8],
huge variations exist in its structure [9, 11, 12], which
are associated with the employment of the terebra in
the different taxa of parasitoid species (cf. [62, 63, 71,
72]). Further studies that combine thorough morpho-
logical analyses of a parasitoid’s musculoskeletal
ovipositor system with investigations of its parasitoid—
host interactions are needed in order to understand
how morpho-physiological traits have influenced the
evolution of behavioural, ecological and life history
traits and vice versa in the megadiverse parasitoid
Hymenoptera.

Methods

The V. canescens specimens used in this study origi-
nated from the thelytokous lab colony of Biologische
Beratung Ltd. (Berlin, Germany) from whom we also
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received larvae of the host Ephestia kuehniella Zeller,
1879 (Lepidoptera: Pyralidae). The wasps were kept in
a glass box (20 - 30 - 20 ¢cm) and reproduced after the
addition of several pyralid larvae within a mealy sub-
strate to the box every third week (Additional file 1).
Three times a week, the imagos were fed with watered
honey absorbed onto paper towels. The room was kept
at a constant temperature of 24°C.

Light microscopy (LM) and scanning electron microscopy
(SEM)

The ovipositor was excised and dissected from the geni-
tal chamber of ethanol-fixed animals by using fine for-
ceps, macerated in 10% aqueous potassium hydroxide
(KOH) for 12-15 h at room temperature if necessary,
cleaned in distilled water and dehydrated stepwise in
ethanol (C,HgO).

For light microscopy, specimens were mounted onto
microscopic slides (76 mm - 26 mm, VWR Inter-
national, Radnor, PA, USA), embedded in Euparal
(Waldeck GmbH & Co. KG, Miinster, Germany) and,
after drying, investigated with a light microscope of
the type Zeiss Axioplan (Carl Zeiss Microscopy
GmbH, Jena, Germany) equipped wit a Nikon D7100
single-lens reflex digital camera (Nikon Corporation,
Tokyo, Japan) and the software Helicon Remote ver-
sion 3.6.2.w (Helicon Soft Ltd., Kharkiv, Ukraine) (for
focus stacking Helicon Focus version 6.3.7 Pro;
RRID:SCR_014462).

For scanning electron microscopy (SEM), specimens
were air-dried for at least one week in a desiccator. The
samples were mounted with double-sided adhesive tape
onto stubs, sputter-coated with 19 nm pure gold (Au)
by using an Emitech K550X (Quorum Technologies
Ltd., West Sussex, UK) and investigated with a scan-
ning electron microscope of the type Zeiss EVO LS 10
(Carl Zeiss Microscopy GmbH, Jena, Germany) and the
software SmartSEM version V05.04.05.00 (Carl Zeiss
Microscopy GmbH, Jena, Germany).

After completion of the microscopical studies, the
remaining wasps were killed by freezing them at - 20°C.

Synchrotron X-ray phase-contrast microtomography
(SR-pCT)

Two metasomas of ethanol-fixed female V. canescens
were  dehydrated stepwise in  ethanol and
critical-point-dried by using a Polaron 3100 (Quorum
Technologies Ltd.,, West Sussex, UK) to minimize
shrinking artefacts by water loss during the tomog-
raphy procedure. The anterior ends of the metasomas
were glued onto the tips of plastic pins, so that the
ovipositor tip was oriented upright, and mounted
onto the goniometer head of the sample stage for
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tomography. Synchrotron X-ray phase-contrast micro-
tomography (SR-pCT) [73] was performed at the
beamline ID19 at the European Synchrotron Radiation
Facility (ESRF) (Grenoble, France) at 19 keV (wave-
length 8 - 10°'" m) and an effective detector pixel
size of 0.68 pm with a corresponding field of view of
1.43 - 1.43 mm; 6000 projections were recorded over
the 180 degree rotation. The detector-to-sample dis-
tance was 12 mm. As the structures of interest were
larger than the field of view, four separate image
stacks were acquired. Therefore, the sample was repo-
sitioned in between the imaging procedure, resulting
in a certain overlap of two consecutive images. The
3D voxel datasets were reconstructed from the 2D ra-
diographs by using the filtered back-projection algo-
rithm ([74, 75] developed for absorption contrast
tomography.

Registration and segmentation of SR-uCT images

To obtain a high-resolution 3D image of the ovipositor
and the inherent muscles, two consecutive images from
the stack were geometrically aligned in an iterative 3D
rigid registration procedure (Additional file 3). A
stepwise strategy was applied for the registration. The
two data sets were aligned according to the transla-
tion of the sample stage in between imaging. The im-
ages were then rigidly registered by using normalized
mutual information of the grey value images as a
similarity measure, with a line search algorithm for
the optimization approach. A hierarchical strategy was
applied to reduce the risk of finding local minima,
starting at a coarse resampling of the datasets and
proceeding to finer resolutions. Finally, an affine
transformation by using a Lanczos interpolation (cf.
[76]) was performed that interpolated both images
into the same coordinate system. As a result, all four
images were matched in a common coordinate sys-
tem. An edge-preserving smoothing filter was applied
for the segmentation of the individual structures. Seg-
mentation was based on local differences in densities,
as chitinous structures have higher densities than
muscles. Therefore, grey value images were binarized
by using a dual threshold approach that allowed the
extraction and separation of regions with different
densities.

Image processing and extraction of individual morphological
structures

The obtained two masks of muscles and denser struc-
tures were further processed to differentiate them
into their various morphological components. There-
fore, a semi-automatic extraction of biological struc-
tural features was applied by wusing geometric
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information. First, small islands were removed with
an opening filter and, subsequently, the connected
components were automatically labelled. Second, the
resulting chitinous structures were manually split at
the connection points between the female T9 and the
valvifers and at the olistheter mechanism of the tere-
bra, as these fine structures could not be segmented
automatically because of the limited resolution of the
images. For each muscle bundle, insertion regions
(apodemes) were identified on the cuticular elements
at both muscle ends, with the whole muscle between
the apodemes being determined in a semi-automated
interpolation process. This resulted in individual la-
bels for the six muscles involved in ovipositor actu-
ation mechanics. A Gaussian filter was applied for
smoothing the 3D masks of the individual chitinous
and muscular structures and 3D morphological volu-
metric models of the biological structures were
generated.

Image processing was performed by using the software
Amira version 6.0 (FEI, Hillsboro, OR, USA;
RRID:SCR_014305) and the custom MATLAB scripts
version R2016a (The MathWorks, Inc., Natick, MA,
USA; RRID:SCR_001622).

Muscle and leverage analyses

Muscle volume, mean length and mean cross section
area were determined from the 3D data sets. The ob-
tained muscle volume values potentially are lower
than in living animals due to shrinking artefacts. The
total muscle length and the major direction of the
muscle force was determined as the distance between
the centre points of the attachments of the muscles
and the direction of the line in between, respectively.
The exact locations of the muscles’ origins and inser-
tions were verified with light microscopy. The mean
cross section area (CSA) was determined as the
muscle volume / muscle length. However, the orien-
tation of the single muscle fibre might deviate from
the direction of the main muscle force (cf. [77]),
which potentially results in an underestimation of
the estimated CSA of an individual muscle and thus
its maximum muscle force but also an overesti-
mation of its maximum contraction distance. The
anatomical inlevers were measured from the 3D data
set and the joint angles were determined. The ana-
tomical lever was defined as the length of the line
between the joint axis and the point where the
muscle force is applied, i.e. the tendon attachment
point. The effective lever arm, which is pivotal for
the efficiency of the force transmission, is defined as
the perpendicular distance between the projection of
the line of action of the tendon attachment point
and the joint axis.
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Additional files

Additional file 1: Video sequence of female Venturia canescens probing
with their terebra in a mealy substrate and potential egg injection into a
host larvae (Ephestia kuehniella). (MP4 19585 kb)

Additional file 2: Animation of the rotating segmented 3D model of
the ovipositor of Venturia canescens. (MP4 12464 kb)

Additional file 3: Registered SR-uCT images of the section of the
metasoma of Venturia canescens that contains the musculoskeletal ovipositor
system and animation of the surface rendering of the aligned SR-uCT data.
(MP4 11892 kb)

Abbreviations

1vf: Tst valvifer; Tvv: 1st valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; 3vv: 3rd
valvula; af9: Anterior flange of T9; asdf: Anterior section of the dorsal flange
of the 2nd valvifer; au: Aulax; ba: Basal articulation; bl: Basal line; blb: Bulb;
ca: Cordate apodeme; cs: Campaniform sensilla; ct: Ctenidium; dp2: Dorsal
projection of the 2nd valvifer; dri: Dorsal ramus of the 1st valvula; ec: Egg
canal; F: Force; F,: Horizontal vector components of a force; hsl: Hook-shaped
lobe of the 2nd valvifer; iar: Interarticular ridge of the 1st valvifer; iva: Intervalvifer
articulation; If1: Longitudinal flap of the 1st valvula; M: Torque; m1: Tst valvifer-
genital membrane muscle; m2: Anterior 2nd valvifer-2nd valvula muscle;

m3: Posterior 2nd valvifer-2nd valvula muscle; m4a: Dorsal T9-2nd valvifer muscle
part a; m4b: Dorsal T9-2nd valvifer muscle part b; m5: Ventral T9-2nd valvifer
muscle; mé: Posterior T9-2nd valvifer muscle; mb2: Median bridge of the 2nd
valvifers; nm: Notal membrane; no: Notch; oth: Olistheter; pra: Processus articularis;
prm: Processus musculares; psdf: Posterior section of the dorsal flange of the 2nd
valvifer; rh: Rhachis; sc: Scales; scts: Subscenidial seta; SEM: Scanning electron
microscopy; sp: Sensillar patch of the 2nd valvifer; SR-uCT: Synchrotron X-ray
phase-contrast microtomography; ssc: Spindle-shaped cavity in the distal part of
the terebra; st: Sawtooth; T6: 6th abdominal tergum; T7: 7th abdominal tergum;
T8: 8th abdominal tergum; T9: Female T9 (9th abdominal tergum); T10: 10th
abdominal tergum; tm4b: Tendon of the dorsal T9-2nd valvifer muscle part b;
trb: Terebra; tva: Tergo-valvifer articulation; vd: Duct of the venom gland reservoir
of the 2nd valvifer; viv: Valvillus
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Additional files (supplementary material): video files (snapshots displayed here); files available online at
https://bmczool.biomedcentral.com/articles/10.1186/s40850-018-0037-2

Additional file 1: Video sequence of female Venturia canescens probing with their terebra in a mealy substrate and potential egg
injection into a host larva (Ephestia kuehniella). (MP4 19575 kb)

Additional file 2: Animation of the rotating segmented 3D model of the ovipositor of Venturia canescens. (MP4 12464 kb)
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Additional file 3: Registered SR-uCT images of the section of the metasoma of Venturia canescens that contains the musculoskeletal

ovipositor system and animation of the surface rendering of the aligned SR-uCT data. (MP4 11892 kb)
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Eggs B., Birkhold A. I, Rohrle O. and Betz O. (2018). The musculoskeletal ovipositor system of an
ichneumonid wasp: structural and functional aspects. Mitteilungen des Entomologischen Vereins Stuttgart 53
(1): 34-36.

(non-peer-reviewed conference paper; summary of the investigations presented in Publication 1 in detail)

Abstract

The vast majority of hymenopterans are parasitoids of other insects. Their ovipositor serves several
tasks in the parasitoid lifestyle, i.e. navigating or penetrating the substrate (if the host is concealed)
or the targeted puparium, assessing and piercing the host, injecting venom, oviciding the
competitors’ eggs, finding a suitable place for egg laying and ovipositing. Undoubtedly,
modifications of the ovipositor have played a prominent role in defining the host range of parasitoid
hymenopterans. Despite many comparative studies on the structure of the hymenopteran terebra
(e.g. Snodgrass 1933; Quicke et al. 1994), the underlying working mechanisms of the
musculoskeletal ovipositor system of the extremely diverse and species-rich Ichneumonoidea has
remained largely unexplored so far and only little is known about the actuation of the various
ovipositor movements. Therefore, we examined all inherent cuticular elements and muscles of the
ovipositor of Venturia canescens (GRAVENHORST, 1829) (Hymenoptera: Ichneumonidae:
Campopleginae), a solitary, koinobiont larval endoparasitoid of several moth species (Lepidoptera)
(for oviposition behaviour cf. Rogers 1972). Furthermore, we investigated the mechanics of the
ovipositor system and determined its mode of function. [...]

Significance within the present thesis: This is a summary of Publication 1, published as a conference
proceeding of the “13. Hymenopterologen-Tagung” 2018 in Stuttgart, Germany.
Methods used: scanning electron microscopy (SEM)

Own contribution: writing the original version of the manuscript; preparing the figures; correspondence
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The vast majority of hymenopterans are parasitoids of other insects. Their ovipositor serves
several tasks in the parasitoid lifestyle, i.e. navigating or penetrating the substrate (if the
host is concealed) or the targeted puparium, assessing and piercing the host, injecting
venom, oviciding the competitors’ eggs, finding a suitable place for egg laying and oviposit-
ing. Undoubtedly, modifications of the ovipositor have played a prominent role in defining
the host range of parasitoid hymenopterans. Despite many comparative studies on the
structure of the hymenopteran terebra (e.g. Snodgrass 1933; Quicke et al. 1994), the un-
derlying working mechanisms of the musculoskeletal ovipositor system of the extremely
diverse and species-rich Ichneumonoidea has remained largely unexplored so far and only
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little is known about the actuation of the various ovipositor movements. Therefore, we ex-
amined all inherent cuticular elements and muscles of the ovipositor of Venturia canescens
(Gravenhorst, 1829) (Hymenoptera: Ichneumonidae: Campopleginae), a solitary, koinobi-
ont larval endoparasitoid of several moth species (Lepidoptera) (for oviposition behaviour
cf. Rogers 1972). Furthermore, we investigated the mechanics of the ovipositor system and
determined its mode of function.

200 pm

Fig. 1: SEM images. a Ovipositor of Venturia canescens excised from the genital chamber (left is
anterior, lateral view). b Apex of the terebra (ventral view). Abbreviations: 1vf, 1st valvifer;
1vv, 1st valvula; 2vf, 2nd valvifer; 2vv, 2nd valula; 3vv, 3rd valvula; dr1 dorsal ramus of the
1st valvula; iva, intervalvifer articulation; T9, female T9; tva, tergo-valvifer articulation

The ichneumonid ovipositor consists of the female T9 (9th abdominal tergum), two pairs of
valvifers and three pairs of valvulae (Fig. 1a). The paired 1st and the 2nd valvulae are tightly
interlocked by the olistheter and form the terebra (Fig. 1b). The ovipositor movements are
actuated by a set of six muscles. The antagonistically acting posterior and anterior 2nd
valvifer-2nd valvula muscles flex and extend the terebra from its resting towards an active
probing position and back. The dorsal T9-2nd valvifer muscle is modified in V. canescens;
it forms two distinct bundles that, together with the antagonistically acting ventral T9-2nd
valvifer muscle, change the relative position of the 2nd valvifer to the female T9. This indi-
rectly causes a tilting movement of the 1st valvifer, because it is linked with both of them via
intervalvifer and tergo-valvifer articulation, respectively. The 1st valvifer acts as a lever arm,
which transfers movements to the 1st valvula via the dorsal ramus. Thus, the shape of the
1st valvifer and the relative positions of the tergo-valvifer and the intervalvifer articulations
influence the movements of the 1st valvula. The posterior T9-2nd valvifer muscle and the
small 1st-valvifer-genital membrane muscle mainly stabilize the system during oviposition.

From the examination of the elements of the musculoskeletal ovipositor system, we dis-
cussed leverage and muscle forces and finally developed a structural and functional model
of the underlying working mechanisms. This way, a better understanding of a key feature in
the evolution of parasitoid hymenopterans could be attained, a feature that has impacted
the evolutionary success of ichneumonid wasps (with more than 24,000 described species
(Yu et al. 2004)) and parasitoid hymenopterans in general.
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Abstract

The Braconidae are a megadiverse and ecologically highly important group of insects. The vast
majority of braconid wasps are parasitoids of other insects, usually attacking the egg or larval
stages of their hosts. The ovipositor plays a crucial role in the assessment of the potential host and
precise egg laying. We used light- and electron-microscopic techniques to investigate all inherent
cuticular elements of the ovipositor (the female 9th abdominal tergum, two pairs of valvifers, and
three pairs of valvulae) of the braconid Habrobracon hebetor (SAY, 1836) in detail with respect to
their morphological structure and microsculpture. Based on serial sections, we reconstructed the
terebra in 3D with all its inherent structures and the ligaments connecting it to the 2nd valvifers. We
examined the exact position of the paired valvilli, which are bilateral concave structures that
protrude into the egg canal. In H. hebetor, these structures putatively divert the egg ventrally
between the 1st valvulae for oviposition. We discuss further mechanical and functional aspects of
the ovipositor in order to increase the understanding of this putative key feature in the evolution of

braconids and of parasitoid wasps in general.

Significance within the present thesis: We investigated the form and function of the ovipositor of the
braconid wasp Habrobracon hebetor. Our studies now include representatives of both families of the
extremely diverse and species-rich Ichneumonoidea, i.e. the Ichneumonidae and the Braconidae.

Methods used: ultramicrotomy, light microscopy (LM), scanning electron microscopy (SEM)

Own contribution: designing and co-supervising the study; writing parts of the manuscript; discussing and

revising the manuscript
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Abstract

The Braconidae are a megadiverse and ecologically highly important group of insects. The vast majority of
braconid wasps are parasitoids of other insects, usually attacking the egg or larval stages of their hosts. The
ovipositor plays a crucial role in the assessment of the potential host and precise egg laying. We used light-
and electron-microscopic techniques to investigate all inherent cuticular elements of the ovipositor (the
female 9% abdominal tergum, two pairs of valvifers, and three pairs of valvulae) of the braconid Habrobra-
con hebetor (Say, 18306) in detail with respect to their morphological structure and microsculpture. Based
on serial sections, we reconstructed the terebra in 3D with all its inherent structures and the ligaments
connecting it to the 2™ valvifers. We examined the exact position of the paired valvilli, which are bilateral
concave structures that protrude into the egg canal. In H. hebetor, these structures putatively divert the egg
ventrally between the 1% valvulae for oviposition. We discuss further mechanical and functional aspects
of the ovipositor in order to increase the understanding of this putative key feature in the evolution of

braconids and of parasitoid wasps in general.
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Introduction

Most hymenopteran species belong to the guild of parasitoids of other insects (Quicke
1997). The astonishing radiation of the most diverse parasitoid wasp lineages (i.e. Cer-
aphronoidea, Ichneumonoidea and Proctotrupomorpha; = Parasitoida sensu Peters et
al. 2017) has been estimated to have occurred 266195 million years ago. This pro-
cess was presumably triggered by continuous adaptations of the parasitoid lifestyle
including features such as endoparasitism, miniaturization, and/or modifications of
the ovipositor (Peters et al. 2017). Adaptations in oviposition behavior and the mor-
phological structure of the ovipositor might not only have increased the reproductive
success of the wasps, but have potentially also enabled them to oviposit in a multitude
of different substrates, facilitating the acquisition of new hosts and host ranges (Gauld
and Bolton 1988; Quicke 1997). The ovipositor of parasitoid wasps serves a set of
functions: penetration of the substrate (if the host is concealed) or of the targeted egg/
puparium, the location, assessment, and piercing of the host, the injection of venom,
the killing of the competitors’ eggs or larvae, the finding of a suitable place for egg lay-
ing, and oviposition (Quicke et al. 1999).

The hymenopteran ovipositor is an anatomical and functional cluster that consists
of the following elements: the paired 1* valvulae (8" gonapophyses), the 2™ valvula
(fused 9™ gonapophyses), the paired 3" valvulae (9* gonostyli), the paired 1+ valvifers
(fusion of the 8" gonocoxites and gonangula (Vilhelmsen 2000)), the paired 2" valv-
ifers (9™ gonocoxites), and the female T9 (9* abdominal tergum) (Snodgrass 1933;
Oeser 1961). All the morphological terms are applied according to the Hymenoptera
Anatomy Ontology (HAO; Yoder et al. 2010; Hymenoptera Anatomy Consortium
2021; a table of the terms used and of their definitions is given in Table Al in the Ap-
pendix 1). The 1* valvifer is connected to the 2™ valvifer via the intervalvifer articula-
tion and with the female T9 via the tergo-valvifer articulation. Each of the 1* valvulae
is attached to the corresponding 1% valvifer via the dorsal ramus of the 1% valvula,
whereas the 2" valvula is connected to the 2™ valvifer via the basal articulation and fine
ventral rami of the 2" valvula (cf. Bender 1943). Both the 1* and the 2™ valvulae are
firmly interlocked along almost their entire length via a tongue and groove-like system
called the olistheter. They form the terebra (= ovipositor shaft) and accommodate the
egg canal (Oeser 1961; Quicke et al. 1994).

Despite many comparative studies on the terebra of hymenopterans (Snodgrass
1933; Oeser 1961; Quicke et al. 1994; LeRalec et al. 1996), the number of publica-
tions concerning the entire ovipositor is limited for the vast number of hymenopteran
(super-)families. Studies that describe all the inherent cuticular elements and muscles
of the ovipositor and (in part) also consider functional aspects include several basal
‘symphytan’ families (Smith 1970, 1972; Vilhelmsen 2000; Vilhelmsen et al. 2001),
some aculeate species (i.e. Apis melifera Linnaeus, 1758 (Apidae) (Snodgrass 1933),
species belonging to Chrysidoidea (Barbosa et al. 2021), Sceliphron destillatoruim (I1-
liger, 1807) (Sphecidae), Ampulex compressa (Fabricius, 1781) (Ampulicidae) (Graf et
al. 2021), Vespa crabro Linnaeus, 1758 (Vespidae) (Stetsun and Matushkina 2020),
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and species belonging to the Crabronidae (Matushkina 2011; Matushkina and Stetsun
2016; Stetsun et al. 2019) and Pompilidae (Kumpanenko and Gladun 2018)), and a
few parasitoid species belonging to the Cynipoidea (Frithauf 1924; Fergusson 1988),
Platygastroidea (Field and Austin 1994), Chalcidoidea (Hanna 1934; King 1962; King
and Copland 1969; Copland and King 1972a, 1972b, 1972¢, 1973; Copland 1976),
and Ceraphronoidea (Ernst et al. 2013). The musculoskeletal ovipositor system and the
actuation mechanisms of ichneumonoid wasps have been described recently in the ich-
neumonid Venturia canescens (Gravenhorst, 1829) (Eggs et al. 2018) and the braconid
Diachasmimorpha longicaudata (Ashmead, 1905) (van Meer et al. 2020), respectively.
Furthermore, drawings of the braconid ovipositor including all inherent cuticular ele-
ments exist for Azanycolus rugosiventris (Ashmead, 1889) (Snodgrass 1933), Apanteles
congestus (Nees, 1834) (Oeser 1961), and Stenobracon deesae (Cameron, 1902) (Alam
1953; Venkatraman and Subba Rao 1954).

However, knowledge about structural and functional aspects of the ovipositor sys-
tem of the ecologically and morphologically extremely diverse and species-rich Braco-
nidae remains limited.

Habrobracon heberor (Say, 1836) (Fig. 1a, b) is a gregarious, idiobiont, larval ec-
toparasitoid of pyralid moths (Lepidoptera) (Paust et al. 2006) and is well known for
its use in biological pest control (Paust et al. 2006; Mbata and Shapiro-ilan 2010;
Sanower et al. 2018). Dweck et al. (2008) provided the first morphological descrip-
tions of the ovipositor of this species, with a strong focus on the terebra and its sensillar
equipment. In the present study, however, we aim to describe thoroughly all the inher-
ent cuticular elements of the ovipositor of H. hebetor in order further to discuss their
structural, mechanical, and functional aspects. We have therefore combined scanning
electron microscopic (SEM) and light-microscopic studies on both complete cuticu-
lar structures and histological serial sections. Serial sections of the terebra have been
used to provide a 3D reconstruction that has helped us to understand its morphology
especially with regard to all its functionally clustered inherent structures. Finally, we
present a structural model of the braconid ovipositor and discuss its mode of function.

Materials and methods

Study animals

The H. heberor (Fig. 1a, b) specimens used in this study originated from Sauter &
Stepper GmbH (Ammerbuch, Germany), where they were bred on larvae of Ephestia
kuebniella Zeller, 1879 (Lepidoptera: Pyralidae).

Sample preparation and light microscopy

For whole mount samples, female H. hebetor were killed in 70 % ethanol at 45 °C.
The metasoma was cut off and macerated in 10% aqueous potassium hydroxide for up
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mb2 1vv 2vv

2vf sp iva

Figure 1. Habitus images of female Habrobracon hebetor: lateral (a) and ventral (b) ascpect. Schematic
drawing of the ovipositor of H. hebetor (lateral view) based on the light microscopic and SEM images (c).
Abbreviations: 1vf = 1% valvifer; 1vv = 1% valvula; 2vf = 2" valvifer; 2vv = 2°¢ valvula; 3vv = 3" valvula; ar9
= anterior ridge of T9; ba = basal articulation; blb = bulb; dr1 = dorsal ramus of the 1* valvula; hsl = hook-
shaped lobe of the 2" valvifer; iva = intervalvifer articulation; mb2 = median bridge of 2™ valvifers;
st = sensillar row of the 2™ valvifer, sp = sensillar patch of the 2* valvifer; T9 = female T9; tva = tergo-

valvifer articulation.

to 24 h at room temperature to remove tissues, cleaned in distilled water on a mini-
shaker, and dehydrated stepwise in ethanol. We then dissected the ovipositor out of the
metasoma by using thin tungsten needles, mounted the specimen onto a microscope
slide, and embedded it in Entellan® (Merck KGaA, Darmstadt, Deutschland).

For semithin serial sections, we anaesthetized female H. hebetor with carbon diox-
ide. The metasomas were removed and, in order to avoid autolysis, immediately sub-
mersed in a primary fixative containing 2.5% glutaraldehyde and 5% sucrose, buffered
with 0.1 M cacodylate to pH 7.4. During this fixation, the samples were held in an ice
bath at approximately 4 °C for 4 h. Samples were rinsed three times for 10 min in pre-
chilled 0.1 M cacodylate buffer (pH 7.4) and post-fixed by using a solution of 1% os-
mium tetroxide in 0.1 M cacodylate buffer at 4 °C for 4 h. After being further rinsed in
the same buffer, the samples were dehydrated through a graded series of ethanol with
steps of 30% for 15 min and 50% for 10 min at 4 °C, three times per step, and of 70%
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for 10 min, three times at room temperature. The following steps were performed at
room temperature. £n bloc staining was conducted using a saturated solution of 70%
ethanolic uranyl acetate for 12 h on a rotatory shaker. Afterwards, dehydration was
continued in 5% steps, three times for 10 min each. The fully dehydrated samples were
washed in 100% propylene oxide twice for 1 h , and subsequently infiltrated in Spurr
low-viscosity embedding resin (Polysciences Inc., Warrington, PA, USA) via a propyl-
ene oxide:resin mixture at ratios of 1:1, 1:3, and 1:7 for 1 h per step and then in pure
resin for 17 h on a rotatory shaker. As a last incubation step, the samples were placed in
fresh pure resin, embedded in silicon molds, and polymerized at 70 °C for 8 h.

Semithin sections of 600 nm were cut perpendicularly to the terebra of H. hebetor
by using an ultramicrotome Leica Ultracut UTC (Leica Microsystems GmbH, Wetzlar,
Germany) equipped with a diamond knife (45° knife angle; DuPont Instruments, Wilm-
ington, DE, USA); a series was obtained with 1920 sections. Semithin sections were then
mounted on a microscopic slide by using a ‘Perfect Loop for Light Microscopy’ (Electron
Microscopy Sciences, Hatfield, PA, USA), stained with Stevenel’s blue (del Cerro et al.
1980) for 40 min at 60 °C, and subsequently washed in distilled water twice for 5 min
each. After being dried, the stained sections were embedded in Xylolfreies Eindeckmittel’
(Engelbrecht Medizin- und Labortechnik GmbH, Edermiide, Germany).

The image stack for the 3D reconstruction was generated using a Zeiss Axioplan
(Carl Zeiss Microscopy GmbH, Jena, Deutschland) light microscope, equipped with
a Nikon D7100 single-lens reflex digital camera (Nikon K.K., Tokio, Japan) and Heli-
con Remote software version 3.6.2.w (Helicon Soft Ltd, Kharkiv, Ukraine). Flawed
images (missing or folded structures and staining problems) were replaced by a copy
of the previous or the following image (this was the case for fewer than 3% of the im-
ages) for reconstruction purposes. Adobe Photoshop Lightroom version 6.0 (Adobe
Systems, San José, CA, USA) was used for initial image processing (white balancing,
color contrasting, black and white conversion), whereas Fiji (Schindelin et al. 2012;
available online at https://imagej.net/Fiji) was employed for cropping, CLAHE filter-
ing, and image stack calibration by using the plugin TrakEM2 (Cardona et al. 2012). A
preliminary least square rigid alignment followed by an elastic alignment of the image
stack was performed using the ‘Elastic Stack Alignment’ plugin (Saalfeld et al. 2012).
The aligned image stack was then imported into Amira version 6.0 (FEI Company,
Hillsboro, OR, USA). We pre-segmented the 1% and 2" valvulae, the duct of the
venom gland and the ligaments that connect the terebra and the 2™ valvifer in the soft-
ware’s segmentation editor by manually labeling approximately every 15® virtual slice
along the terebra and every 4™ virtual slice in the proximal bulbous region and assigned
them to different ‘materials’. The labels served as an input for automated segmenta-
tion by using the Biomedical Image Segmentation App Biomedisa (available online at
https://biomedisa.de) (Losel et al. 2020). The output of Biomedisa was then partially
corrected manually in Amira, and a final surface model was generated.

Schematic drawings of the cross-sections of the terebra were generated in Inkscape
version 0.92.4 (Inkscape Community; available online at http://www.inkscape.org/)
based on the original light-microscopic images of the semithin sections.
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For lateral and ventral habitus images, female wasps were imaged with a Key-
ence VHX-7000 Digital Microscope (Keyence Corporation, Osaka, Japan) using
focus stacking.

Scanning electron microscopy (SEM)

For scanning electron microscopy (SEM), the specimens were air-dried in a desiccator
with Silica gel blue (Carl Roth GmbH & Co. KG, Karlsruhe, Deutschland) for at least
four days before being mounted with double-sided adhesive tabs onto stubs and sput-
ter-coated with 19 nm pure gold by using an Emitech K550X (Quorum Technologies
Ltd, West Sussex, UK). Images were taken with a scanning electron microscope of the
type EVO LS 10 (Carl Zeiss Microscopy GmbH, Jena, Germany) and SmartSEM ver-
sion V05.04.05.00 software (Carl Zeiss Microscopy GmbH, Jena Germany).

Results and discussion

As in all hymenopterans, the ovipositor of H. hebetor consists of three pairs of valvulae,
two pairs of valvifers, and the female T9 (Fig. 1¢).

Overall structure of the terebra

The 1+ and 2™ valvulae form the terebra and enclose the egg canal (cf. Figs 2c-g, 3;
Suppl. material 1). The terebra of H. hebetor extends far beyond the posterior tip of the
metasoma. They are interconnected by a tongue and groove-like system, called the olis-
theter (oth; Fig. 2a—h). The olistheter comprises two longitudinal ridges that are called
the rhachises (rh; Figs 2a, 5¢, d) on both sides at the ventral surface of the 2™ valvula and
that fit into corresponding T-shaped grooves termed the aulaxes (au; Figs 2a, 4b, f, h)

Figure 2. (next page) Cross sections through the terebra of Habrobracon hebetor (from proximal to distal);
schematic drawings of the 1* and 2" valvula (a~i) based on the light microscopic images of the presented
semithin sections (a’-i” 600 nm; stained with Stevenel’s blue). The drawings are of the same size ratio. The
20 valvulae possesses, in the proximal region, two lumina that merge into one in the most distal region
(h=i). The bulbs (b) and the valvilli (g) are visible. The orange lines (in e, f) mark the position of the di-
stally pointing ctenoid structures on the dorsal surfaces of the 1% valvulae, which are in close contact with
the ventral surface of the 2™ valvula. The genital membrane connects the dorsal margins of the 2™ valvifers
(b’>~h’) c fine cuticular structures arise from the dorsal and ventral parts of the 2™ valvula and define the
lumina of the bulbs (arrow) hl olistheter-like interlocking system connecting the medial surfaces of the
apices of the paired 1 valvulae (arrow). Final segmented 3D reconstruction based on a semithin section
series (600 nm thickness) a*—i* position of each single section marked on the final 3D reconstruction of
the terebra. Abbreviations: 1vv = 1% valvula; 2vv = 2™ valvula; 3vv = 3 valvula; au = aulax; blb = bulb; cr
= longitudinal crack of 2™ valvula; ec = egg canal; fl1 = longitudinal flap of the 1* valvula; gm = genital
membrane; igs = internal guiding structure; 11 = lumen of 1% valvula; 12 = lumen of 2™ valvula; Ib = lumen
of the bulb; lg = ligament; oth = olistheter; rh = rhachis; vd = duct of the venom gland; vl = valvillus.
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Figure 3. 3D reconstruction of the basal part of the terebra of Habrobracon hebetor composed of the 2™
valvulae and the paired 1% valvulae, based on a semithin section series (600 nm thickness a lateroventral
aspect b lateral aspect € dorsal aspect d ventral aspect). The duct of the venom gland enters dorsoproximally
on the left side only. The two ligaments connect the 2™ valvula to the anterior parts of the 2™ valvifers (not
visible in these images). The black circle (b) indicates the rotation axis of the basal articulation. The lines
of the processus articularis and processus musculares (b) point to their presumed position according to the
results of van Meer et al. (2020). The peak-like structure at the anterior end of the 2™ valvula (red arrow
in a, b) is part of the processus musculares. There are two openings (black arrows in a, €) at the proximal
side of the bulbs. The duct of the venom gland enters on the left side only. Abbreviations: 1vv = 1* valvula;
2vv = 2" valvula; blb = bulb; ec = egg canal; lg = ligament; pa = processus articularis; pm = processus

musculares; vd = duct of the venom gland.

along the dorsal surface of each of the 1* valvulae. This system allows the 1* valvulae to
slide longitudinally relative to each other when actuated by the corresponding operat-
ing muscles (Oeser 1961; Quicke et al. 1994). Distally pointing scale-like structures are
found on both the olistheter elements and might reduce the friction forces by reducing
the contact surface between the 1¢ valvulae and the 2 valvula (sc; Fig. 4f) (Rahman
etal. 1998).

In H. hebetor, the cross sections of the terebra differ notably along its length
(Fig. 2a—i). A common oviduct enters the proximal bulbous part of the terebra (Bender
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Figure 4. SEM images of the 1 valvulae of Habrobracon hebetor a=c apex of 1* valvula with sawteeth

(a lateral aspect b—c dorsal aspect). The aulaces are visible (b) d—e valvillus of 1* valvula (distal is right)
f distally oriented scale-like structures on the lateral walls of the aulax g leaf-like ctenidia on the medial
side of 1 valvula h 1* valvula with distally oriented ctenoid structures on its dorsal side (contact surface
with the 2" valvula) and ctenidia on its medial side (contact surface with the opposing 1* valvula building
the egg canal in the distal part of the terebra). Abbreviations: 1vv = 1* valvula; au = aulax; ct = ctenidium;
rcs = row of ctenoid structures; sc = scales; st = sawtooth; vl = valvillus.

1943; Pampel 1914), where it ends at the base of the egg canal (Quicke 1997). Dis-
tally, the egg canal is largely defined by the 1 valvulae, but with the dorsal side being
formed by the 2™ valvula. The diameter of the terebra decreases from proximal to
distal, whereas the diameter of the egg canal remains constant for a long distance from
proximal until the valvillus (see subsection ‘1% valvulae’).

|5t valvulae

The paired 1 valvulae of H. hebetor form the ventral half of the terebra (1vv; Figs 1c,
2a-i, 3, 7a). The proximal end of each 1* valvula is continuous with its dorsal ramus
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(drl; Figs 1c, 7¢, h), which is fused with the anterodorsal corner of the 1 valvifer
(Figs 7a, ¢, e, 8).

At their apices, the 1% valvulae of H. hebetor possess several sawteeth, which de-
crease in size apically (st; Fig. 4a, b, ¢) (cf. Dweck et al. 2008). They probably serve
to penetrate the substrate and the host’s skin and tissue. Distally pointing ctenoid
structures (rcs; Fig. 4h) arranged in rows can be found on the dorsal surfaces of the 1*
valvulae, which are in close contact with the ventral surface of the 2™ valvula (orange
line; Fig. 2e, f). These ctenoid structures potentially reduce friction forces by minimiz-
ing the contact surface between the 1 and the 2™ valvula. The aulaces do not extend
all the way to the apex of the 1* valvulae but end just before the lateral sawteeth occur
(au; Fig. 4b). Both 1 valvulae are separated for the most of their length. However,
mediodorsally at their very apex, the two 1% valvulae become interlocked dorsally by
a mechanism similar to that of the olistheter (Fig. 2h1; also see fig. 4a of Dweck et al.
2008). Such a mechanism has previously been observed in other braconids (Zaglypro-
gastra (Quicke 1991), Aleiodes, Ligulibracon and Odontobracon (Quicke et al. 1994),
and D. longicaudata (van Meer et al. 2020)) and is suggested to be an adaptation to the
injection of venom into the host while laying the egg externally (Dweck et al. 2008).
In addition, this mechanism might also increase the stability of the apex of the terebra
when the host cuticle is pierced (Quicke 2015).

A single valvillus situated on the inner surface of each 1* valvulae protrudes inside
the egg canal (vl; Figs 2g, 4d, ¢; cf. Dweck et al. 2008). The valvillus is a bilaterally con-
cave structure lying in the distal third of the terebra and occupies the whole diameter
of the egg canal. Valvilli can be found in the Ichneumonoidea and in various families
of the Apocrita (Snodgrass 1933; Quicke et al. 1992; Rahman et al. 1998). They are
postulated to serve as a stop and release mechanism for the egg by maintaining the egg
in position within the terebra and blocking the egg canal in Ichneumonoidea (Rogers
1972; Rahman et al. 1998; Boring et al. 2009), or for venom pumping in Apocrita
(Quicke et al. 1992). However, in the ectoparasitoid H. hebetor, the eggs are observed
to advance and even partially emerge ventrally at the base of the terebra, i.e. in between
the 1* valvulae and near the genital opening (Prozell et al. 2006; Wiihrer et al. 2009,
see also Shaw 2017). Further distally, the valvilli seem to divert the egg ventrally be-
tween the 1* valvulae and to press it out completely, since the egg does not emerge at
the tip of the terebra but rather ventrally in between the 1% valvulae approximately at
the region at which the valvilli are located (Prozell et al. 2006; Wiihrer et al. 2009). We
therefore suggest that the valvilli guide the relatively large egg ventrally out in between
the 1* valvulae. The latter are capable of being widely spread in this region because of
the olistheter mechanism (Shaw 2017). In cross sections further apically to the valvilli,
an egg canal is rarely visible or is absent (Fig. 2h, i), which suggests that at that point
the egg has already left the terebra. In addition, the apical interlocking in between the
two 1% valvulae (red arrow; Fig. 2h1), which is similar to that of the olistheter, prevents
the canal from expanding at the very apex. Proximal to the valvillus, the walls of the
egg canal carry leaf-like ctenidia (ct; Fig. 4g, h), which are arranged in rows and are
directed towards the distal end of the terebra. These rows of ctenidia point distally in
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Figure 5. SEM images of the 2™ valvula of Habrobracon hebetor a overview of the 2™ valvula (ventral

aspect with the interlocked 1* valvulae removed) b proximal part of 2*¢ valvula featuring the bulbs € apex
of 2™ valvula with the ending of the rhachises (arrow) and campaniform sensillae (medioventral aspect)
d—e middle part of the 2" valvula showing the rhachises and distally oriented ctenidia f sensilla at the
apex of the 2" valvula (detail image of ¢). Abbreviations: 2vv = 2™ valvula; blb = bulb; cs = campaniform
sensilla; ct = ctenidia; rh = rhachis.

the direction of egg movement and presumably prevent the regression of the egg dur-
ing the oviposition process (Austin and Browning 1981). Setiform structures (= sub-
ctenidial setae sensu Rahman et al. 1998) are also found at the inner walls of the 1+
valvulae lying distally to the valvilli. They are arranged in distinct rows.

Each 1 valvula contains a lumen (11, Fig. 2a—i) whose cuticular walls differ along
its length. Proximally, the cuticle is thin but becomes thicker towards the middle and
diminishes again apical to the valvillus (Fig. 2a—i). In cross section, the shape of the 1*
valvula differs between the basal region and the rest of the terebra. In the basal part,
it is triangular in shape (1vv; Fig. 2a), whereas further distally, it appears more oval
(1vv; Fig. 2b—i). A longitudinal flap extends along the mediodorsal edge for most of the
length of the 1* valvulae and is clearly recognizable in cross sections (fl1; Fig. 2a—f). This
flap is highly prominent in the proximal part of the terebra but vanishes further apically
(f11; Fig. 2g—i). It might seal the egg canal to prevent the leaking of venom, since the
pressure of the venom has been suggested to squeeze the two flaps together and therefore
to seal the gap (Quicke et al. 1994; Shaw 2017). It has been observed in almost all the
examined braconid species (Quicke and van Achterberg 1990; Quicke et al. 1994).

2" valvula

In H. hebetor, the 2™ valvula (2vv; Figs lc, 2a-i, 3, 5a, 7a) form the dorsal half of
the terebra, and its proximal bulbous end (blb; Figs lc, 2b, 3, 5b, 7e, h; called the



84 Michael Csader et al. / Journal of Hymenoptera Research 83: 73-99 (2021)

bulbs in the following) is connected with the 2™ valvifer via the basal articulation
(ba; Figs 1c, 7h).

The apex of the 2™ valvula is not serrated but is slightly enlarged before it narrows
towards the tip (Figs 5a, ¢, 7a). In contrast to many ichneumonid and other braconid
species (cf. Boring et al. 2009; Shah et al. 2012; Eggs et al. 2018), the 2" valvula of H.
hebetor does not feature a prominent apical notch. Campaniform sensilla can be found
in this area (cs; Fig. 5f) (for a discussion of the sensillary equipment of the terebra
of H. hebetor, see Dweck et al. 2008). Similar to the aulaces on the 1% valvulae, the
rhachises (rh; Fig. 5¢, d) do not extend all the way to the apex but end at about the
same distance away from the apex as seen for the aulaces (arrow; Fig. 5¢). The apical
half of the ventral side of the 2™ valvula forms the dorsal wall of the egg canal and is,
similar to the 1% valvulae, covered by rows of ctenidia directed distally (ct; Fig. 5e). As
previously discussed for the 1* valvulae, these structures might prevent the regression
of the egg during oviposition (cf. Rahman et al. 1998). Medioproximally, the bulbs
feature ligaments (lg; Figs 2a, 3a, b, d) that connect the 2 valvula with the anterior
section of the 2™ valvifer. The ligament marks the region at which parts of the 2™
valvifer merge into the anterior part of the 2™ valvula. The bulbs also contain a lumen
(Ib; Fig. 2b). The proximal end of the 2™ valvula bears the processus articularis (pa;
Figs 3b, 7h) laterally and the processus musculares (pm; Figs 3b, 7h) at the anterior
peak-like structure of the 2™ valvula (red arrow; Fig. 3a, b). However, the medial 2™
valvifer-2™ valvula muscle (M-2vfl-2vlv) that might stabilize the 2* valvifer and that
was newly described in the braconid D. longicaudara by Meer et al. (2020) was absent
in our serial sections. There are two openings (black arrows; Fig. 3a, ¢) at the proximal
side of the bulbs. The duct of the venom gland enters the dorsoproximal area of the
bulbs on the left side only (vd; Figs 2a, b, 3, Suppl. material 2) (cf. Bender 1943, who
investigated the anatomy and histology of the female reproductive organs of the closely
related Habrobracon juglandis (Ashmead, 1889)). Further distally, the closed duct of
the venom gland seems to disappear and to merge with the egg canal formed by the
valvulae (Suppl. material 2). In this area, the venom presumably flows into the egg
channel that is formed by both the 1* and 2" valvulae with the longitudinal flaps of
the 1% valvulae acting as a seal (fl1; Fig. 2a—f).

Proximally, the 2* valvula features a distinct longitudinal crack at the ventral side
along the middle, which is clearly visible in cross-section (cr; Fig. 2c—g), presumably
indicating the paired origin of the 2™ valvulae. At the basal part of the 2™ valvula, fine
cuticular structures (arrow; Fig. 2¢) arise from it dorsal and ventral parts and define
the two lumina (12; Fig. 2c—g) that run almost the entire length of the 2*¢ valvula and
that fuse at the apex (Fig. 2h, i). Proximally, the ventral part of the 2™ valvula gradu-
ally changes shape and forms a U-shaped structure that extends distally into the egg
canal (Suppl. material 2). This internal structure (igs; Fig. 2c—e) presumably helps
in guiding the egg by forming a temporary egg canal. Without this internal guid-
ing structure, the diameter of the egg canal would be large in this proximal region;
this might lead to a lowered internal pressure and thus to problems when the egg is
pushed further distally.
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valvulae b inner proximal surface of the 3 valvulae with fine trichomes distally ¢ outer surface of the 3

valvulae, proximally exhibiting annulation caused by fine transverse furrows (arrow) d outer surface of the
3 valvulae at the transition zone (arrow) between the distal longitudinal ridge to the proximal vertically
folded surface at the region in which the 3" valvulae expand e inner surface of the apex of a 3 valvula
covered by trichomes. Abbreviations: 3vv = 3* valvula; trb = terebra; t = trichome.

3" valvulae

The paired 3* valvulae of H. hebetor originate at the distal end of the 2™ valvifers and
extend far beyond the posterior tip of the metasoma towards the tip of the terebra
(Figs 1b,c, 7a, e). Each is U-shaped in cross-section (3vv; Figs 2g’—1’, 6a) and they
completely ensheath and protect the terebra in the resting position (3vv, trb; Figs
2g’—1’, 6a) (cf. Bender 1943; Dweck et al. 2008). The distal third of the 3" valvulae is
enlarged (Figs 6a, 7a), and their lateral surfaces differ over the course of their length:
proximally, the 3" valvulae are annulated by fine transverse furrows (arrow; Fig. 6¢;
cf. Vilhelmsen 2003; Eggs et al. 2018), whereas the enlarged distal part lacks these
structures (arrow; Fig. 6d). Trichomes, which Dweck et al. (2008) have described as
trichoid sensilla, cover most of the external surface of the 3" valvulae (Fig. 6a). The
density of the trichomes varies along the length of the 3* valvulae and is highest at
the apex (Fig. 6a).

The inner surface of the 3" valvulae facing the terebra is densely covered by
trichomes (t; Fig. 6b, e), particularly at the distal enlarged part (Fig. 6a, ¢). These
structures might be involved in cleaning the terebra sensilla between oviposition epi-
sodes (Quicke et al. 1999; Vilhelmsen 2003). Observations have shown that the 3+
valvulae also play a role in stabilizing the terebra during oviposition (Prozell et al.
2006; Wiihrer et al. 2009; Vilhelmsen 2003; Cerkvenik et al. 2017; Eggs et al. 2018;
van Meer et al. 2020).



86 Michael Csader et al. / Journal of Hymenoptera Research 83: 73-99 (2021)




Ovipositor of Habrobracon hebetor 87

|5t valvifer

In lateral view, the paired 1* valvifers of H. hebetor have a compact triangular shape
with rounded edges (1vf; Figs 1c, 7a, c—e, 8). The intervalvifer articulation (iva; Figs 1c,
7a, c—f), a rotational joint, is located at the rounded posteroventral side and connects
the 1+ valvifer to the 2™ valvifer. The ventral edge of the 1* valvifer is placed laterally
of the 2" valvifer and seems to be in contact with a sensillar patch (sp; Figs 1c, 7b,
d—f) that extends dorsally at the anterior beginning of the the dorsal flange of the 2™
valvifer (df2; Fig. 7d, f). The tergo-valvifer articulation (tva; Fig. 7a, c—e, g) connects
the 1% valvifer to the female T9. A ridge, called the interarticular ridge of the 1* valvi-
fer (iar; Figs 1c, 7c—e, 8), extends in between the two articulations. This ridge might
mechanically stabilize the 1* valvifer and prevent it from extensive deformation. At its
anterodorsal corner (arrow; Fig. 8), the 1% valvifer is fused with the dorsal ramus of the
1* valvula (dr1; Figs 1c, 7¢, h, 8), which is continuous with the 1* valvula.

2" valvifer

The paired 2™ valvifers of H. hebetor are elongated in the longitudinal axis (2vf; Figs 1c,
7a, €). The anteromedial socket-like part of the 2™ valvifer is connected to the laterally
placed bulbs of the 2™ valvula (blb; Figs 1c, 3, 7e, h) via the ball-and-socket-like basal
articulation (ba; Figs 1¢, 7h). The posterior ends of both the 2" valvifers are connected to
the 3" valvulae (3vv; Figs 1c, 7a, ¢). At their posterodorsal ends, the two 2™ valvifers are
connected by a median bridge (mb2; suggested position indicated in Fig. 1c). A massive
dorsal spike (ds; Fig. 7e), a structure that has not as yet been described in other parasitoid
wasps, is present at the posterior end of the 2™ valvifer and potentially serves as an apode-
me. In addition, a flexible cuticular area, a conjunctiva called the genital membrane (gm;
Fig. 2d’), connects the ventral margins of the 2™ valvifers arching above the 2™ valvula.

Figure 7. (previous page) SEM (a—d) and light microscopic (e—i) images of the ovipositor of Habrobra-
con hebetor a overview of the ovipositor (lateral aspect; visible pore-like structures are presumably artefacts
of detached trichomes) € 1%t valvifer exhibiting the interarticular ridge and the hook-shaped lobe of the 24
valvifer. The 1% valvifer is continuous with the dorsal rami of the 1* valvula and is articulated with the 2"
valvifer and the female T9 via the intervalvifer articulation and the tergo-valvifer articulation, respectively
d sensillar patch of the 27 valvifer (made visible by partly removal of the 1% valvifer) b, f sensillar patch
of the 2™ valvifer e overview of the 2™ valvifer and female T9. The arrow shows the dorsal hump of the
T9 g tergo-valfiver articulation between the 17 valvifer and female T9 h detail image of e. The laterally
placed bulbs of the most proximal part of the 2™ valvula are articulated with the paired 2 valvifers via the
basal articulation i sensilla in a row at the dorsal margin of the 2" valvifer. Abbreviations: 1vf =1* valvifer;
1vv = 1*valvula; 2vf = 2" valvifer; 2vv = 2™ valvula; 3vv = 3 valvula; ar9 = anterior ridge of T9; ba = basal
articulation; blb = bulb; df2 = dorsal flange of 2" valvifer; dm2 = dorsal margin of the 2™ valvifer; drl
= dorsal ramus of the 1% valvula; ds = dorsal spike of the 2™ valvifer; hsl = hook-shaped lobe of the 2™
valvifer; iar = interarticular ridge of the 1% valvifer; iva = intervalvifer articulation; sp = sensillar patch of
the 2™ valvifer; sr = sensillar row of the 2™ valvifer; pa = processus articularis; pm = processus musculares;
T9 = female T9; trb = terebra; tva = tergo-valvifer articulation.
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tva

F (in retraction)

F (in protraction)

Iva
Figure 8. Functional lever model of 1% valvifer with both articulations and the beginning of the dorsal
ramus of the 1% valvula (arrow) with the intervalvifer articulation acting as pivot point. ¢ = anatomical
inlever ; ¢’ = effective (= mechanical) inlever; d = anatomic outlever; d* = effective (= mechanical) outlever;

= Force input at the 1% valvifer; F, = Force output at the 1¢

in protraction)’ in retraction; out protraction)’ ~ (out retraction)
P’ p

valvifer that is transferred to the dorsal ramus of the 1* valvula. ¢’ - F = d - F o Abbreviations: 1vf = 1%
valvifer; drl = dorsal ramus of the 1% valvula; iar = interarticular ridge of the 1% valvifer; iva = intervalvifer
articulationtva = tergo-valvifer articulation.

At its anterodorsal corner, the 2" valvifer extends upwards in a hook-shaped lobe
(hsl; Fig. 7a, ¢, e; sensu Snodgrass 1933), and features the elongated anterodorsal ridge
of the 2" valvifer, the so called dorsal margin of the 2 valvifer (dm2; Fig. 7c, d, h).
The dorsal projection of the 2™ valvifer, a tongue-like structure situated on the dorsal
margin of the 2™ valvifer, is continuous with the olistheter. The corresponding groove
is located on the dorsal side of the dorsal ramus of the 1* valvula (dr1; Fig. 7c, h; cf. fig.
4h1 of Eggs et al. 2018) and enables its back and forth movement. This hook-shaped
lobe might guide and stabilize the 1* valvifer during its posterior pivoting but might
also allow for a larger arc of movement of the 1* valvifer and therefore a greater retrac-
tion distance of the 1* valvulae (cf. Eggs et al. 2018).

Two main ridges are found on the 2™ valvifer, i.e. (1) the dorsal flange of the 2
valvifer (df2; Fig. 7d, f), which expands from the sensillar patch in the direction of
the hook-shaped lobe and posteriorly from the sensillar patch to the origin of the 3%
valvulae (Fig. 7¢), and (2) the dorsal margin of the 2™ valvifer (dm2; Fig. 7c, d, h). The
two cuticular ridges might have a stabilizing function to prevent deformation. The 2™
valvifer of H. hebetor does not feature a basal line (e.g. in contrast to the ichneumonid
Venturia canescens (Gravenhorst, 1829), see fig. 4e of Eggs et al. 2018), a ridge that
extends from the pars articularis to the dorsal flange of the 2™ valvifer.
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Clusters of sensillae (“styloconic sensillae” according to Dweck et al. 2008) occur in
two regions. The first cluster, called the sensillar patch (sp; Figs 1c, 7b, d—f), is situated
ventrally of the intervalvifer articulation and is covered by the 1* valvifer laterally. The
second cluster occurs at the dorsal margin of the 2™ valvifer (sr; Figs 1c, 7h, i). These
sensilla are arranged in a row and are in contact with the dorsal ramus of the 1* valvula.
The two sensilla clusters presumably monitor the pro- and retraction movements of
the 1* valvifers and the attached 1* valvulae, respectively. The density of sensilla in the
patch is much higher than that on the dorsal margin of the 2™ valvifer.

Female T9

The female T9 is unpaired and elongated (T9; Figs 1c, 7a, ¢, d, e). At its anterodorsal
corner, it is connected to the 1* valvifer via the tergo-valvifer articulation (tva; Figs 1c,
7a, c—e, g). Dorsally, it features the anterior ridge almost throughout its length (ar9;
Fig. 7e), and posteriorly, it bears a hump-shaped structure (arrow; Fig. 7¢). The female
T9 mostly lies inside the abdomen, and only the posterolateral part that faces the out-
side is covered with hairs.

Mode of function of the ovipositor

Functional models of the actuation and movement mechanisms based on thorough
analyses of the musculoskeletal system of an ichneumonid and a braconid wasp have
recently been described (Eggs et al. 2020, van Meer et al. 2020) and are summarized
in the following. Although, in our study, we have not considered the muscles of the
system, we have basically found the same arrangement of cuticular elements in the
ovipositor system of H. hebetor as described in both of the above-mentioned studies.
Hence, we assume analogous functional morphological conditions, although we point
out any possible H. hebetor-specific modifications.

The ovipositor movements are mainly actuated by two pairs of antagonistically
working muscles (further described below), i.e. (1) the depression (i.e. downward rota-
tion to the active position) and elevation (i.e. upward rotation back to the resting posi-
tion) of the terebra, and (2) the pro- and retraction of the 1% valvulae. Smaller muscles,
i.e. the 1* valvifer-genital membrane muscle or the posterior T9-2™ valvifer muscle,
might predominantly serve to stabilize the ovipositor system during oviposition.

(1) Depression and elevation of the terebra: The basal articulation is composed of
the processus articularis (pa; Figs 3b, 7h) at the 2™ valvulae and the pars articularis at
the 2" valvifer. The pars articularis is a small area of anteroventral corners of the 2™
valvifer, whereas the processus articularis is the respective structure of the bulb. The
posterior 2™ valvifer-2" valvula muscle depresses the terebra, i.e. rotates it downwards
to the active position from its resting position between the paired 3™ valvulae. The
tendon of this muscle inserts at the processus musculares (pm; Figs 3b, 7h), which is
situated at the peak-like posterior part of the 2™ valvula (arrow; Fig. 3a, b) and thus
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increases the moment arm. However, the moment arm most probably changes over the
range of motion of the terebra. In H. hebetor, we assume that the virtual line that can
be drawn perpendicularly to the length axis of the terebra through the ligaments (Ig;
Figs 2a, 3a, b, d) lying anterolaterally on the bulbs (blb; Figs 2b, 5a, b, 7e, h) most likely
forms the rotation axis (= joint axis, pivot point or fulcrum; black circle; Fig. 3b), since
the ligaments form the connections of the 2™ valvula with the anterior parts of the 2™
valvifers and can only stretch to a limited extent. Van Meer et al. (2020) postulate that,
in the braconid D. longicaudata, the rotation axis lies directly anterior to the bulbs. In
addition, these authors have observed that, during terebra depression (towards an active
probing position), the lateral bulbs are pulled out of the socket-like anterior parts of
the 2™ valvifers, which are pushed slightly apart. The ball-and-socket-like connection is
therefore assumed mainly to stabilize the terebra in its resting position. The antagonisti-
cally acting anterior 2™ valvifer-2"¢ valvula muscle inserts at the processus musculares
and elevates the terebra, i.e. rotates it back upwards towards the resting position.

(2) Pro- and retraction of the 1% valvulae: The 1% valvifer, 2" valvifer, and the
female T9 form a mechanical cluster of functionally interconnected elements (for de-
tailed functional models see fig. 5 of Eggs et al. 2018 and fig. 8 of van Meer et al.
2020). The dorsal and the antagonistically acting ventral T9-2"! valvifer muscle change
the relative position of the 2™ valvifer and the female T9. Both of these structures are
connected with the 1% valvifer via the intervalvifer and the tergo-valvifer articulation
(Fig. 7¢), respectively. Moreover, both are rotational joints that allow rotation in the
sagittal plane only. The 1* valvifer acts as a lever (Fig. 8) that transfers its movements to
the dorsal ramus of the 1% valvula (dr1; Figs 7¢, h, 8). Contraction of the dorsal T9-2
valvifer muscle leads to an anterior rotation of the 1% valvifer around the intervalvifer
articulation. The 1* valvifer acts as a lever that transfers these movements to the dorsal
ramus of the 1% valvula, thus causing the 1¢ valvula to slide distally relative to the 2™
valvula, i.e. to protract. Vice versa, contraction of the antagonistic ventral T9-2"¢ valvi-
fer muscle leads to a posterior rotation of the 1+ valvifer, causing the 1* valvula to slide
proximally to the 2™ valvula, i.e. to retract (Eggs et al. 2018; van Meer et al. 2020).
The hook-shaped lobe of the 2™ valvifer (hsl; Fig. 7a, ¢, e) might allow a larger arc of
movement of the 1* valvifer and therefore a larger retraction distance of the 1* valvu-
lae. During the retraction of the 1* valvula, the dorsal ramus of the 1* valvula (dr1; Fig.
7¢, h) can slide along the dorsal projection of the 2™ valvifer almost until the posterior

end of the hook-shaped lobe (hsl; Fig. 7a, ¢, ¢).

In the context of the described movements, the 1% valvifer acts as a one-armed class 3
lever (force arm smaller than load arm). In our lever model (Fig. 8), we use the 2™ valvifer
(2vf; Fig. 1c) as a frame of reference. However, in reality, all involved cuticular elements
can move relative to each other. The anatomical inlever (c; Fig. 8) equals the distance
between the intervalvifer articulation and the tergo-valvifer articulation (where the input
force is applied; F i proaction® L lin recaction) Fig. 8). The distance between the intervalvifer
articulation and the beginning of the dorsal ramus of the 1* valvula at the anterodorsal
end of the 1% valvifer equals the anatomical outlever (d; Fig. 8). The ratio of effective
outlever (d’; Fig. 8) and the effective inlever (¢’; Fig. 8) are indicative for the potential
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maximum velocity, the mechanical deflection, and the amount of force transmission to
the 1 valvula. An increase of the d’:c’ ratio results in an increase of the potential maxi-
mum velocity and mechanical deflection but entails a smaller force outpue (F_ . .
fout resaction)? Fig. 8) of the 1* valvulae. In resting position, the anatomical in- and outlever
are both very similar to their respective effective levers, thereby creating high torques at
the intervalvifer articulation and ensuring an optimal force transmission when pro- or
retracting the 1% valvulae. During oviposition, the left and the right 1* valvulae slide back
and forth alternately at a high frequency. These valvula movements are crucial for drilling
and precise egg laying (Vilhelmsen 2000; Cerkvenik et al. 2017; van Meer et al. 2020).

The shape of the 1+ valvifer varies between the various hymenopteran superfamilies
(Oeser 1961). Ichneumonoid species such as the braconid H. hebetor in the present
study possess a 1* valvifer with a rounded compact shape (Snodgrass 1933; Eggs et
al. 2018), in contrast to the elongated and bow-shaped 1* valvifers of members of the
superfamily Chalcidoidea (Copland and King 1972a, 1972b, 1972¢, 1973), the trian-
gularly shaped 1+ valvifers of Apis mellifera (Linnaeus, 1758) and other aculeate species
(Snodgrass 1933; Oeser 1961; Matushkina 2011; Matushkina and Stetsun 2016; Stet-
sun and Matushkina 2020; Graf et al. 2021), and the highly diverse 1* valvifers of ba-
sal hymenopterans (e.g. the robust-appearing 1* valvifers of Tentredinidae (Snodgrass
1933; Vilhelmsen 2000) or the triangular 1 valvifers in some Xyelidae (Vilhelmsen
2000). The ecomorphological consequences of these morphological differences remain
to be explored in future systematic comparative analyses with respect to the parasitiza-
tion of other hosts in different substrates and habitats.

The two sensilla clusters found on the 2™ valvifer of H. hebetor (sp, sr; Fig. 7b,
d—f, i). probably play an important role in monitoring the pro- and retraction of the
1** valvulae, since their accurate actuation is of major importance for successful egg
deposition (van Meer et al. 2020). Unlike in H. hebetor or V. canescens (Eggs et al.
2018), the sensilla patch at the intervalvifer articulation of other parasitoid wasps can
be extremely reduced, e.g. in Pteromalidae (Chalcidoidea) with only three single sen-
silla (Copland and King 1972b). The question remains as to whether both the density
and number of sensilla are linked to the importance of the control of the movements
involved in oviposition, and whether this correlates with the shape of the 1+ valvifer.

Conclusion

All the cuticular elements of the ovipositor of Habrobracon hebetor play a crucial role for
successful oviposition. The 2" valvifer and the female T9 exhibit many muscle insertions,
the 1* valvifer acts as a lever that transmits movements to the 1* valvulae, and the terebra
serves as a device for precise venom injection, host assessment, and accurate egg laying. All
the cuticular elements feature many distinct structures in addition to the microsculpture
that is crucial for the performance of these tasks. Our work also has shown that a 3D re-
construction based on a histological section series preserves useful information about the
exact morphology and position of inherent structures thereby enabling us to draw con-
clusions about their function. Future comparative examination of the inherent ovipositor
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elements, their morphological structure, and the underlying mechanical and functional
aspects has the potential to increase our understanding of a putative key feature in the
evolution of parasitoid hymenopterans, a feature that probably has significantly impacted
the evolutionary success of braconid wasps (more than 18,000 described (Quicke 2015)
and about 43,000 estimated species (Jones et al. 2009)) and of parasitoid hymenopterans
in general (115,000 described and 680,000 estimated species (Heraty 2009)).
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Appendix |

Table Al. Morphological terms relevant to the hymenopteran ovipositor system. The terms (abbrevia-
tions used in this article in brackets) are used and defined according to the Hymenoptera Anatomy On-
tology Portal (HAO) (Yoder et al. 2010; Hymenoptera Anatomy Consortium 2021) and the according

Uniform Resource Identifiers (URI) are listed.

Anatomical term
(abbreviation)

definition / concept

URI

1% valvifer (1vf)

The area of the 1* valvifer-1* valvulae complex that is proximal to the aulax, bears the 9*
tergal condyle of the 1+ valvifer and the 2™ valviferal condyle of the 1* valvifer and is

connected to the genital membrane by muscle.

htep://purl.obolibrary.
org/obo/HAO_0000338

1+ valvifer-genital

membrane muscle

The ovipositor muscle that arises from the posterior part of the 1* valvifer and inserts

anteriorly on the genital membrane anterior to the T9-genital membrane muscle.

http://purl.obolibrary.
org/obo/HAO_0001746

1% valvula, 1%

The area of the 1% valvifer-1* valvulae complex that is delimited by the proximal margin

http://purl.obolibrary.

valvulae (1vv) of the aulax. org/obo/HAO_0000339

2 valvifer (2vf) ‘The area of the 2™ valvifer-2*¢ valvulae-3* valvulae complex that is proximal to the basal | http://purl.obolibrary.
articulation and to the processus musculares and articulates with the female T9. org/obo/HAO_0000927

2" valvula (2vv) The area of the 2™ valvifer-2¢ valvulae-3* valvulae complex that is distal to the basal heep://purl.obolibrary.

articulation and to the processus musculares and is limited medially by the median body

axis.

org/obo/HAO_0000928

3 valyula, 3¢
valvulae (3vv)

"The area of the 2" valvifer-3"valvulae complex that is posterior to the distal vertical
conjunctiva of the 2" valvifer-3" valvulae complex.

http://purl.obolibrary.
org/obo/HAO_0001012

anterior 2" valvifer-

2 valvula muscle

‘The ovipositor muscle that arises from the anterodorsal part of the 2! valvifer and inserts

subapically on the processus articularis.

http://purl.obolibrary.
org/obo/HAO_0001166

anterior ridge of T9
(ar9)

The ridge that extends along the anterior margin of female T9 and receives the site of

origin of the ventral and the dorsal T9-2" valvifer muscles.

http://purl.obolibrary.
org/obo/HAO_0002182

anterior section of
dorsal flange of 2
valvifer

'The area of the dorsal flange of the 2" valvifer that is anterior to the site of origin of the

basal line.

http://purl.obolibrary.
org/obo/HAO_0002173

apodeme

The process that is internal.

http://purl.obolibrary.
org/obo/HAO_0000142

aulax (au)

The impression that is on the 1% valvifer-1* valvula complex accommodates the rhachis.

htep://purl.obolibrary.
org/obo/HAO_0000152

basal articulation

(ba)

The articulation that is part of the 2" valvifer-2! valvula-3 valvula complex and
adjacent to the rhachis.

htep://purl.obolibrary.
org/obo/HAO_0001177

basal line of the 2

valvifer

The line on the 2" valvifer that extends between the pars articularis and the dorsal flange

of 2™ valvifer.

htep://purl.obolibrary.
org/obo/HAO_0002171

bulb (blb)

The anterior area of the dorsal valve [composite structure of the fused 2™ valvulae] that is
bulbous.

http://purl.obolibrary.
org/obo/HAO_0002177

conjunctiva

The area of the cuticle that is more flexible than adjacent sclerites.

http://purl.obolibrary.
org/obo/HAO_0000221

distal notch of the
dorsal valve (no)

The notch that is distal on the dorsal valve [composite structure of the fused 2

valvulae].

htep://purl.obolibrary.
org/obo/HAO_0002179

dorsal flange of the
2% valvifer (df2)

The flange that extends on the dorsal margin of the 2™ valvifer. Part of the ventral T9-2"¢
valvifer muscle attaches to the flange.

htep://purl.obolibrary.
org/obo/HAO_0001577

dorsal projection of
the 2" valvifer (dp2)

The projection that is located on the 2™ valvifer and corresponds to the proximal end of
the rhachis.

htep://purl.obolibrary.
org/obo/HAO_0002172

dorsal ramus of the
1* valvula (dr1)

The region that extends along the dorsal margin of the 1+ valvula and bears the aulax.

htep://purl.obolibrary.
org/obo/HAO_0001579

dorsal T9-2™ valvifer

muscle

The ovipositor muscle that arises along the posterodorsal part of the anterior margin of
female T9 and inserts on the anterior section of the dorsal flanges of the 2 valvifer.

htep://purl.obolibrary.
org/obo/HAO_0001569

egg canal (ec) The anatomical space that is between the left and right olistheters. htep://purl.obolibrary.
org/obo/HAO_0002191

female T9 (T9) The tergite that is articulated with the 1% valvifer and is connected to the 2" valvifer via | http://purl.obolibrary.
muscles. org/obo/HAO_0000075

flange The projection that is lamella-like and is located on a rim, carina, apodeme or edge. htep://purl.obolibrary.

org/obo/HAO_0000344

genital membrane

(gm)

The conjunctiva that connects the ventral margins of the 2™ valvifers arching above the
2 valvula.

http://purl.obolibrary.
org/obo/HAO_0001757
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http://purl.obolibrary.org/obo/HAO_0000339
http://purl.obolibrary.org/obo/HAO_0000927
http://purl.obolibrary.org/obo/HAO_0000927
http://purl.obolibrary.org/obo/HAO_0000928
http://purl.obolibrary.org/obo/HAO_0000928
http://purl.obolibrary.org/obo/HAO_0001012
http://purl.obolibrary.org/obo/HAO_0001012
http://purl.obolibrary.org/obo/HAO_0001166
http://purl.obolibrary.org/obo/HAO_0001166
http://purl.obolibrary.org/obo/HAO_0002182
http://purl.obolibrary.org/obo/HAO_0002182
http://purl.obolibrary.org/obo/HAO_0002173
http://purl.obolibrary.org/obo/HAO_0002173
http://purl.obolibrary.org/obo/HAO_0000142
http://purl.obolibrary.org/obo/HAO_0000142
http://purl.obolibrary.org/obo/HAO_0000152
http://purl.obolibrary.org/obo/HAO_0000152
http://purl.obolibrary.org/obo/HAO_0001177
http://purl.obolibrary.org/obo/HAO_0001177
http://purl.obolibrary.org/obo/HAO_0002171
http://purl.obolibrary.org/obo/HAO_0002171
http://purl.obolibrary.org/obo/HAO_0002177
http://purl.obolibrary.org/obo/HAO_0002177
http://purl.obolibrary.org/obo/HAO_0000221
http://purl.obolibrary.org/obo/HAO_0000221
http://purl.obolibrary.org/obo/HAO_0002179
http://purl.obolibrary.org/obo/HAO_0002179
http://purl.obolibrary.org/obo/HAO_0001577
http://purl.obolibrary.org/obo/HAO_0001577
http://purl.obolibrary.org/obo/HAO_0002172
http://purl.obolibrary.org/obo/HAO_0002172
http://purl.obolibrary.org/obo/HAO_0001579
http://purl.obolibrary.org/obo/HAO_0001579
http://purl.obolibrary.org/obo/HAO_0001569
http://purl.obolibrary.org/obo/HAO_0001569
http://purl.obolibrary.org/obo/HAO_0002191
http://purl.obolibrary.org/obo/HAO_0002191
http://purl.obolibrary.org/obo/HAO_0000075
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Anatomical term
(abbreviation)

definition / concept

URI

interarticular ridge
of the 1 valvifer

The ridge that extends along the posterior margin of the 1% valvifer between the

intervalvifer and tergo-valvifer articulations.

htep://purl.obolibrary.
org/obo/HAO_0001562

(iar)

intervalvifer 'The articulation between the 1% valvifer and 2™ valvifer. http://purl.obolibrary.
articulation (iva) org/obo/HAO_0001558
median bridge of the | The area that connects posterodorsally the 2 valvifers and is the site of attachment for | http://purl.obolibrary.

2" valvifers (mb2)

the posterior T9-2" valvifer muscle.

org/obo/HAO_0001780

notal membrane

The conjunctiva that connects the medial margins of the 2 valvulae.

http://purl.obolibrary.
org/obo/HAO_0001733

notch

The part of the margin of a sclerite that is concave.

http://purl.obolibrary.
org/obo/HAO_0000648

olistheter (oth) ‘The anatomical cluster that is composed of the rhachis of the 2™ valvula and the aulax of | http://purl.obolibrary.
the 1% valvula. org/obo/HAO_0001103

ovipositor ‘The anatomical cluster that is composed of the 1* valvulae, 2 valvulae, 3" valvulae, 1* | htep://purl.obolibrary.
valvifers, 2" valvifers and female T9. org/obo/HAO_0000679

ovipositor apparatus ‘The anatomical cluster that is composed of the ovipositor, abdominal terga 8-10, http://purl.obolibrary.
abdominal sternum 7 and muscles connecting them. org/obo/HAO_0001600

ovipositor muscle The abdominal muscle that inserts on the ovipositor. http://purl.obolibrary.

org/obo/HAO_0001290

pars articularis / pars

articulares

‘The articular surface that is situated anteriorly on the ventral margin of the 2*¢ valvifer

and forms the lateral part of the basal articulation.

http://purl.obolibrary.
org/obo/HAO_0001606

posterior 2™ valvifer-

2 valvula muscle

'The ovipositor muscle that arises posteroventrally from the 2™ valvifer and inserts on the

processus musculares of the 2! valvula.

http://purl.obolibrary.
org/obo/HAO_0001815

processus articularis
/ processus
articulares

‘The process that extends laterally from the proximal part of the 2™ valvula and forms the
median part of the basal articulation, and corresponds to the site of attachment for the
anterior 2" valvifer-2" valvula muscle. The processus articularis is part of the sclerite.

http://purl.obolibrary.
org/obo/HAO_0001704

processus musculares
/ processus
muscularis

The apodeme that extends dorsally from the proximal part of the 2! valvula to the
genital membrane and receives the site of attachment of the posterior 2" valvifer-2¢

valvula muscle.

http://purl.obolibrary.
org/obo/HAO_0001703

rhachis (rh)

The ridge that extends along the ventral surface of the 2" valvula that is partially enclosed
by the aulax.

htep://purl.obolibrary.
org/obo/HAO_0000898

ridge

‘The apodeme that is elongate.

htep://purl.obolibrary.
org/obo/HAO_0000899

sawtooth (st)

‘The process that is located along the ventral margin of the 1% valvula of the dorsal margin
of the 2" valvula.

htep://purl.obolibrary.
org/obo/HAO_0001681

sclerite

The area of the cuticle that is less flexible than adjacent conjunctivae.

htep://purl.obolibrary.
org/obo/HAO_0000909

sensillar patch of the
2 valvifer (sp)

The patch that is composed of placoid sensilla adjacent to the intervalvifer articulation.

htep://purl.obolibrary.
org/obo/HAO_0001671

sensillum

A sense organ embedded in the integument and consisting of one or a cluster of sensory
neurons and associated sensory structures, support cells and glial cells forming a single

organized unit with a largely bona fide boundary.

htep://purl.obolibrary.
org/obo/HAO_0000933

terebra (trb)

The anatomical cluster that is composed of the 1** and 2™ valulae.

http://purl.obolibrary.
org/obo/HAO_0001004

tergite

The sclerite that is located on the tergum.

http://purl.obolibrary.
org/obo/HAO_0001005

tergo-valvifer

articulation (tva)

The articulation that is located between the female T9 and the 1% valvifer and is
composed of the 9" tergal condyle of the 1* valvifer and the 1* valviferal fossa of the 9*
tergite.

http://purl.obolibrary.
org/obo/HAO_0001636

valvillus (vlv)

The sclerite that articulates on the 1% valvula and projects into the egg/poison canal.

http://purl.obolibrary.
org/obo/HAO_0001619

venom gland

reservoir of the 2™

The gland reservoir that is between the 2™ valvifers.

http://purl.obolibrary.
org/obo/HAO_0002176

valvifer (vd)
ventral ramus of the The area of the 2" valvifer-2"! valvula-3 valvula complex that bears the rhachis. htep://purl.obolibrary.
2 valvula org/obo/HAO_0001107

ventral T9-2"
valvifer muscle

The ovipositor muscle that arises from the lateral region of female T9 and inserts along
the posterior part of the dorsal flange of the 2 valvifer.

http://purl.obolibrary.
org/obo/HAO_0001616
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Abstract

One key event in insect evolution was the development of mandibles with two joints, which allowed
powerful biting but restricted their movement to a single degree of freedom. These mandibles
define the Dicondylia, which constitute over 99% of all extant insect species. It was common
doctrine that the dicondylic articulation of chewing mandibles remained unaltered for more than 400
million years. We report highly modified mandibles overcoming the restrictions of a single degree of
freedom and hypothesize their major role in insect diversification. These mandibles are defining
features of parasitoid chalcid wasps, one of the most species-rich lineages of insects. The shift
from powerful chewing to precise cutting likely facilitated adaptations to parasitize hosts hidden in
hard substrates, which pose challenges to the emerging wasps. We reveal a crucial step in insect
evolution and highlight the importance of comprehensive studies even of putatively well-known

systems.

Significance within the present thesis: The Chalcidoidea is an extremely diverse and ecologically
important group of extraordinarily diverse wasps (nearly 27,00 species described, over 500,000 species
estimated) (Heraty 2017, Peters et al. 2018). The majority of chalcidoids are idiobiont ectoparasitoids of
hosts that live in concealed cavities (in plant tissues, such as grains, or in puparia, egg shells efc.). However,
the use of hosts living concealed within hard substrates poses challenges not only for the female wasp
attempting to parasitize them (cf. Publication 5), but also for the emerging wasp when leaving the substrate.
In this study, we present a secondary reversal to monocondylic mandibles in chalcidoid wasps, highlighting
an evolutionary novelty and presumably a strong driver of diversification in this group.

Methods used: synchrotron X-ray microtomography (SR-uCT), high-resolution videography

Own contribution: performing high resolution videography; discussing and revising the manuscript
Miscellaneous: This study appeared on the cover of the vol. 298 of Proceedings of the Royal Society B:

Biological Sciences (see image in the top right corner).
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One key event in insect evolution was the development of mandibles with
two joints, which allowed powerful biting but restricted their movement
to a single degree of freedom. These mandibles define the Dicondylia,
which constitute over 99% of all extant insect species. It was common
doctrine that the dicondylic articulation of chewing mandibles remained
unaltered for more than 400 million years. We report highly modified mand-
ibles overcoming the restrictions of a single degree of freedom and
hypothesize their major role in insect diversification. These mandibles are
defining features of parasitoid chalcid wasps, one of the most species-rich
lineages of insects. The shift from powerful chewing to precise cutting
likely facilitated adaptations to parasitize hosts hidden in hard substrates,
which pose challenges to the emerging wasps. We reveal a crucial step in
insect evolution and highlight the importance of comprehensive studies
even of putatively well-known systems.

1. Introduction

In terms of species numbers and morphological and ecological diversity, insects
are by far the most diverse lineage of terrestrial organisms [1-3]. During more
than 400 million years, insect mouthparts have evolved considerable modifi-
cations allowing the ecological diversification of biting/chewing, sucking or
filtering lineages and contributing to the tremendous species richness of the
group [4,5]. The mandibles of the earliest hexapod lineages (Collembola, Diplura
and Protura) are characterized by a single posterior articulation allowing flexible
movement along a ball-and-socket joint [6]. A major evolutionary step was the
development of dicondylic mandibles with an additional anterior articulation
to the head capsule [7], leading to the Dicondylia, which traditionally comprise
all insects except the bristletails (Archaeognatha) [8]. Within Dicondylia, second-
ary monocondyly is known from insects, whose mouthparts are transformed
into stylets (e.g. Hemiptera) [9], but all groups with chewing mouthparts are
considered dicondylic. Dicondylic mandibles are generally linked to an
increased biting force [10-12], which allowed insects to exploit new food
sources [13]. A major consequence of this transformation was the loss of rotating

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. Head morphology and mandibular movement of Colotrechninae sp. (a) Head, frontal aspect. (b) Head, lateral aspect. (¢.d) Original arrangement of
the four mandibular muscles, M1a, M1b, M2a and M2b. (ef) Putative biting movement. (g,h) Putative grasping movement. ac, anterior condyle; ai, antennal
insertion; as, antennal scrobe; it, inner tooth; Ip, lateral process; me, mandibular extension. Scale bar, 0.5 mm. (Online version in colour.)

motion of the mandibles and their confinement to move-
ment in a single plane [12,14]. As a fixed axis of rotation
requires fewer muscles to control mandibular movements,
the complexity of mandibular musculature was gradually
reduced from early hexapods to winged insects (Neoptera)
[10]. In most derived Neoptera, mandibular movement is
realized solely by two large antagonistic muscles, adductor
and abductor. Both may be composed of several bundles of
fibres [15,16] but insert at single attachment sites, often via
sclerotized tendons.

The evolution of parasitoidism in Hymenoptera has led to
one of the largest species radiations within insects [17-19].
Several morphological adaptations have been identified that
triggered diversification processes during parasitoid evolution
(e.g. wasp waist, venomous stinger) [20]. The role of mouth-
parts has mainly been studied in the context of feeding, but
its role in emergence from host, mating behaviour, host hand-
ling and nest construction has also been discussed [21].
However, there were no hints that mouthpart evolution might
have been a strong driver of parasitoid species radiations.

In an undescribed species of parasitoid wasps, we
discovered peculiar antler-like extensions on top of otherwise
ordinary-looking chewing mandibles (figure 1). These exten-
sions correspond to forward-projecting processes on the face
and potentially serve as a grasping tool. Both grasping and
chewing obviously cannot be realized by dicondylic mandib-
ular movement. We analysed the functional morphology of
the mandibles of this extraordinary specimen by synchrotron
X-ray microtomography and found evidence for flexible man-
dibular movement, contradicting the current hypothesis of
largely conserved mandibular articulations and musculature
in chewing insects. The undescribed species belongs to the
superfamily Chalcidoidea, which comprises one of the largest

groups of insects with an estimated 500000 predominantly
parasitoid species [22]. Until now there was no convincing
hypothesis which morphological features might have
facilitated their unparalleled diversification [23,24].

To test whether flexible mandibular movement represents
a singular evolutionary event or might play a larger role in
parasitoid evolution, we analysed the occurrence of this
type of mandible throughout Chalcidoidea and all major
lineages of Hymenoptera and correlated the morphological
characters with the most recent molecular phylogenies of
Hymenoptera [25] and Chalcidoidea [24].

2. Results
(a) Mandibular morphology of Colotrechninae sp.

The face of Colotrechninae sp. is excavated and bears a pair of
lateral facial processes next to the inner eye margins, which
are each flanked by a single elongate seta. These processes are
pointed ventrally and are slightly curved inwards. They are
situated slightly below the level of the antennal insertions.
The antennae are inserted high on the face within deep antennal
scrobes. The mandibles possess five teeth each. Their outer
surfaces feature conspicuous, distally pointed extensions,
reaching distally to the lateral facial processes. Further, each
mandibular extension carries a distinct inner tooth (figure 1a,b).

The mandible is loosely articulated to the head capsule by
a single anterior condyle. A posterior condyle is completely
absent. All mandibular muscles insert directly to the mand-
ible and not via sclerotized tendons (figure 1c,d). Two
separate pairs of muscle bundles are developed and connect
the mandible to the cranium. One pair (M1) has its anterior
bundle (M1la) originating from the frons and its posterior
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Figure 2. Comparison of mandibles and attached musculature in two wasps and a histerid beetle. (a) Chromeurytoma (Chalcidoidea). (b) Zeuxevania (Evanioidea).
(¢) Margarinotus (Coleoptera: Hydrophiloidea). (d¢—f) Mandibular articulations in the respective species, lateral view, cranium cut. (d) Monocondylic mandible with a
single anterior articulation. (e,f) Dicondylic mandibles with anterior and posterior articulations that restrict mandibular movement to a fixed axis of rotation
(indicated). ac, anterior condyle; pc, posterior condyle. Scale bars, 0.5 mm. (Online version in colour.)

bundle (M1b) from the gena. Both bundles insert at the inner
angle of the mandibular base. The second pair (M2) has its
anterior (M2a) and posterior bundles (M2b) originating at
the ventral part of the gena and inserting to flanges of the
outer margin of the mandibular base (figure 1c,d).

(b) Mandibular character distribution throughout
Hymenoptera

Despite huge variation in overall mandibular shape, all
other Chalcidoidea examined (figure 2a,d, 3 and 4) share
the monocondylous condition found in Colotrechninae sp.
Only in Austrotoxeuma, a posterior condyle is slightly indi-
cated but not articulated to the head capsule. The

mandibular musculature of all other Chalcidoidea is also
characterized by two muscles (M1 and M2) with two bundles
each, which individually insert on the mandible. As in Colo-
trechninae sp., M1a originates always from the frons and M1b
from the gena. In most Chalcidoidea, M2a and M2b originate
from the ventral gena. A notable exception is the flattened
head of Ceratosolen (Agaonidae), where M2a originates from
the frons.

Regarding mandibular morphology, we also found a
reduction of the posterior condyle in other Proctotrupomor-
pha, while it was distinct in all other groups (figures 2e
and 5). In close relatives of Chalcidoidea (Belytus (Diaprioi-
dea) and Exallonyx (Proctotrupoidea)), the posterior condyle
is completely reduced (no posterior articulation with the

98071207 687 § 205 Y 20id  qdsi/jeunol/bio-buiysijgndAiaposiesos !



Downloaded from https://royalsocietypublishing.org/ on 26 January 2022

Ceratosolen (Agaonidae)

f-Mla | g-M1b | f-M2a | g-M2b

Austrotoxeuma (Perilampidae) - -

f-Mla | g-M1b | g-M2a | g-M2b
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Eurytoma (Eurytomidae)

-
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Chromeurytoma (Chromeurytominae)
SN NS EEEEEEEEEEEEEENENEEEDN i
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Lariophagus (Pteromalinae)

f-Mla | g-M1b | g-M2a | g-M2b

IIIII()

f-Mla | g-M1b | g-M2a | g-M2b

Colotrechninae sp. (Colotrechninae)

f-Mla | g-M1b | g¢-M2a | g-M2b

Eupelmus (Eupelmidae)

f-Mla | g-M1b | g¢-M2a | g-M2b

Idiomacromerus (Torymidae)

f-Mla | g-M1b | g¢-M2a | g-M2b

Tanaostigmodes (Tanaostigmatidae)

f-Mla | g-M1b | g-M2a | g-M2b

Rotoita (Rotoitidae)

f-Mla| g-Mlb| g-M2a | g-M2b  —

Australomymar (Mymaridae)

f-Mla | g-M1b | g¢-M2a | g-M2b -

Figure 3. Characters of mandibles and mandibular musculature found in the examined taxa mapped on the molecular phylogeny of Chalcidoidea from
Peters et al. [24]. The placement of Rotoita follows Heraty et al. [23]. Dotted lines indicate taxa of uncertain phylogenetic position. f-, originates from the
frons; g-, originates from the gena; M1a, M1b, M2a, M2b, mandibular muscle bundles; (+), posterior condyle indicated; —, posterior condyle reduced.

head capsule), while it is indicated but without form closure
around the condyle in the more distantly related lineages
(Telenomus (Platygastroidea) and Andricus (Cynipoidea)).

The mandibles in all hymenopteran lineages except
Chalcidoidea have single insertion points for M1 and M2
(figures 2b and 6) and muscle bundles usually insert via scler-
otized tendons (abductor tendon not recognizable only in
Belytus (Diaprioidea) and Exallonyx (Proctotrupoidea)). With
the exception of Netelin (Ichneumonoidea), the tendons of
M1 are split distally and attach to separate muscle bundles.
Both muscles (M1 and M2) originate from the gena. This lar-
gely corresponds to the condition found in other mandibulate
insects, such as beetles (figure 2c,e).

3. Discussion

(a) Functional interpretation

In Chalcidoidea, the mandible and its articulation as well as the
associated musculature are highly modified compared to other
pterygote insects, with fundamental functional consequences.
The mandible is articulated to the head capsule by just a
single anterior condyle, instead of two condyles as generally
postulated for pterygote insects with biting mouthparts. This

abolishes a functional restriction of mandibular movement to
a single plane. Instead, in combination with highly modified
mandibular musculature, a flexible movement of mandibles
can be achieved, including adduction, abduction, protraction,
retraction, rotation and any combination of these movements.
In Chalcidoidea, M1 is therefore not restricted in its function
as an adductor and M2 not as abductor as in other pterygote
insects. By contrast to all other groups examined, Mla
originates from the frons (figures 1, 24 and 4), instead of the
gena (figures 2b,c and 6). This allows the mandible to be
pulled from an anterior direction, supporting mandibular
movement along multiple planes. Moreover, each bundle of
M1 and M2 inserts independently at the mandible, whereas
in other biting insects, these bundles insert via a single
sclerotized tendon [26] (figures 2b,c and 6). Based on the obser-
vations mentioned above we conclude that in the mandibular
musculature of Chalcidoidea each muscle bundle acts as a func-
tionally separate entity. Standard biting can still be achieved by
the antagonizing bundles of M1 and M2. In this case, these pairs
of muscle bundles would act as adductor (M1) and abductor
(M2) (figure 1ef). By contrast, flexible mandibular movement
along multiple degrees of freedom is realized by the interplay
of all four muscle bundles acting independently. For upward-
directed movement of mandibles, the two posterior bundles
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Figure 4. Mandibles and attached musculature throughout Chalcidoidea. (a) Ceratosolen (Agaonidae). (b) Austrotoxeuma (Perilampidae). (c) Eurytoma (Eurytomi-
dae). (d) Lariophagus (Pteromalidae). (e) Eupelmus (Eupelmidae). (f) Idiomacromerus (Torymidae). (g) Tanaostigmodes (Tanaostigmatidae). (h) Australomymar

(Mymaridae). (i) Rotoita (Rotoitidae). Scale bars, 0.5 mm. (Online version in colour.)

M1b and M2b would act as protractors and their anterior
counterparts Mla and M2a as retractors. In Colotrechninae
sp., this movement allows for a closure between the tips of
the mandibular antlers and the lateral facial processes
(figure 1g,h; see electronic supplementary material, movie S1).

(b) Evolutionary considerations

Chalcidoidea are unique among parasitoids in targeting
the largest diversity of host taxa and in exhibiting the
largest number of feeding types defined for parasitoid wasps
[27]. However, unlike other parasitoid wasp groups, such as
Ichneumonoidea, Chalcidoidea do not often develop on free-
living hosts, such as ectophytophagous larvae of butterflies,
moths or beetles. A large majority of chalcid species develop
on enclosed host stages with reduced mobility. Examples
include wood and stem borers, leaf-miners or inhabitants of
galls, seeds and fruits [27]. Interestingly, most of these host
associations are displayed by ectoparasitoid chalcids, which
enables the parasitoid larvae to develop within the protection
of a concealed environment without being exposed to the
host immune system, thereby combining advantages of endo-
and ectoparasitoid lifestyles. A consequence of this strategy is
the challenge of the freshly emerged wasp to escape from the
concealed environment, which is usually achieved by time-con-
suming biting through the surrounding substrate. In this
respect, the host biology of Lariophagus distinguendus (Forster,
1841) (Pteromalidae) is typical for the majority of chalcid
wasp species. Flexible mandibular movements during its host
eclosion are clearly visible (see electronic supplementary

material, movie 52): both mandibles can move independently
at the same time. This allows precise cutting, as the mandibles
can operate under different angles to the substrate and to each
other. This flexible movement might be especially helpful in
an environment with spatial constraints, where force has to be
applied with minimal movements of the head itself. These
constraints can either be caused by arthropod host eggs, as in
the earliest chalcid lineage Mymaridae, or by the substrate sur-
rounding parasitoids emerging from their enclosed hosts, as in
the majority of Chalcidoidea. Therefore, we assume that flexible
mandibular movement played an important role in the evol-
ution of diverse host associations.

The flexible articulation of the mandibles represents a
modification unique among insects. Close relatives of Chalci-
doidea (Diaprioidea and Proctotrupoidea) already show at
least a partial reduction of the posterior condyle (figure 5),
which may be interpreted as an intermediate state putatively
leading to increased flexibility. In a second step, the complete
reduction of the posterior condyle is accompanied by modi-
fied musculature with a functional separation, different
origins and insertions of abductors and adductors. This
resulted in full flexibility of mandibles in Chalcidoidea. Inter-
estingly, this case of secondary monocondyly is realized
differently than in the primarily monocondylic hexapods
(Collembola, Diplura and Protura). By contrast to the latter,
only the anterior (secondary) articulation remained to facili-
tate mandibular movements in Chalcidoidea.

The bizarre mandibles in Colotrechninae sp. represent a
unique evolutionary step that was facilitated by their flexible
articulation. The antler-like extensions of the mandibles can
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Microcurgus (Pompiloidea)
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Foenatopus (Stephanoidea)
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Zeuxevania (Evanioidea)

g-Mla| g-M1b | g-M2b | adt | abt

Andricus (Cynipoidea)

PROCTOTRUPOMORPHA

g-Mla| g-M1b | g-M2b | adt | abt

Telenomus (Platygastroidea)

VESPINA

)\

g-Mla| g-M1b | g-M2b | adt | abt

Chromeurytoma (Chalcidoidea)

PARASITOIDA

f-Mla | g-Mlb | g-M2b | g-M2b

Belytus (Diaprioidea)

g-Mla| g-M1b | g-M2b | adt

Exallonyx (Proctotrupoidea)

g-Mla| g-M1b | g-M2b | adt

Dendrocerus (Ceraphronoidea)

HYMENOPTERA

g-Mla| g-M1b | g-M2b | adt | abt

Netelia (Ichneumonoidea)

g-Mla | g-M2b | adt | abt

Pseudoryssus (Orussoidea)

g-Mla| g-M1b | g-M2b | adt | abt

Nematinae sp. (Tenthredinoidea)

EUSYMPHYTA

g-Mla | g-M1b | g-M2b | adt | abt

Xyela (Xyeloidea)

g-Mla | g-Mlb | g-M2b | adt | abt

Margarinotus (Coleoptera: Hydrophiloidea)

g-Mla| g-M1b | g-M2b | adt | abt

Figure 5. Characters of mandibles and mandibular musculature found in the examined taxa mapped on a molecular phylogeny of Hymenoptera [25]. abt, abductor
tendon; adt, adductor tendon; f-, originates from the frons; g-, originates from the gena; M1a, M1b, M2a, M2b, mandibular muscle bundles; +, posterior condyle distinct;

(+), posterior condyle indicated; —, posterior condyle reduced.

interlock with the lateral facial processes. In combination
with the excavated face, this strongly hints to a grasping
mechanism, while the standard biting function of the
mandibles can be maintained (figure le-h, electronic sup-
plementary material, movie S1). A potential grasping
mechanism could be used for clasping the hosts prior to ovi-
position. Currently, the host biology of Colotrechninae sp. is
obscure and the new species is only known from a single
female specimen. The face and mandibular morphology of
Colotrechninae sp. is unparalleled among extant insects but
shows a staggering similarity to the ‘hell ants” (Formicidae:
Haidomyrmecinae) described from Cretaceous amber
deposits [28]. ‘Hell ants” were able to move their mandibles
vertically to interlock with a cephalic projection, and a func-
tion as prey-capturing device has been verified based on the
discovery of a fossil specimen holding its roach-like prey [29].
The mandibular articulation of ‘hell ants’ is currently not

known but the observed similarities to Colotrechninae sp.
are undoubtedly the result of convergent evolution. Another
similarity between Colotrechninae sp. and ‘hell ants’ is the
presence of sensory organs close to the cephalic projection.
In Colotrechninae sp., a single seta is situated close to each
of the paired facial processes. In ‘hell ants’, the setae are
more prominent and situated in a row along the outer
margin of the cephalic projection. In both cases, these setae
might have triggered the (potential) grasping mechanism.

(c) Mouthpart evolution triggers diversification of
arthropods

The mandible of Chalcidoidea represents an evolutionary
novelty that likely played an important role during an
extremely large insect radiation process leading to the estimated
500 000 species of this superfamily. It has long been known that
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Figure 6. Mandibles and attached musculature throughout Hymenoptera. (a) Microcurgus (Pompiloidea). (b) Pristapenesia (Chrysidoidea). (c) Andricus (Cynipoidea).
(d) Belytus (Diaprioidea). (e) Dendrocerus (Ceraphronoidea). (f) Netelia (Ichneumonoidea). Scale bars, 0.5 mm. (Online version in colour.)

the evolution of mandibles in the Mandibulata (the most spe-
ciose group of Arthropoda comprising millipedes, crustaceans
and hexapods) and its modifications in the dicondylic insects
have triggered large species radiations [13]. Our results suggest
that the secondary reversal to monocondylic mandibles in
Chalcidoidea (this time affecting the posterior condyle instead
of the anterior typical for monocondylic hexapods) had further
dramatic evolutionary consequences for parasitoids and
helped them to exploit novel host systems, leading to complex
niche differentiations and adaptive radiations.

4. Methods

(a) Taxon sampling

Representative taxa of ethanol-preserved Hymenoptera and one
species of Coleoptera (electronic supplementary material,
table S1) have been selected and studied and voucher specimens
are deposited at the State Museum of Natural History, Stuttgart.

(b) Synchrotron X-ray microtomography

Tomographic scans of ethanol-preserved insect heads were per-
formed at the UFO-I station of the Imaging Cluster at the KIT
light source using a parallel polychromatic X-ray beam produced
by a 1.5T bending magnet. The beam was spectrally filtered by
0.5 mm aluminium and the resulting spectrum had a peak at
about 15 keV, with a full-width at a half maximum bandwidth
of about 10 keV. A fast indirect detector system was employed,
consisting of a 12 pm LSO:Tb scintillator [30] and a diffraction-
limited optical microscope (Optique Peter) [31] coupled with a
12bit pco.dimax high speed camera with 2016 x 2016 pixels.
Scans were done by taking 3000 projections at 70 fps and an opti-
cal magnification of 10x, resulting in an effective pixel size of
1.22 pm. We used the control system concert [32] for automated
data acquisition and online reconstruction of tomographic slices
for data quality assurance. Online and final data processing
included flat field correction and phase retrieval of the projec-
tions based on the transport of intensity equation [33]. X-ray
beam parameters for algorithms in the data processing pipeline
were computed by syris [34] and the execution of the pipelines,
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including tomographic reconstruction, was performed by the
UFO framework [35].

Tomographic slices were converted to 8 bit and cropped to the
region of interest. In Amira 5.6. heads, mandibles and mandibu-
lar muscles were pre-segmented in the software’s segmentation
editor. The labels served as input for automated segmentation,
which was performed using the online platform Biomedisa
(https:/ /biomedisa.org) [36]. Segmentation results were again
imported into Amira 5.6 and minor errors were corrected. The
final labels were converted into polygon meshes, exported as
OBJ files and reassembled and smoothed in CINEMA 4D R20.

The specimens of L. distinguendus used in this study originate
from the laboratory colonies of the Biologische Beratung
GmbH (Berlin), where they were bred on larvae of Sitophilus
oryzae (Linnaeus, 1763) (Coleoptera: Curculionidae) that devel-
oped in grains of the common wheat Triticum aestivum L. The
infested wheat grains were observed and the hatching wasps
were recorded using a Nikon DSC D90 camera mounted on a
Leica MZ 12.5 stereomicroscope.

The tomographic volumes examined in this study are
available from the Dryad Digital Repository: https://doi.org/10.
5061/dryad.Orxwdbs1x [37].
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Additional files (supplementary material): PDF file and video files (snapshots displayed here); files
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Table S1. Voucher specimens deposited at the State Museum of Natural History Stuttgart (SMNS).

Collection number Family & species Sex
SMNS_Hym_Aga_000001 Agaonidae: Ceratosolen sp. female
SMNS_Hym_Dia_000637 Diapriidae: Belytus sp. male
SMNS_Hym_Eup_000227 Eupelmidae: Eupelmus sp. female
SMNS_Hym_Eur_000921 Eurytomidae: Eurytoma sp. female
SMNS_Hym_Hym_013467 Scolebythidae: Pristapenesia sp. female
SMNS_Hym_Hym_013479 Orussidae: Pseudoryssus henschii female
SMNS_Hym_Hym_014077 Tenthredinidae: Nematinae sp. (Euura/Nematus) male
SMNS_Hym_Hym_014078 Evaniidae: Zeuxevania sp. female
SMNS_Hym_Hym_014097 Stephanidae: Foenatopus sp. female
SMNS_Hym_Hym_014099 Cynipidae: Andricus quercuscalicis female
SMNS_Hym_Meg_000035 Megaspilidae: Dendrocerus sp. female
SMNS_Hym_Mym_000831 Mymaridae: Australomymar sp. female
SMNS_Hym_Pom_000272 Pompilidae: Microcurgus sp. female
SMNS_Hym_Per_000052 Perilampidae: Austrotoxeuma sp. male
SMNS_Hym_Pro_000040 Proctotrupidae: Exallonyx longicornis female
SMNS_Hym_Pte_008178 Pteromalidae: Chromeurytoma sp. female
SMNS_Hym_Pte_008020 Pteromalidae: Colotrechninae sp. female
SMNS_Hym_Rot_000001 Rotoitidae: Rotoita basalis female
SMNS_Hym_Sce_000668 Scelionidae: Telenomus sp. female
SMNS_Hym_Tan_000006 Tanaostigmatidae: Tanaostigmodes sp. male
SMNS_Hym_Tor_000507 Torymidae: Idiomacromerus sp. male
SMNS_Hym_Hym_014104 Xyelidae: Xyela minor male
SMNS_Hym_Pte_012303 Pteromalidae: Lariophagus distinguendus female
SMNS_Hym_Hym_014102 Ichneumonidae: Netelia ephippiata male
SMNS_Col_His_000001 Histeridae: Margarinotus brunneus indet.

Supplementary material — Table S1: Voucher specimens deposited at the State Museum of Natural History Stuttgart (SMNS).
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Supplementary material — Movie S1: Putative flexible mandibular movement of Colotrechninae sp.
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Supplementary material — Movie S2: High-resolution video of Lariophagus distinguendus showing flexible biting during its emergence

from a grain.
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Abstract

Various chalcidoid wasps are able to actively steer their terebra (= ovipositor shaft) in different
directions, despite the lack of terebral intrinsic musculature. To investigate the mechanisms of
these bending and rotational movements, we combined microscopical and microtomographical
techniques, together with videography, to analyse the musculoskeletal ovipositor system of the
pteromalid wasp Lariophagus distinguendus (FORSTER, 1841) and the employment of its terebra
during oviposition. The ovipositor consists of three pairs of valvulae, two pairs of valvifers and the
female T9 (9th abdominal tergum). The paired 1st and 2nd valvulae are interlocked via the
olistheter system, which allows the three parts to slide longitudinally relative to each other, and
form the terebra. The various ovipositor movements are actuated by a set of nine paired muscles,
three of which (i.e. 1st valvifer-genital membrane muscle, ventral 2nd valvifer-venom gland
reservoir muscle, T9-genital membrane muscle) are described for the first time in chalcidoids. The
anterior and posterior 2nd valvifer-2nd valvula muscles are adapted in function. (1) In the active
probing position, they enable the wasps to pull the base of each longitudinally split and
asymmetrically overlapping halves of the 2nd valvula that are fused at the apex dorsally, thus
enabling lateral bending of the terebra. Concurrently, the 1st valvulae can be pro- and retracted
regardless of the bend. (2) These muscles can also rotate the 2nd valvula and therefore the whole
terebra at the basal articulation, allowing bending in various directions. The position of the terebra
is anchored at the puncture site in hard substrates (in which drilling is extremely energy- and time
consuming). A freely steerable terebra increases the chance of making contact with the potential
host within a concealed cavity. The evolution of the ability actively to steer the terebra can be
considered a key innovation that has putatively contributed to the acquisition of new hosts to a
parasitoid’s host range. Such shifts in host exploitation, each followed by rapid radiations, have
probably aided the evolutionary success of Chalcidoidea (with more then 500,000 species

estimated).

Significance within the present thesis: This is the core study of this thesis. In this study, we observed and
recorded the oviposition behaviour and the employment of the terebra of a chalcidoid wasp; the pteromalid
Lariophagus distinguendus. The wasp showed both bending and rotational movements of the terebra,

although the latter has no intrinsic joints or muscles. In combination with a detailed description of the



musculoskeletal ovipositor, we have been able to create a functional model and determine the underlying
mechanisms behind the terebra bending movements, which are based on several morphological
modifications of its cuticular elements and muscle function. In addition, we discuss the various joint-free
bending mechanisms found in insects and their eco-evolutionary significance. We have identified the
structural adaptations that appear to be unique to the chalcidoid terebra, i.e. the longitudinally split and
asymmetrically overlapping halves of the 2nd valvula that are fused only at the apex. We have analysed the
mechanisms behind the active bending and rotation of the terebra, which are actuated by a set of two paired
and functionally adapted muscles of the 2nd valvula. Both the evolution of the ability actively to steer the
terebra to parasitize hosts concealed in hard substrates (i.e. entering the substrate) and the ability for
precise cutting movement of the mandibles (i.e. leaving the substrate; cf. Publication 4) can be considered
as key innovations that have probably aided the tremendous evolutionary success of the Chalcidoidea.
Moreover, following modern concepts of designating morphological structures in a standardized way, we
have applied and supplemented the Hymenoptera Anatomy Ontology (HAO; Yoder et al. 2010, Seltmann et
al. 2012, Hymenoptera Anatomy Consortium 2022). Accordingly, we provide a comprehensive table with all
210 terms relevant to the hymenopteran ovipositor system and list their definitions and the respective
uniform Resource Identifier (URI). We have also added all 515 synonyms and homonyms found in the
literature (English, German, French) to facilitate future reading and to allow comparisons of findings from
different studies dealing with the ovipositor system in Hymenoptera. This comprehensive study has the
potential to become a reference work for future studies dealing with the hymenopteran ovipositor.

Methods used: high-resolution videography, stereomicroscopy, scanning electron microscopy (SEM),
confocal laser scanning microscopy (CLSM), wide-field epifluorescence microscopy (WFM), ultramicrotomy,
light microscopy (LM), transmission electron microscopy (TEM), synchrotron X-ray phase-contrast
microtomography (SR-uCT)

Own contribution: designing the study; preparing the specimens (fixation, embedding); processing of the
SR-uCT and light microscopical images; performing the ultramicrotomy, LM, WFM, TEM and high resolution
videography; analysing and interpreting the data; writing the original version of the manuscript; preparing the

figures; revising the manuscript; correspondence
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Abstract

Various chalcidoid wasps can actively steer their terebra (= ovipositor shaft) in diverse directions, despite the lack

of terebral intrinsic musculature. To investigate the mechanisms of these bending and rotational movements, we
combined microscopical and microtomographical techniques, together with videography, to analyse the mus-
culoskeletal ovipositor system of the ectoparasitoid pteromalid wasp Lariophagus distinguendus (Forster, 1841)

and the employment of its terebra during oviposition. The ovipositor consists of three pairs of valvulae, two pairs

of valvifers and the female T9 (9th abdominal tergum). The paired 1st and the 2nd valvulae are interlocked via the olis-
theter system, which allows the three parts to slide longitudinally relative to each other, and form the terebra. The
various ovipositor movements are actuated by a set of nine paired muscles, three of which (i.e. 1st valvifer-genital
membrane muscle, ventral 2nd valvifer-venom gland reservoir muscle, T9-genital membrane muscle) are described
here for the first time in chalcidoids. The anterior and posterior 2nd valvifer-2nd valvula muscles are adapted in func-
tion. (1) In the active probing position, they enable the wasps to pull the base of each of the longitudinally split

and asymmetrically overlapping halves of the 2nd valvula that are fused at the apex dorsally, thus enabling lateral
bending of the terebra. Concurrently, the 1st valvulae can be pro- and retracted regardless of this bending. (2) These
muscles can also rotate the 2nd valvula and therefore the whole terebra at the basal articulation, allowing bending
in various directions. The position of the terebra is anchored at the puncture site in hard substrates (in which drilling
is extremely energy- and time-consuming). A freely steerable terebra increases the chance of contacting a potential
host within a concealed cavity. The evolution of the ability actively to steer the terebra can be considered a key inno-
vation that has putatively contributed to the acquisition of new hosts to a parasitoid’s host range. Such shifts in host
exploitation, each followed by rapid radiations, have probably aided the evolutionary success of Chalcidoidea (with
more than 500,000 species estimated).

Keywords Chalcidoidea, Functional morphology, Hymenoptera, Ovipositor, Parasitoid, Pteromalidae
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or inhabitants of galls, seeds and fruits) [12], although
other life stages are also targeted [13]. The parasitiza-
tion of hosts living deep within substrates allows the
ectoparasitoid larvae to develop within the protection
of a concealed environment and without exposure to the
host immune system as occurs in endoparasitoids. An
evolutionary novelty and presumably a strong driver of
diversification in Chalcidoidea is the secondary reversal
to monocondylic mandibles (reduction of the posterior
condyle accompanied with modified musculature with
functional separation), which allow the emerging wasp
to bite through a hard substrate by precise cutting move-
ments that overcome the limitations of a single degree of
freedom [14]. However, the use of hosts living concealed
within hard substrates poses challenges not only for the
emerging wasp (i.e. in leaving the substrate), but also for
females attempting to parasitize them (i.e. entering the
substrate to find a potential host) [15]. In this context,
the ovipositor has to fulfil several functional demands:
penetration or navigation through the substrate or the
target egg/puparium, assessment of the host, discrimina-
tion between suitable and previously parasitized hosts,
piercing of the host, injection of venom, formation of a
feeding tube for host feeding, ovicide or larvicide of the
competitors’ eggs or larvae, respectively, marking of the
host and find a suitable place for egg laying and ovipo-
sition [16]. However, putative evolutionary novelties of
the chalcidoid ovipositor system, such as morphologi-
cal and behavioural adaptations that enable the steering
of the terebra (=ovipositor (shaft) sensu [17-27]) and its
underlying mechanisms have not been thoroughly inves-
tigated hitherto.

As in all hymenopterans, the chalcidoid ovipositor con-
sists of the female T9 (9th abdominal tergum;=outer
ovipositor plates sensu [17-25]), two pairs of valvifers
and three pairs of valvulae derived from the 8th and
9th abdominal segments (7th and 8th metasomal seg-
ments). The basally situated valvifers accommodate
the operating musculature, whereas all the valvulae are
devoid of intrinsic musculature [28—32]. The 1st valvifers
(8th gonocoxites [33, 34] or the fusion of the same with
the gonangula [30];=fulcral plates sensu [17-25, 35—
37];=gonangulum, gonangula sensu [26, 27]) are ante-
riorly continuous with the rami of the 1st valvulae (8th
gonapophyses; =stylets sensu [17-25, 35-38];=lower
valves sensu [26, 27]), and their posterior angles articu-
late dorsally with the female T9 via the tergo-valvifer
articulation and ventrally with the 2nd valvifers via the
intervalvifer articulation. The 2nd valvifers (9th gono-
coxites;=inner ovipositor plates sensu [17-25]) extend
as the 3rd valvulae (9th gonostyli; = (articulating/termi-
nal) palps sensu [19, 20, 22, 23, 36];=ovipositor sheaths
sensu [26, 27]) and are ventrally articulated with the 2nd

Page 2 of 48

valvula (fusion of the 9th gonapophyses; = (stylet) sheath
sensu [17-25, 36—38];=upper valve sensu [26, 27]) [28,
29], which is asymmetrically split except at the apex in all
chalcidoid families [39]. The two overlapping asymmetric
halves of the 2nd valvula are connected dorsally by the
notal membrane, which extends almost to the apex [17,
19-25, 40]. The interlocked 1st and 2nd valvulae enclose
the egg canal and form the terebra, which is embraced by
the 3rd valvulae when not in use. The ventral surface of
the 2nd valvula is interlocked with both of the 1st valvu-
lae by a sublateral longitudinal tongue called the rhachis,
which runs within a corresponding groove called the
aulax along the dorsal surface of each of the 1st valvulae.
This so-called olistheter system allows the three elements
of the terebra to slide longitudinally relative to each other
and simultaneously prevents their unwanted separation
[29, 39].

In order to reach their hosts and permit greater con-
trol over egg placement, several parasitoid wasps are able
actively to bend and rotate their terebra in any direction
relative to their body axis [41-44], despite the lack of
intrinsic terebral musculature. Such terebra movements
have also been reported in chalcidoid wasps of the family
of Pteromalidae [40, 45-47], a polyphyletic group sensu
lato [6, 10, 48, 49] (over 3500 species described [8]). How-
ever, little is known about the actuation of the various
ovipositor movements, with the mechanisms involved
in terebra steering (i.e. bending and rotating) remain-
ing unclear. In this study, we investigated the working
mechanisms of the terebra steering movements of Lari-
ophagus distinguendus (Forster, 1841) (Chalcidoidea:
Pteromalidae: Pteromalinae), a cosmopolitan synan-
thropic synovigenic autogenous solitary idiobiont larval
and pupal ectoparasitoid of several granivorous coleop-
teran species [50, 51]. This species exhibits extensive
terebra movements during the assessment of a potential
host and eventual subsequent egg placement [45, 47]. We
aimed (1) to analyse the oviposition process in vivo, (2)
to describe the ovipositor of L. distinguendus, including
all inherent cuticular elements and muscles, (3) to exam-
ine the mechanics and mode of function of the muscu-
loskeletal system, including the actuation of the various
ovipositor movements, (4) to investigate the underlying
working mechanisms of the terebra steering movements
and (5) to discuss their eco-evolutionary significance.

Results and discussion

We combined behavioural analyses involving high-res-
olution video recordings with morphological investiga-
tions based on microscopical and microtomographical
techniques. These studies have enabled us to present a
thorough morphological and mechanical analysis of the
musculoskeletal ovipositor system that steers the various
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Fig. 1 Habitus image of a female Lariophagus distinguendus (lateral
view). Abbreviations: trb: Terebra

movements executed by the female L. distinguendus
(Fig. 1) during oviposition. In particular, we focused on
the employment of the terebra and on its form, structure
and material properties.

Morphological terms are applied according to the
Hymenoptera Anatomy Ontology (HAO; [52-54]; a table
of all 210 terms relevant to the hymenopteran ovipositor
system, their definitions and 513 synonyms commonly
found in literature is given in Table 2 in the Appendix 1).

In cases in which our findings have been confirmed by
other studies, these are indicated below with ‘cf.

Oviposition process and employment of the terebra

Previous studies describing the behavioural sequences of the
attempts of L. distinguendus [45, 50, 55, 56] and other ptero-
malids [40, 46, 57] to oviposit have been unable to provide an
analysis of the events that take place within the cavity of the
substrate. Therefore, we mainly focus on the employment of
the terebra and its movements in the following (Fig. 2; Addi-
tional file 1).

Search for the host’s habitat: L. distinguendus para-
sitizes concealed granivorous host larvae (Fig. 2a). The
parasitoids mainly use volatile chemicals to locate the
habitat of their hosts: faecal cues from the host itself and
herbivory-associated chemicals in the seed induced by the
mechanical damage caused by the host larvae [51, 55, 58].

Search for an infested substrate: Once L. distinguen-
dus finds the host’s location (infested grains; blotting
paper with the host faeces in our experimental setup), the
wasp starts to walk on the substrate followed by anten-
nal drumming with the flagellum directed towards the
ground (Additional file 1, min. 0:05-0:07; cf. [45, 47, 50,
55, 56]). The female parasitoid is able to discriminate
between healthy and infested grains [59].

Penetration of the substrate: Once the female wasp
has selected a small spot with its antennae, it brings its
terebra into the drilling position by a downward bend-
ing of the metasoma so that its tip taps the surface. The
terebra is guided and stabilized by the 3rd valvulae in
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order to prevent buckling despite axial compressive
forces occurring during the initial puncturing of the
substrate, i.e. the pericarp of the grain. Once the apex
of the terebra is engaged in the substrate, the metas-
oma with the 2nd valvifer and the attached 3rd valvulae
are lifted upwards out of the way (Fig. 2b—d; Additional
file 1, min. 0:06-0:11; cf. [40, 45, 47, 50, 55, 56]). The
initial puncturing (i.e. pericarp surface penetration) is
necessary for the 1st and 2nd valvulae to be anchored
in the substrate so that the subsequent ‘push-pull’
mechanism can be initiated. Thereby, the wasp exhibits
alternate reciprocal movements of the paired 1st valvu-
lae, which can be seen as trembling movements of the
posteroventral part of the metasoma (i.e. the 2nd valv-
ifers and the female T9). Only one of the 1st valvulae
is pushed into the substrate at a time, while the other
1st valvula and the 2nd valvula, which are anchored in
the substrate, are simultaneously pulled [60-62]. The
apical sawteeth thereby increase the friction with the
surrounding substrate. The tension in the two anchored
‘stationary’ elements increases their bending stiffness
and, hence, they can serve as guides for the particular
1st valvula being pushed into the substrate [44, 60].
Small pushing movements of the 2nd valvula caused
by the relative movements of the 2nd valvifers can-
not be excluded (cf. [32]). The simultaneous pushing
and pulling of the various terebral elements minimizes
the net compressive force on the substrate and thus
the chance of buckling of the terebra [32, 44, 60]. The
‘push-pull’ mechanism enables drilling without torque
and with very low axial load, although these cannot be
completely avoided [44, 62]. During the drilling process
(Additional file 1, min. 0:12-0:20; cf. [47]), the wasp
combines the ‘push-pull’ mechanism with slight rota-
tions of the terebra [44, 60]. Moreover, a fluid is con-
stantly secreted at the apex and also along the shaft of
the terebra. This secretion putatively prevents particles
from entering the terebra but might also act as a (cool-
ing) lubricant (cf. [63, 64]).

Search for a potential host within the substrate: As
soon as the wasp has penetrated the grain in which a
potential host larva is living, it attempts to locate the host
larva in its concealed cavity with its terebra (Additional
file 1, min. 4:02—4:32). Thereby, the metasoma is frequently
rotated by up to 35° from the longitudinal body axis of the
wasp (cf. [45]); this influences the orientation of the tere-
bra. However, the wasp also expresses steering movements
of the terebra in several directions that are independent of
the orientation of the metasoma (see subchapter ‘Mecha-
nisms of terebra bending and rotation’ below).

Penetration of the targeted host’s skin: Once the
wasp has succeeded in reaching its host, it pushes its
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Fig. 2 Oviposition process of Lariophagus distinguendus. a Female wasps search for potential hosts that live in grains of the common wheat Triticum
aestivum. b—p Single frames of high-resolution video recordings of a female L. distinguendus parasitizing a larva of Sitophilus granaries in an artificial
chamber (cf. Additional file 1). The wasp and the beetle larva were separated by a piece of blotting paper. After the wasp finds a host (b), it brings its
terebra into drilling position by a downward bending of the metasoma (c) and then, once the apex of the terebra is engaged in the substrate, it lifts
the metasoma and the 3rd valvulae upwards (d). Following penetration of the substrate, the wasp permanently paralyzes the host larva by venom
injection and then usually forms a feeding tube for host feeding. During the subsequent assessment of the host and the search for a suitable place
for oviposition, the wasp is able to actively bend (e-1) its terebra in various directions and also to rotate it to a certain degree (0). The individual
movements of the single valvulae can be observed (m-p). The 1st valvulae is frequently protracted far beyond the apex of the 2nd valvula (marked
with an arrowhead in i, k, m, n, 0). Finally, an egg is laid (p). Rapid alternating movements of the 1st valvulae can be observed during substrate
drilling, host envenomation and egg laying. Abbreviations: 1vv: 1st valvula; 2vv: 2nd valvula; 3vv: 3rd valvula; trb: Terebra

terebra straight down to its fullest extent and penetrates  0:21-0:27, 2:33-2:47; cf. [47, 55]) achieved by fast alter-
the skin of the beetle larva several times with rapid stab-  nate movements of the 1st valvulae.
bing movements of the terebra (Additional file 1, min.
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Injection of venom: The host larva is usually pierced
several times (cf. [45, 47]), with the 1st valvulae performing
fast alternate movements. Venom is injected into the host’s
body and permanently paralyses the host (Additional file 1,
min. 0:21-0:27, 2:33-2:47; cf. [47]) thereby preventing its
further development. This is crucial for ectoparasitoids,
since movements of the host larva within a small cavity
might damage the externally attached parasitoid [65].

Assessment of the host: The permanent paralysis
of the host larva presumably allows an easier and more
accurate assessment to be carried out by the female
wasp, which can now actively steer its terebra (Fig. 2e-;
Additional file 1, min. 0:30-1:10, 2:48-3:17; cf. [47]; see
subchapter ‘Mechanisms of terebra bending and rotation’
below). However, some passive bending of the terebra
might also occur because of its deflection on the host
surface. A small actively actuated bending of the apex of
the terebra would therefore be sufficient to indicate the
direction of the bending movement. The assessment of
the host is not primarily carried out by the terebra tap-
ping of the host surface, but by the puncture and the
assessment of the host’s haemolymph (cf. [66, 67]).

Formation of a feeding tube for host feeding: In most
parasitization attempts, the female wasps create a feeding
tube. Thereby, a secretion, which is produced by the large
colleterial glands [68], oozes from the entire terebra [66, 69].
The terebra is moved up and down and is also putatively
rotated to a certain degree to ensure an even distribution
of the secretion, which hardens in the air and remains for
a couple of minutes, forming a feeding tube (cf. [47]). As a
result of capillary forces, the haemolymph of the host flows
upwards within the tube. The wasp now appears to lick the
end of the feeding tube. The absorbed haemolymph serves
both as protein-rich nutrition that is needed for egg matu-
ration [70] and allows an assessment of the quality of the
potential host [66, 67].

Ovicide/larvacide of the competitors’ eggs/larvae: In
our artificial setup, we have not tested whether the female
wasps attempt to kill their conspecifics’ eggs or larvae. Ovi-
cidal and larvicidal behaviour has not as yet been observed in
L. distinguendus.

Search for a suitable place for oviposition: If the female
wasp deems the host larva to be of good quality, it searches
for a suitable oviposition site on the host surface. It appears
to estimate the available space within the cavity to ensure
that the growing larva has enough room for development
(Fig. 2e-1; Additional file 1, min. 3:19-3:34; cf. [47]).

Oviposition: Rapid longitudinal alternate movements
of the paired 1st valvulae serve to pass the egg along the
terebra (Fig. 2m-p; Additional file 1, min. 1:56-2:26,
3:36—4:00; cf. [47, 71]). The diameter of the egg is signifi-
cantly larger compared with that of the egg canal. The egg
is thus strongly deformed during ovipositing. It does not
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emerge at the very apex of the terebra but is pushed out
ventrally between the two paired 1st valvulae in a region
about 100-200 um proximal to the apex (Fig. 2p). Finally,
the egg is attached to the surface of the host. In a few
cases, it was also observed to be attached to the surface
of the cavity near the host larva. Finally, the wasp with-
draws its terebra. Female L. distinguendus only lay one
egg per host [45, 55].

Morphological structure of the musculoskeletal ovipositor
system

The musculoskeletal ovipositor system of L. distinguen-
dus consists of three pairs of valvulae, two pairs of valv-
ifers, the female T9, three paired articulations and a set of
nine paired muscles.

Because of its bilateral bauplan, all the ovipositor ele-
ments and muscles are paired apart from the distal
region of the 2nd valvula and the female T9. Paired mor-
phological structures are only described in the singular
form in the following, i.e. the elements of the left side
only, although they have a mirror image on the right side.

The anatomy of the venom system and of the female
internal reproductive system is not discussed thoroughly
in the following (for chalcidoids, see [19-25, 35-38, 72—
79]; for parasitoid hymenopterans in general, see [26, 27]).

Cuticular elements of the ovipositor

1st valvula (1vv; Figs. 2m-p, 3a, b, {, 4a—d, g-k, and 5a,
¢): Basally, the thin 1st valvula is continuous with the 1st
valvifer via its dorsal ramus (dr1; Figs. 3d, e, g, 5a, ¢, d, and
6¢, j). The 1st valvula has a crescent-shaped cross-sec-
tion over most of its length (1vv; Fig. 4c). The aulax (au;
Figs. 3a and 4g, i, k) of L. distinguendus does not reach the
apex of the 1st valvula but tapers off around 50 um before
it. The distal end of the aulax features a coeloconic sensil-
lum (cs; Figs. 3a and 44, j; sensu [80]), presumably moni-
toring the position of the 1st valvula relative to the 2nd
valvula (cf. [81]). Further sensilla can be seen at regular
intervals on the lateral sides (blue ‘notches’ in Fig. 3f),
which might have a mechano- and/or chemosensory
function. However, the sensillar equipment of the terebra
was not further investigated in this study (but see [82—
84]). Dorsomedially to the aulax, the medial wall of each
1st valvula is thickened (Fig. 4c). The ventral part of the
medial wall is thin and formed into a large membranous
fold (when at rest) that projects inwards and overlaps ven-
trally (Fig. 4a—c; cf. [39]). These thin chitinous folds are
considered effectively to seal the crack between the paired
1st valvulae in order to prevent the loss of venom and/or
oviposition fluids [39]. The 1st valvula laterally bears two
small sawteeth (st1; Fig. 3a) that are of decreasing size at
its apex and that are most probably used to penetrate the
substrate and the host’s skin. On the dorsomedial side of
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their apices, the 1st valvulae are connected by the olisthe-
ter-like interlock of the 1st valvulae (il1; Fig. 4h, i, k), pre-
sumably preventing them from being torn apart during
the initial puncturing of the substrate and during drilling.
The egg exits the egg canal proximad to these structures
and ventrally between the paired 1st valvulae (Fig. 2p;
Additional file 1, min. 1:56-2:26, 3:36—4:00). Such inter-
locking structures are also found in other pteromalids and
some species of Aphelinidae, Chalcididae, Eulophidae,
Eurytomidae, Ormyridae, Tanaostigmatidae and Tricho-
grammatidae [39]. In all chalcidoids, the ventral ramus of
the 1st valvula is completely reduced [29] and the valvilli
inside the egg canal are absent [85].

2nd valvula (2vv; Figs. 2m-p, 3a, ¢, f-h, 4a-g, i, k,
and 5a—c): Proximally, the bulbs of the 2nd valvula (blb;
Figs. 3g, h, 4a, and 6e-h) are basally articulated with the
2nd valvifer via the basal articulation (ba; Figs. 3h and
6f). At its basal part, the 2nd valvula bears the proces-
sus articuaris laterally on the bulbs, and the processus
musculares dorsally on the anteriorly directed horn-like
processes of the bulbs. On its ventral side, the 2nd val-
vula bears the rhachises (rh; Figs. 3c and 4g). The 2nd
valvula of L. distinguendus consists of two longitudinally
split, asymmetrically overlapping and more-heavily scle-
rotized halves (2vv; Figs. 3a, f~h and 4a—c; Additional
file 2) that are thickened medially (2vv; Fig. 4c). The two
halves are dorsally connected for most of their length by
a conjunctiva called the notal membrane (nm; Fig. 4f)
[17,19-25, 40] but are fused at the apex (2vv; Figs. 3a and
4d, i, k). Proximally, the notal membrane is modified into
a transversely striate band called the laminated bridge
(Ib; Figs. 3g, h, 4a, b, e, 5a—c, and 6c¢, £, h) [19, 20, 22, 40].
The modified 2nd valvula with its longitudinally split and
overlapping halves presumably permit a greater distor-
tion of the valvula and appear to be a synapomorphy for

(See figure on next page.)
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all Chalcidoidea, except for Mymaridae [39]. The ventral
side is formed by the ventral wall of the 2nd valvula (vw2;
Fig. 4a—c, f; sensu [86]), which extends from the base
almost to the apex. This creates a lumen (lu2; Fig. 4a—d,
f, i, k). The rhachises are attached to this lamella-like pro-
cess over most of their length, except for the apex. Ven-
trolaterally to the rhachises lie lateral extensions of the
2nd valvula (le; Fig. 4c; sensu [86]). The apex of the 2nd
valvulae of L. distinguendus features seven sawteeth that
are placed laterally and staggered relative to one another
(st2; Figs. 3a, f and 4i) with sensilla being found in
between them. The laterally positioned sawteeth are pos-
tulated to act like a screw during the alternate rotational
movements of the terebra during substrate penetration
[22] and seem to be present in all chalcidoid species that
undertake drilling actions [25] (Additional file 3).
Terebra (trb; Figs. 1, 2d—p, 3a and 6¢—h): The acicular
terebra consists of the paired 1st valvulae and the 2nd
valvula and has a smooth surface. The terebra of L. dis-
tinguendus (and other chalcidoid wasps) features a single
opening at the basal end, where the common oviduct (co;
Fig. 5) seamlessly merges with the base of the egg canal
(cf. [19-23, 25]). In chalcidoid wasps (such as L. dis-
tinguendus and Microterys flavus (Howard, 1881) (Encyr-
tidae) (data not yet published)), both the orifice of the
venom gland reservoir (ovr; Fig. 5b—d; Additional file 4,
min. 0:30-0:31) and the dorsolaterally situated Dufour’s
gland duct (Dgd; Fig. 5) empty into the common oviduct
(cf. [73, 77]) before the latter fuses with the egg canal
(unlike in ichneumonoid wasps; cf. [16, 87]). The junc-
tion lies directly anterior to the basal articulation (ba;
Figs. 3h and 6f) and is indicated by the furcula (Fig. 3g;
Additional file 2, min. 0:21-0:36). The complete length
of the egg canal thus functions as a conduit not only for
the egg itself, but also for the expulsion of venom or other

Fig. 3 Ovipositor of Lariophagus distinguendus. a—e SEM images of the various ovipositor elements (left is anterior). a Apex of the terebra
comprising the 2nd valvula and the paired 1st valvulae (dorsolateral view). The 2nd valvula is longitudinally split but fused at the apex, featuring
seven sawteeth. The 1st valvula features two small apical sawteeth. Its aulax terminates pre-apically and bears a coeloconic sensillum at its apical
end (for cross section cf. Fig. 4i, j). Both the 1st and 2nd valvulae bear various types of sensilla. b Upon removal of the 2nd valvula, the aulaces

of the inner surface of the 1st valvula become visible (dorsal view), featuring distally directed scale-like structures. ¢ Upon removal of the 1st
valvula, the rhachis at the ventral side of the 2nd valvula becomes visible (ventral view), featuring distally directed scale-like structures similar

to those of the aulax. The egg canal is formed by both the 1st and 2nd valvulae and bears microsculpture consisting of distally oriented ctenidia.
d Anterior part of the ovipositor (lateral view). The 1st valvifer is continuous with the dorsal ramus of the 1st valvula. It is connected with the 2nd
valvifer and the female T9 via the intervalvifer and tergo-valvifer articulation, respectively. The 2nd valvifer possesses a post-ramus flap and two
clusters of sensilla: the sensillar patch located anteriorly to the intervalvifer articulation and the sensillar row along its dorsal margin (e). f

WFM image of the apical part of the terebra of L. distinguendus (dorsal view, left is anterior; only the images of the DAPI and Cy5 wavelength

filters are superimposed here). The cuticle of the aulaces and the sawteeth of the 2nd valvula are heavily sclerotized (as indicated by their red
autofluorescence). g, h Superimposed CLSM images of the basal part of the ovipositor of L. distinguendus (dorsal view, left is anterior; cf. Additional
file 2). The cuticle of the valvulae and the valvifers is sclerotized, whereas the ctenidia show a high content of resilin (as indicated by their blue
autofluorescence; h). Abbreviations: 1vf: 1st valvifer; Tvv: 1st valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; 3vv: 3rd valvula; au: Aulax; ba: Basal
articulation; blb: Bulb; cs: Coeloconic sensillum; ct: Ctenidium; dr1: Dorsal ramus of the 1st valvula; fu: Furcula; iva: Intervalvifer articulation; Ib:
Laminated bridge; m-p-2vf-2vv: Posterior 2nd valvifer-2nd valvula muscle; prf: Post-ramus flap; rh: Rhachis; sc: Scale-like structure; sp: Sensillar patch
of the 2nd valvifer; sr: Sensillar row of the 2nd valvifer; st1: Sawtooth of the 1st valvula; st2: Sawtooth of the 2nd valvula; t-m-d-T9-2vf-a: Tendon

of the dorsal 2nd valvifer-T9 muscle part a; T9: Female T9 (9th abdominal tergum); tva: Tergo-valvifer articulation
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Fig. 3 (See legend on previous page.)

fluids during oviposition. The diameter of the terebra is
even along its length (Fig. 4c; Additional file 3) between
the broad basal bulbs (Figs. 3g, h and 4a,b) and the dis-
tally tapering apex (Figs. 3a and 4d, i, k). The rhachises
(rh; Figs. 3c and 4g) on the ventral side of the 2nd valvula
are interlocked with the aulaces (au; Figs. 3a, b and 4g, i,
k) on the dorsal side of the opposing 1st valvulae via the

olistheter system (oth; Fig. 4c); this enables the 1st val-
vulae to move along the 2nd valvulae while they are still
connected to each other. The olistheters of L. distinguen-
dus does not extend along the entire length of the ter-
ebra but end around 50 um before its apex (Fig. 3a). The
distally directed scale-like structures on the contact sur-
faces of both the rhachises and the aulaces (sc; Fig. 3b, c)
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presumably reduce frictional forces by minimizing the
contact area of the olistheter elements [88]. However,
these scale-likes structures potentially also forward a
liquid lubricant from the colleterial glands (= accessory
glands) to the apex of the olistheter system further to
reduce friction in between the moving valvulae (cf. [89]).
This arrangement might also enable particles to be con-
tinuously flushed out the olistheter system during drilling
or venom injection. The scale-like structures might addi-
tionally create anisotropic conditions in the olistheter
and thus prevent the 1st valvulae from randomly sliding
back during drilling and piercing (cf. [31]). The longitu-
dinally split and asymmetrically overlapping halves of
the 2nd valvula presumably allow lateral sliding to occur
towards or away from each other. Moreover, the rachises
of L. distinguendus are suspended from lamellar struc-
tures of the ventral wall of the 2nd valvula (vw2; Fig. 4b,
c) over their entire length, except for the apex (Fig. 4d).
Thus, both the 1st and 2nd valvulae, which are connected
via the olistheter system, are presumably movable in their
position and may diverge tangentially. Moreover, the dor-
sally thickened walls of the 1st valvulae can be bent away
from the midline and, in doing so, can take up the ventral
membranous slack, further increasing the volume inside.
This is thought to be an adaptation in several chalcidoid
taxa to facilitate deformation of the terebra and tempo-
rarily to enlargement of the egg canal (ec; Fig. 4c), which
is mainly formed by the two paired 1st valvulae, in order
to accommodate the passing egg [39]. The olistheter sys-
tem thereby must sustain the forces exerted by the egg
[62, 71]. However, the maximal diameter of the apical
half of the terebra is limited by the diameter of the punc-
ture site in the substrate during oviposition. The areas of
the rhachises at the basal bulbous part of the 2nd valvula
presumably are also flexible (purple areas of the cuticle
in Fig. 4a, b presumably indicating a higher resilin con-
tent). The internal microsculpture of the medial wall of
the egg canal consists of distally orientated leaf-like cte-
nidia (ct; Fig. 3¢, h) that contain large amounts of resilin
(ct; Fig. 3h; Additional file 2, min. 0:05-0:20) and are
found from the proximal basis to the region before the
apex. The ctenidia help to push the deformable egg along
the egg canal by alternate movements of the 1st valvulae,

(See figure on next page.)
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prevent regression [71, 88] and are also hypothesized to
forward a liquid lubricant for the moving valvulae and
thus to reduce friction [88, 90] and/or to produce a feed-
ing tube. Both the 1st and 2nd valvulae have tapered
apices. The terebra apex in many hymenopteran taxa is
heavily sclerotized and hardened with metal atoms, such
as calcium (Ca), manganese (Mn) and zinc (Zn). This
enables the piercing of hard substrates, reduces wear and
tear and prevents buckling [15, 62, 81, 91-94].

3rd valvula (3vv; Figs. 3a, 4d and 6a-d): The rela-
tively short semi-tubular 3rd valvula of L. distinguendus
emerges at the posterior end of the 2nd valvifer (Fig. 6a—
d) and ensheaths and protects the distal part of the
terebra when at rest (Fig. 4d). The distally directed micro-
setae on the medial surface of the 3rd valvula (Fig. 3a)
are thought to be involved in the cleaning of the terebra
between oviposition episodes [16, 83]. The 3rd valvula
might also have a sensory function [27].

1st valvifer (1vf; Figs. 3d and 6a—d, i, j): The 1st valvi-
fer of L. distinguendus and other chalcidoids is bow-
shaped [17, 19-25, 35-37]. The anteroventral angle of
the 1st valvifer features a horizontal ridge, which has
a medial-lateral orientation (Fig. 6i) and which is part
of the tergo-valvifer articulation (tva; Figs. 3d and 6b, i,
j). The posteroventral corner of the 1st valvifer is bifur-
cated (Fig. 6i) and is part of the intervalvifer articulation
(iva; Figs. 3d, g and 6b, i, j). The interarticular ridge (iar;
Fig. 6i) lies between the two articulations and might serve
mechanically to stabilize the 1st valvifer. The anterodor-
sal angle of the 1st valvifer is continuous with the dorsal
ramus of the 1st valvula (dr1; Figs. 3d, e, g, 5a, ¢, d, and 6c,
j), which is interlocked with the dorsal projection of the
2nd valvifer (dp2; Fig. 5c, d; cf. [31]) by a system analogous
to the olistheter. This tight interlocking guides the dorsal
ramus and prevents it from buckling when pushing forces
are applied during the protraction of the 1st valvula. Since
the dorsal ramus constantly slides around the proximal
bulbous end of the 2nd valvula during pro- and retraction,
the ramus needs to be flexible in the sagittal plane and
thus presumably contains high proportions of the elastic
rubber-like protein resilin in its cuticle (cf. [95-98]).

2nd valvifer (2vf; Figs. 3d, 4a—c, 5a, ¢, d and 6a—d, f):
The 2nd valvifer is elongated and its posterior part is

Fig. 4 Terebra of Lariophagus distinguendus. a-d Light microscopical images of semithin cross sections through the terebra (from proximal to distal;
scale bar in d applies to all light micrographs; positions of the sections are indicated in Fig. 6¢; cf. Additional file 3). The bulbs and the laminated
bridge are visible proximally. The 2nd valvula is connected with the paired 1st valvulae via the olistheter system. e~k TEM images of the terebra

of L. distinguendus. The cuticle of the valvulae is remarkably homogenous. e Parts of the laminated bridge on the proximal part of the 2nd valvula
(cf. a). f Notal membrane (cf. ¢). g Olistheter system comprising the rhachis of the 1sr valvula and the aulax of the 2nd valvula. h—-k Apical part

of the terebra. The olistheter-like interlock of the 1st valvulae on their dorsomedial surfaces (h, I, k) and the coeloconic sensillum at the apical end
of one aulax are visible (j; for overview image, cf. Fig. 3a). Abbreviations: Tvv: 1st valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; 3vv: 3rd valvula; au:

Aulax; blb: Bulb; cs: Coeloconic sensillum; den: Dendrite; ec: Egg canal; il1: Interlock of the 1st valvulae; Ib: Laminated bridge; le: Lateral extensions

of the 2nd valvula; lu2: Lumen of the 2nd valvula; m-1vf-gm: 1st valvifer-genital membrane muscle; nm: Notal membrane; oth: Olistheter; rh:
Rhachis; st2: Sawtooth of the 2nd valvula; vw2: Ventral wall of the 2nd valvula
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Fig. 4 (Seelegend on previous page.)

placed medially of the female T9 (Fig. 6b). A conjunc- above the 2nd valvula. The anterior part of the 2nd valvi-
tive, called the genital membrane (not shown), connects  fer of L. distinguendus extends dorsally in a semi-circular
the ventral margins of the paired 2nd valvifers arching shape and dorsally bears the dorsal projection of the 2nd
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Fig. 5 Ovipositor muscles supporting the venom and reproductive system of Lariophagus distinguendus. a-c SR-uCT images of a virtual slices
through the anterior part of the ovipositor (a,b sagittal view, left is anterior, ¢ transversal view) highlighting the muscles supporting the venom

and reproductive system, the venom gland reservoir and its orifice, the Dufour’s gland and its duct, and the common oviduct (the colour labels
correspond to Fig. 6 and Additional file 4). d Light microscopical image of a semithin cross section through the ovipositor. The ventral 2nd
valvifer-venom gland reservoir muscle with its Z lines is clearly visible. Abbreviations: Tvv: 1st valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; co: Common
oviduct; Dg: Dufour’s gland; Dgd: Dufour’s gland duct; dp2: Dorsal projection of the 2nd valvifer; dr1: Dorsal ramus of the 1st valvula; Ib: Laminated
bridge; m-d-2vf-vr: Dorsal 2nd valvifer-venom gland reservoir muscle; m-v-2vf-vr: Ventral 2nd valvifer-venom gland reservoir muscle; m-v-2vf-vr-a:
Ventral 2nd valvifer-venom gland reservoir muscle part a; m-v-2vf-vr-b: Ventral 2nd valvifer-venom gland reservoir muscle part b; ovr: orifice

of the venom gland reservoir; vr: Venom gland reservoir of the 2nd valvifer

valvifer (dp2; Fig. 5c, d), which is interlocked with the
dorsal ramus of the 1st valvula via an interlocking sys-
tem similar to the olistheter (cf. [31]). At its posterodorsal
end and posterior to its medial ridge (mr2; Fig. 6f), the
anterior part of the 2nd valvifer features the post-ramus
flap (prf; Figs. 3d and 6b; sensu [22]), on which the dor-
sal projection continues, thus allowing a greater arc
of movement of the 1st valvifer and therefore a greater
retraction of the 1st valvula. The 2nd valvifer features
two sensillar patches: (1) the sensillar patch (sp; Fig. 3d)
located anteroventrally to the intervalvifer articulation
(iva; Figs. 3d, g and 6b, i, j) and (2) the row of sensilla (sr;
Fig. 3e) on the dorsal margin of the 2nd valvifer. These
two sensillar patches are in contact with the ventrome-
dial side of the 1st valvifer and the dorsal ramus of the
1st valvula, respectively, and probably monitor the move-
ments of the 1st valvula indirectly. The dorsal margins
and the dorsal flanges are strengthened by cuticular
ridges that putatively have a stabilizing function and pre-
vent deformation (i.a. at the intervalvifer articulation).
The posterodorsal ends of the 2nd valvifers are connected
by the median bridge (mb2; Fig. 6¢). The venom gland

reservoir (vr; Fig. 5a, b; Additional file 2, min. 0:37-0:52;
Additional file 4, min. 0:24—0:31; = acid gland reservoir
sensu [19-25, 73]) is situated in between the 2nd valvifers
with its proximal end lying near the base of the terebra.
The Dufour’s gland (Dg; Fig. 5a; Additional file 4, min.
0:21-0:31; = alkaline gland sensu [19-25, 73]) is situated
dorsolaterally to the venom gland reservoir (cf. [77, 79]).

Female T9 (T9; Figs. 3d and 6a—d): The female T9 of
L. distinguendus is U-shaped and situated lateral to the
posterior part of the 2nd valvifers (Fig. 6b). Its elongated
anteriorly projecting arms articulate with the 1st valv-
ifers via the tergo-valvifer articulations (tva; Figs. 3d and
6b, i, j). The cordate apodeme (not shown) on the ante-
rior margin of the female T9 is located posterior to the
articulation. The dorsal margins are strengthened by the
anterior flange of T9, which presumably mechanically
stabilizes the female T9 during oviposition. Medially, the
anterior flange of T9 bifurcates and forms a dorsomedial
crest-like ridge that runs almost the entire length of the
female T9. This ridge serves as a muscle attachment area
both medially and laterally and presumably increases the
mechanical stability of the female T9.



Eggs et al. Frontiers in Zoology (2023) 20:26

Articulations of the musculoskeletal ovipositor system

Basal articulation (ba; Figs. 3h and 6f): The two articu-
lar surfaces of this ball-and-socket-like articulation are
located on the socket-like pars articularis of the antero-
ventral part of the 2nd valvifer and the ball-like processus
articulated laterally on the bulb of the 2nd valvula. This
rotational joint presumably also allows some pivotal and
rotational movements of the 2nd valvula and thus of the
whole terebra.

Intervalvifer articulation (iva; Figs. 3d, g and 6b, i, j):
The 1st and 2nd valvifer are connected via the intervalvi-
fer articulation, a rotational joint that allows a rotation of
the 1st valvifer in the sagittal plane only [32]. This articu-
lation consists of the bifurcated posteroventral corner of
the 1st valvifer (iva; Fig. 6i), which encloses the articula-
tion site at the 2nd valvifer. Thereby, one furcal structure
of the 1st valvifer is placed medially and one laterally to
the 2nd valvifer.

Tergo-valvifer articulation (tva; Figs. 3d and 6b, i,
j): The 1st valvifer lies adjacent to the female T9 via the
tergo-valvifer articulation, which is situated dorsally to
the intervalvifer articulation. It is a rotational joint that
allows the 1st valvifer to rotate in the sagittal plane only
[32]. This articulation consists of a horizontal ridge at the
1st valvifer (tva; Fig. 6i) and a corresponding counterpart
at the female T9 situated near the cordate apodeme.

(See figure on next page.)
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Ovipositor muscles

In total, nine paired ovipositor muscles have been iden-
tified that drive and actuate the associated skeletal
apparatus (Table 1). Three of these muscles (i.e. the 1st
valvifer-genital membrane muscle, the ventral 2nd valv-
ifer-venom gland reservoir muscle and the T9-genital
membrane muscle) are described here for the first time
in chalcidoids.

1st valvifer-genital membrane muscle (m-1vf-gm;
Figs. 4c and 6d, e, f): This muscle is the only muscle of
the 1st valvifer. It originates at the medial surface of the
posteroventral part of the 1st valvifer, i.e. at the centre
between the tergo-valvifer and the intervalvifer articula-
tion (Fig. 6c¢, d, f), and inserts anteriorly on the genital
membrane (Fig. 4c). We here describe the m-1vf-gm for
the first time in Chalcidoidea. Previous authors (e.g. [17,
19-25, 36]) might have overlooked its presence because
of to its minute size.

Dorsal 2nd valvifer-venom gland reservoir mus-
cle (m-d-2vf-vr; Figs. 5a—c and 6d, e, f): This muscle
originates at the medial surface of the most anterior part
of the 2nd valvifer (Fig. 6¢c—f) and inserts dorsally at the
anterior part of the venom gland reservoir (Fig. 5a, b),
which is located ventrally of the common oviduct. Most
previous authors (e.g. [17, 19-25]) have overlooked the
presence of this muscle; it was only mentioned by [73].

Fig. 6 Musculoskeletal ovipositor system of Lariophagus distinguendus. Segmented 3D model based on SR-uCT data (perspective view;

only the left side of the paired ovipositor elements are depicted; cf. Additional file 4). a Orientation of the ovipositor within the metasoma (lateral
view, left is anterior; the metasoma is semi-transparent). b—e Cuticular elements, articulations and muscles of the ovipositor (b lateral view, left

is anterior; ¢ dorsal view, left is posterior, positions of sections in Fig. 4a—d are indicated here; d medial view, left is posterior; e frontal view).

The ovipositor consists of the following cuticular structures (b): 1st valvifer, 1st valvula, 2nd valvifer, 2nd valvula, 3rd valvula and female T9 (9th
abdominal tergum). The 1st valvifer is articulated with the 2nd valvifer and the female T9 via the intervalvifer and the tergo-valvifer articulation,
respectively (b). It is continuous with the dorsal ramus of the 1st valvula (c). The 1st and 2nd valvulae form the terebra (1st and 2nd valvulae are
not distinguished here). The various ovipositor movements are actuated by a set of nine muscles (d): 1st valvifer-genital membrane muscle,
dorsal 2nd valvifer-venom gland reservoir muscle, ventral 2nd valvifer-venom gland reservoir muscle part a/b, anterior 2nd valvifer-2nd valvula
muscle, posterior 2nd valvifer-2nd valvula muscle, dorsal T9-2nd valvifer muscle part a/b, ventral T9-2nd valvifer muscle, posterior T9-2nd valvifer
muscle and T9-genital membrane muscle. f Anterior part of the ovipositor (dorsomedial view, left is posterior) highlighting the basal articulation
and the three muscles connected to the venom gland reservoir. g Base of the terebra featuring the laterally placed bulbs, the laminated bridge
and the insertion sites of the anterior and posterior 2nd valvifer-2nd valvula-muscles (i.e. the processus articularis and the processus musculares,
respectively) and their orientation (left is anterior; g lateral view, h dorsal view). i Ventral part of the 1st valvifer (posterior view) highlighting

the bifurcated posteroventral corner forming one part of the intervalvifer articulation, and the horizontal ridge that is part of the tergo-valvifer
articulation. j 1st valvifer (lateral view, left is anterior) with dorsal ramus of the 1st valvula. Acting muscle forces are visualized by solid red arrows.
Under the simplified assumption that the 2nd valvifer, which acts as the frame of reference, and the female T9 are guided and cannot twist

but only slide towards or against each other along the anterior—posterior axis, the input force vectors F | 4o ovfg-in @ Fiyy.yT9-2vf9-in Ct IN the same
plane only at the tergo-valvifer articulation. The distance between the tergo-valvifer articulation (where the force is applied) and the intervalvifer
articulation (pivot point/joint axis) is the anatomical inlever a, the effective (=mechanical) inlever is &', for torques, see equations (egs.) 1, 2. The
1st valvifer acts as a lever with the anatomical outlever b being the distance between the intervalvifer articulation and the point at which the 1st
valvifer continues as dorsal ramus of the 1st valvula, the effective outlever is b, resulting in pro- or retraction forces at the dorsal ramus of the 1st
valvula F;, g 1o9ovour 3N Frotoavtoun SEE €05. 3, 4. Abbreviations: 1vf: 1st valvifer; Tvv: Tst valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; 3vv: 3rd valvula;
ba: Basal articulation; blb: Bulb; dr1: Dorsal ramus of the 1st valvula; F: Force; F,: Horizontal vector component of a force; iar: Interarticular ridge
of the 1st valvifer; iva: Intervalvifer articulation; Ib: Laminated bridge; m-1vf-gm: 1st valvifer-genital membrane muscle; m-a-2vf-2vv: Anterior 2nd
valvifer-2nd valvula muscle; m-d-2vf-vr: Dorsal 2nd valvifer-venom gland reservoir muscle; m-d-T9-2vf-a: Dorsal T9-2nd valvifer muscle part a;
m-d-T9-2vf-b: Dorsal T9-2nd valvifer muscle part b; m-p-2vf-2vv: Posterior 2nd valvifer-2nd valvula muscle; m-p-T9-2vf: Posterior T9-2nd valvifer
muscle; m-T9-gm: T9-genital membrane muscle; m-v-2vf-vr-a: Ventral 2nd valvifer-venom gland reservoir muscle part a; m-v-2vf-vr-b: Ventral 2nd
valvifer-venom gland reservoir muscle part b; m-v-T9-2vf: Ventral T9-2nd valvifer muscle; mb2: Median bridge of the 2nd valvifers; me: Metasoma;
mr2: Medial ridge of the 2nd valvifer; prf: Post-ramus flap; T9: Female T9 (9th abdominal tergum): tva: Tergo-valvifer articulation; trb: Terebra
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Fig. 6 (Seelegend on previous page.)

Ventral 2nd valvifer-venom gland reservoir mus-
cle (m-v-2vf-vr-a/b; Figs. 5a, ¢, d and 6d-f): This mus-
cle forms two distinct bundles. Its anterodorsal part
(m-v-2vf-vr-a) originates at the medial surface of the
most anterior part of the 2nd valvifer, ventrally to the
origin region of the dorsal 2nd valvifer-venom gland
reservoir muscle (Fig. 6d—f), and inserts laterally at the
orifice the venom gland reservoir (Fig. 5¢, d). The other
part (m-v-2vf-vr-b) originates at the medial surface of
the anterior part of the 2nd valvifer, posteroventrally to
the origin region of part a (Fig. 6d—f), and inserts later-
ally at the orifice of the venom gland reservoir, ventrally
to the insertion of part a and shortly before the orifice of

m-v-2vf-vr-a

m-1vf-gm — === - TR ba

m-p-2vf-2vv
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the venom gland reservoir enters the common oviduct
(Fig. 5¢, d). To our knowledge, this muscle has also not
yet been described in chalcidoids (but see [99-101] for
the description of a similar set of muscles in ants).
Anterior 2nd valvifer-2nd valvula muscle (m-a-2vf-
2vv; Fig. 6d, £, g, h): This muscle originates at the medial
region along the anterodorsal arch of the 2nd valvifer
(Fig. 6¢, d) and inserts at the processus articularis, located
laterally on the bulbs of the 2nd valvula (Fig. 6f—h).
Posterior 2nd valvifer-2nd valvula muscle (m-p-2vf-
2vv; Fig. 6d, £, g, h): This muscle originates at the medial
region along the ventral part of the 2nd valvifer (Fig. 6c,
d) and inserts at the processus musculares, located
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dorsally on the anteriorly directed horn-like processes of
the bulbs of the 2nd valvula (Fig. 6f-h).

Dorsal T9-2nd valvifer muscle (m-d-T9-2vf-a/b;
Fig. 6d): This muscle is modified in its insertion and
forms two distinct muscle bundles. One part of this mus-
cle (m-d-T9-2vf-a) originates at the lateral region along
the posterodorsal part of the female T9, i.e. laterally along
its dorsomedial ridge (Fig. 6a—d), and inserts at the ante-
rior section of the dorsal flange of the 2nd valvifer, pos-
terior to its medial ridge (Fig. 6¢, d, f). The other part
(m-d-T9-2vf-b) originates at the medial region along the
posterodorsal part of the female T9, i.e. ventromedially to
its dorsomedial ridge (Fig. 6¢c, d), and inserts at the ante-
rior section of the dorsal flange of the 2nd valvifer via a
tendon (t-m-d-T9-2vf-a; Fig. 3g), located ventrally to the
insertion region of m-d-T9-2vf-a (Fig. 6¢, d).

Ventral T9-2nd valvifer muscle (m-v-T9-2vf; Fig. 6d):
This muscle originates at the cordate apodeme, which
is located at the anterior margin of the female T9, pos-
teriorly to the tergo-valvifer articulation (Fig. 6¢, d), and
inserts at the medial surface along the posterior section
of the dorsal flange of the 2nd valvifer (Fig. 6c, d).

Posterior T9-2nd valvifer muscle (m-p-T9-2vf; Fig. 6d):
This muscle originates at the medial surface of the postero-
dorsal part of the female T9 (Fig. 6¢, d) and inserts at the
median bridge of the 2nd valvifers. Previous studies on the
chalcidoid ovipositor [17, 19-25] report only one muscle
originating in the posterior region of the female T9. The
authors presumably were unable to distinguish this muscle
from the T9-genital membrane muscle described below.

T9-genital membrane muscle (m-T9-gm; Fig. 6d):
This muscle originates at the medial surface of the pos-
terodorsal part of the female T9, dorsally of the origin
region of the posterior T9-2nd valvifer muscle (Fig. 6c, d),
and inserts posteriorly at the genital membrane. We here
describe the m-T9-gm for the first time in Chalcidoidea.

Mechanics and mode of function of the ovipositor system
The set of nine paired ovipositor muscles in L. dis-
tinguendus comprises two pairs of two antagonistically
working muscles that are mainly responsible for the vari-
ous ovipositor movements, three muscles stabilizing the
musculoskeletal system, and two muscles related to the
function of the venom gland reservoir (Table 1).
Depression and elevation of the terebra: The 2nd val-
vula is connected with the 2nd valvifer by a rotational joint
called the basal articulation (ba; Figs. 3h, 6f and 7a). Two
muscles (m-a-2vf-2vv, m-p-2vf-2vv) insert at the bulbous
region around this articulation. The insertion region of
the posterior 2nd valvifer-2nd valvula muscle (m-p-2vf-
2vv; Fig. 6f-h) at the 2nd valvula is located dorsal of the
basal articulation, whereas its region of origin at the 2nd
valvifer is located posteroventral to it (Fig. 6¢, d). Taxa
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from other superfamilies use the m-p-2vf-2vv to depress
their terebra towards an active probing position (e.g. Ich-
neumonoidea [31, 32]). However, female L. distinguendus
have never been observed to depress their terebra in such
a manner. Instead, these wasps bend their whole meta-
soma downwards to bring their terebra into the drilling
position. Once the apex of the terebra is engaged in the
substrate, the metasoma is lifted upwards again, while the
terebra remains in its depressed position (Fig. 2b—d; Addi-
tional file 1, min. 0:06—0:11; cf. [45, 47]). This behaviour
has also been reported for other pteromalids [40, 46] and
species of Torymidae [23], Eurytomidae [21], Encyrtidae
(data not yet published) and Eulophidae [19]. Therefore,
in pteromalids (and possibly also in other chalcidoid taxa),
we assume that the m-p-2vf-2vv is adapted in its function
(see paragraph ‘Rotation of the terebra’ of the subchapter
‘Mechanisms of terebra bending and rotation’ below). Dur-
ing this indirect depression of the terebra, the bulbs of the
2nd valvula might be pulled out of the socket-like anterior
ends of the 2nd valvifer ventrally by pushing them slightly
apart, resulting in a slight translation of the pivot point
(= joint axis or fulcrum) of the basal articulation (cf. [32]).
The insertion region of the anterior 2nd valvifer-2nd val-
vula muscle (m-a-2vf-2vv; Fig. 6f-h) at the 2nd valvula is
situated posteroventrally of both the basal articulation and
the insertion region of m-p-2vf-2vv, whereas its origin at
the 2nd valvifer is located posterodorsally of this articula-
tion (Fig. 6c, d). After an oviposition attempt, the terebra
is withdrawn from the substrate. Since slender structures
such as the terebra can support much higher tensile than
compressive stresses, the withdrawal does not damage it
[62]. A contraction of the anterior 2nd valvifer-2nd valvula
muscle (F,,_, ov.0n Fig. 7a) presumably initiates the eleva-
tion of the terebra (arrow 9; Fig. 7a; Table 1). The passive
rebound of the bulbs of the 2nd valvula into the socket-like
anterior ends of the 2nd valvifer presumably further sup-
ports the elevation of the terebra passively and helps to sta-
bilize it in its resting position (cf. elevation of the terebra
in ceraphronoids, which completely lack the m-a-2vf-2vv
[102]). The anatomical cluster comprising the 2nd valvifer,
the 2nd valvula and the two muscles connecting them is
a simple mechanical system in which the 2nd valvula is a
two-armed class 1 lever, whereby the effective (= mechani-
cal) inlever arm and the joint angle (attachment angle) of
m-a-2vf-2vv change over the range of motion (cf. [31]).
Pro- and retraction of the 1st valvulae: Three mus-
cles (m-d-T9-2vf, m-v-T9-2vf, m-p-T9-2vf) connect the
2nd valvifer with the female T9. Both of these cuticu-
lar structures are connected with the 1st valvifer via the
intervalvifer articulation and the tergo-valvifer articu-
lation (iva/tva; Figs. 3d, 6b, i, j and 7a), respectively. The
insertion region of both parts of the dorsal T9-2nd valvi-
fer muscle (m-d-T9-2vf-a/b; Fig. 6¢, d) at the 2nd valvifer



Eggs et al. Frontiers in Zoology (2023) 20:26

are situated anterodorsally, whereas their regions of ori-
gin at the female T9 are located posterodorsally of both
articulations (Fig. 6¢, d). A simultaneous contraction of
m-d-T9-2vf-a and m-d-T9-2vf-b (summarized as F,, 4 1o.
o Fig. 7a) slides the 2nd valvifer posteriorly with respect
to the female T9 (arrow 1; Fig. 7a). This causes the 1st
valvifer to tilt anteriorly (arrow 2; Fig. 7a), because it is
articulated with both the 2nd valvifer and the female T9
via rotational joints. The 1st valvifer acts as a lever that
transforms its tilting movement to the dorsal ramus of the
1st valvula (arrow 3; Fig. 7a). Its tight interlocking with
the dorsal projection of the 2nd valvifer prevents it from
buckling and transmits the movements to the apex of the
1st valvula, causing it to slide distally relative to the 2nd
valvula, i.e. to protract (arrow 4; Fig. 7a; Table 1). In the
active probing position, the dorsal ramus is less curved,
which presumably reduces friction [32]. The region of ori-
gin of the antagonistically acting ventral T9-2nd valvifer
muscle at the female T9 (m-v-T9-2vf; Fig. 6¢, d) is situated
posterodorsally near the intervalvifer articulation and
posterior to the tergo-valvifer articulation, whereas its

(See figure on next page.)
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insertion region at the 2nd valvifer is located posteroven-
trally of both these articulations (Fig. 6¢, d). Its contrac-
tion (F,_, o.9,¢ Fig. 7a) slides the 2nd valvifer anteriorly
with respect to the female T9 (arrow 5; Fig. 7a), thus indi-
rectly causing the 1st valvifer to tilt posteriorly (arrow
6; Fig. 7a) and the 1st valvula to slide proximally rela-
tive to the 2nd valvula, i.e. to retract (arrows 7, 8; Fig. 7a;
Table 1). The vibration-like rapid reciprocal alternate
pro- and retracting movements of the 1st valvulae are cru-
cial for drilling and precise egg laying (Fig. 2m-p; Addi-
tional file 1, min. 1:11-1:35, 1:56-2:22, 3:36—4:00; cf. [32,
44, 47]). The following assumptions have been made for
a simplified estimation of the torques (M) exerted by the
forces of the dorsal and ventral T9-2nd valvifer muscles
(F-q-19-2vf Frny-To-2ve Fig. 7a): (1) The 2nd valvifer acts as
the frame of reference; therefore, the intervalvifer articu-
lation (iva; Figs. 6i, j and 7a) acts as a pivot point around
which the 1st valvifer tilts; (2) the movements of 2nd
valvifer and the female T9 are constrained by the mus-
culoskeletal system and cannot twist around the articula-
tions but only slide telescopically towards or against each

Fig. 7 Mechanisms driving the various ovipositor movements of Lariophagus distinguendus, and the importance of the terebra movements
during the oviposition process. a—c Functional model of the mechanisms driving the various ovipositor movements in the resting and the active
probing position (only the left side of the paired ovipositor elements are depicted; not to scale). Acting (input) muscle forces are visualized by solid
red arrows and resulting (output) movements by solid black arrows. a Mechanism of the tilting movement of the 1st valvifer and the resulting
pro- and retraction of the 1st valvulae (lateral view, left is anterior). Only the two pairs of antagonistically working muscles that are responsible

for these movements (m-a-2vf-2vv/m-p-2vf-2vv and m-d-T9-2vf/m-v-T9-2vf) are represented in simplified terms. The muscles stabilizing

the ovipositor system (m-1vf-gm; m-p-T9-2vf; m-T9-gm) and those supporting the venom and reproductive systems (m-d-2vf-vr; m-v-2vf-vr) are
not shown. Contraction of (both parts of) m-d-T9-2vf (F., 41q.,.¢) Slides the 2nd valvifer posteriorly and the female T9 anteriorly towards each other
(arrow 1), thus indirectly causing the 1st valvifer to tilt anteriorly (arrow 2). This is possible because the 1st valvifer is articulated with both the

2nd valvifer and the female T9 via the intervalvifer and tergo-valvifer articulation, respectively. The 1st valvifer thereby functions as a lever arm

that transmits the movement to the dorsal ramus of the 1st valvula (arrow 3) and consequently causes a protraction of the 1st valvula (arrow

4). M-p-T9-2vf and m-T9-gm thereby presumably stabilize the system by holding the 2nd valvifer and the female T9 in position and preventing
them from rotating around the articulations. Contraction of m-v-T9-2vf (F ..., 7.5, slides the 2nd valvifer anteriorly and the female T9 posteriorly
apart from each other (arrow 5), thus causing the 1st valvifer to tilt posteriorly (arrow 6). This movement is transmitted via the dorsal ramus

of the Tst valvula (arrow 7) and consequently causes its retraction (arrow 8). When the terebra is withdrawn from the substrate, a contraction

of the m-a-2vf-2wv (F,

m—a—va—Zvv)

presumably causes the bulbs to pivot posteriorly around the basal articulation, thus elevating the 2nd valvula

and therefore the whole terebra back into its resting position (arrow 9). b, ¢ Mechanisms of the bending and rotational movements of the terebra
(b lateral view, left is anterior; ¢ dorsal view; schematic drawing of wasp in lateral view). During oviposition, a contraction of m-a-2vf-2vv
cannot elevate the terebra back towards its resting position (as described in other hymenopteran taxa), because the terebra is anchored

at the puncture site in the substrate. In this situation, a contraction of one of the paired m-a-2vf-2vv (F,

m-aviaw) N the active probing position pulls

the corresponding bulb and thus one half of the longitudinally split and asymmetrically overlapping 2nd valvula dorsad along its longitudinal
axis (arrow 10) because of the orientation of the muscle and the resulting direction of the force vector. Since the halves of the 2nd valvula are
fused at the apex, this movement causes the distal part of the terebra (i.e. the part inside the cavity in the substrate) to bend to the left or right:
a contraction of the left m-a-2vf-2vv causes the 2nd valvula and thus the whole terebra to bend to the left (arrow 11), a contraction of the right

m-a-2vf-2vv causes a bend to the right. In addition, a contraction of one of the m-p-2vf-2wv (F_ . ¢5,,) in the active probing position presumably
causes the 2nd valvula and thus the whole terebra to rotate back and forth at the basal articulation along its longitudinal axis to a certain degree:

a contraction of the left m-p-2vf-2vv causes the 2nd valvula and thus the whole terebra to rotate anti-clockwise when viewed from the dorsal side
(arrow 12), whereas a contraction of the right m-p-2vf-2vv results in a clockwise rotation (cf. Additional file 1). Contractions of the m-a-2vf-2vv might
support these rotational movements. The rotation allows the bending movements to take effect in different directions. d Timeline of the oviposition
process of an idiobiont ectoparasitoid wasp highlighting the importance of terebra movements during the various stages (stages in parenthesis

do not occur in L. distinguendus; stages with * do not occur in all parasitoid lifestyles but are particularly notable in idiobiont ectoparasitoids).
Abbreviations: 1vf: 1st valvifer; 1Tvv: Tst valvula; 2vf: 2nd valvifer; 2vv: 2nd valvula; 3vv: 3rd valvula; ba: Basal articulation; dr1: Dorsal ramus of the 1st
valvula; F: Force; iva: Intervalvifer articulation; m-a-2vf-2vv: Anterior 2nd valvifer-2nd valvula muscle; m-d-T9-2vf: Dorsal T9-2nd valvifer muscle;
m-p-2vf-2vv: Posterior 2nd valvifer-2nd valvula muscle; m-v-T9-2vf: Ventral T9-2nd valvifer muscle; T9: Female T9 (9th abdominal tergum); tva:
Tergo-valvifer articulation; trb: Terebra
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Fig. 7 (Seelegend on previous page.)

other along the anterior—posterior axis; and (3) frictional
forces in the system can be neglected. In reality, all cuticu-
lar elements can move relatively to each other. However,
under these assumptions, the horizontal force vector
components acting in the anterior—posterior axis (F,,_ 4.ro.
ovi)-in/ Fmov-To-2vi)-ins Fig- 6j) act at the 1st valvifer at the
tergo-valvifer articulation (tva; Figs. 6i, j and 7a). There-
fore, the torques (M) of F,,,_4.r9.ov¢ a0d F, _, 9.0, that act at
the intervalvifer articulation in the resting position can be
estimated by using the horizontal vector components (F,,.
4-T9-2v60)-in/ Fnv-T9-2vf0-ins Fig- 6j) of the maximum force
of a muscle, the length of the anatomical inlever arm (a;
Fig. 6j), i.e. the distance between the intervalvifer and the
tergo-valvifer articulation, and the joint angle (a; Fig. 6j)
according to the equations:

Min-d-19-2vf = Fin-d-T9-2vf(x)-in * @ - SIN(a0) (1)

Mm-v-T9-2vf = Fm-v-T9-2vf(x)-in -a - sin(a) 2)

The 1st valvifer acts as a one-armed class 3 lever (force
arm smaller than load arm) with the anatomical inlever

(a; Fig. 6j) and the anatomical outlever (b; Fig. 6j), the lat-
ter being the distance between the intervalvifer articula-
tion and the point at which the 1st valvifer continues as
dorsal ramus of the 1st valvula (arrowhead; Fig. 6j). The
resulting pro- and retracting forces at the dorsal ramus of
the 1st valvula (F,,_g.19.2vt-out/ Fm-v-To-2vf-ouss Fig- 6j) can be
estimated using the horizontal vector components (F,, 4.
T9-2vf(x)-in! Fn-v-T9-2v(x)-ins Fig- 6j) Of the forces acting on the
1st valvifer at the tergo-valvifer articulation, the length of
the effective inlever arm (2’ = a - sin(a); Fig. 6j) and the
effective outlever arm (b’ = b - sin(f); Fig. 6j) according to
the equations:

F-d-19-2vf-out = (Fm-d-T9-2vf(x)-in * ') / b’ (3)

Fm-v-T9-2vf—0ut = (Fm-V-T9-2vf(x)-in ' a’) / b’ (4)

The shape of the 1st valvifer and the positions of the
intervalvifer and the tergo-valvifer articulations influence
the way that the 1st valvula is moved. A comparatively
high quotient of the effective outlever to the effective
inlever (b’/a’ ratio), as observed in L. distinguendus (and
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other chalcidoid taxa [17, 21-24]), results in a smaller
force output but an increase in the potential maximum
velocity and mechanical deflection, i.e. an increase in the
speed and the movement distance of the 1st valvula [31,
32, 87, 102].

Stabilization of the ovipositor: The small 1st valvifer
genital membrane muscle (m-1vf-gm; Figs. 4c and 6d-f)
presumably acts as a tensor muscle and stabilizes the
1st valvifers when performing the rapid pivoting move-
ments during substrate drilling, host envenomation and
oviposition (Table 1). Additionally, it might also contrib-
ute to bringing the 1st valvula into its aligned configura-
tion [32]. The tension of both the T9-genital membrane
muscle (m-T9-gm; Fig. 6d) and the posterior T9-2nd
valvifer muscle (m-p-T9-2vfv; Fig. 6d) might predomi-
nantly serve the stabilization of the ovipositor during
oviposition by holding the 2nd valvifers and the female
T9 in position and preventing them from rotating around
the articulations (Table 1). M-p-T9-2vf is also hypoth-
esized to provide the 3rd valvulae with a certain degree
of mobility [20, 22]. However, given its insertion on the
median bridge of the 2nd valvifer, this is only possible
if a contraction of this muscle is able to cause an elastic
deformation of the median bridge, which is connected
with the base of the 3rd valvula.

Support of the venom and reproductive system: The
dorsal 2nd valvifer-venom gland reservoir muscle
(m-d-2vf-vr; Figs. 5a—c and 6d-f) inserts dorsally at the
venom gland reservoir. Its contraction presumably sup-
ports the discharge of the secretion from both the venom
gland reservoir and the Dufour’s gland (Table 1; cf. [73,
99, 100, 103]). However, given its medial insertion, it
might also act as a tensor muscle stabilizing the 2nd valv-
ifer during the ovipositor movements. The two parts of
the ventral 2nd valvifer-venom gland reservoir muscle
(m-v-2vf-vr-a/b; Figs. 5a, ¢, d and 6d-f) insert laterally at
the orifice the venom gland reservoir shortly before the
latter enters the common oviduct. A contraction of this
muscle presumably increases the diameter of the orifice,
thereby controlling the venom discharge (Table 1). [35]
described a muscle originating at the medial walls of the
abdominal sternum 7 and inserting at the vagina; this
muscle is postulated to assist in the expulsion of eggs.

Mechanisms of terebra bending and rotation
Various joint-free movement mechanisms have been
described in animals (reviewed in [104]), and a variety of
steering mechanisms, summarized in the following, have
been proposed for the terebra of parasitoid wasps alone
(cf. [62]).

The passive bending of the terebra originates from
mechanical interactions of the inserted terebra with the
surrounding substrate, e.g. the movements of the terebra
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of the fruit-fly parasitoid Diachasmimorpha longicaudata
(Ashmead, 1905) (Braconidae) originate from the interplay
between the surrounding substrate and relative movements
of the valvulae. The relative position of the individual val-
vulae featuring geometrically asymmetric bevelled apices
create various degrees of geometric asymmetry of the tere-
bra apex. Consequently, the asymmetric substrate reaction
forces acting on the apex push it away from a straight path
[44], leading to a passive bending of the terebra, which is
further facilitated by stiffness gradients in the cuticle of the
apical part of the valvulae [105]. The structure and spac-
ing of the ovipositor teeth are also thought to be involved
in the passive bending movements of the terebra within
plant substrates [106]. Passive bending mechanisms of
the terebra are also likely to occur in species of Cynipidae
(‘ovipositor searching’ sensu [107]) and Figitidae [108, 109]
while they search for potential host larvae that live in plant
substrates, and in species of Torymidae [110] and Agaoni-
dae (fig wasps) [81, 106, 111] during the navigation of the
terebra through the plant substrate.

The active bending of the terebra occurs when the
bending moments originate from the relative movements
of the valvulae, actuated by muscles inside the metasoma,
e.g. (1) in species of the Aulacidae and Gasteruptiidae,
abrupt terminal stops of the aulaces or protuberances
in the ventrolateral side of the 2nd valvula interact with
the rhachises or corresponding bosses of the 1st valvu-
lae when the 1st valvulae are protracted and, thus, allow
some dorsal bending of the terebra [42]; (2) in several
species of the Braconidae, pre-apical ‘stop regions’ of
the rhachis (e.g. swollen regions with scale-like sculp-
tures located centrally within a corresponding widened
part of the aulax at rest) increase friction if the 1st val-
vulae are retracted or extended thereby building up ten-
sion and compression and, thus, cause the terebra to
curve because of the bending moment distribution [43]
(cf. slide-lock working principle according to [104]); (3)
in the braconid subfamily Doryctinae, a retraction of the
1st valvula causes the thinned outer walls of the aulaces
to restrain the rhachis that features ancillary teeth, con-
sequently resulting in a ventrad bending movement of
the terebra [43]; (4) in the braconid genus Zaglyptogastra,
the distal part of the terebra is formed into multi-arched
and unevenly sclerotized regions, with the intermodal
arched sections being more heavily sclerotized than the
thinner nodes, and thus the protrusion of the 1st valvu-
lae causes a flattening out of the nodal regions and the
ventral flexing of the terebra [41]; (5) in several species of
the Ichneumonidae, a largely longitudinally divided 2nd
valvula, which is fused only at the apex, might allow the
terebra to bend left or right when one part of the 2nd val-
vula is retracted [27]. In all these active bending mecha-
nisms, the extent of bending movement can be controlled
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by adjustment of the amplitude of pro-/retraction of the
individual valvulae [62]. Most of these parasitoid wasps
are able to bend their terebra both dorso-ventrally and
laterally, since multilateral steering can be achieved by
the interplay of at least three elements [62], or by a rota-
tional movement occurring simultaneously with the
bending movement.

Passive and active bending mechanisms can techni-
cally act simultaneously or sequentially within the same
structure.

During the oviposition process, female L. distinguen-
dus were observed actively to bend their terebra in the air
(i.e. in a cavity within a substrate) in which passive bend-
ing mechanisms can be excluded. The wasps were also
observed to be able to pro- and retract the 1st valvula
simultaneously with the bending movements (Fig. 2i-];
Additional file 1, min. 0:30-1:10, 1:36-1:44, 3:18-3:34)
and independently of the bending state of the 2nd valvula
and thus the whole terebra. The 1st valvulae can be pro-
tracted far forward and be retracted to a certain degree
without significantly changing the bending of the whole
terebra (arrowheads; Fig. 2i, k, m—o). This implies that
the friction forces between the valvulae, i.e. in the olis-
theter system, are low. It further implies that no ‘stop
regions’ or similar significant mechanical interactions
occur between the 1st and 2nd valvulae in L. distinguen-
dus. Despite rigorous searches (with scanning electron
(SEM) and confocal laser scanning microscope (CLSM)),
neither apical ‘stop structures’ in the olistheter nor evi-
dence of a cluster-like occurrence of resilin in the terebra
of L. distinguendus have been found (Additional file 2).
Therefore, we conclude that the active bending mecha-
nisms (1)—(4) mentioned above are not relevant for the
terebra bending movements of L. distinguendus. The
bending mechanisms for lateral and dorso—ventral bend-
ing and the rotation of the terebra of L. distinguendus are
discussed in the following.

Lateral bending of the terebra: During the oviposi-
tion process of L. distinguendus, the terebra is anchored
in the substrate. In this active probing position (Fig. 2a,
c-1), a contraction of the anterior 2nd valvifer-2nd val-
vula muscles cannot elevate the terebra back into the rest-
ing position. In this case, however, a contraction of one of
the m-a-2vf-2vv (F,,_, ovt.ovs Fig. 7b) presumably pulls the
corresponding bulb and thus the longitudinally split and
asymmetrically overlapping 2nd valvula dorsad along its
longitudinal axis (arrow 10; Fig. 7b, c) because of the orien-
tation of the muscle and the resulting direction of the force
vector. Since the two halves of the 2nd valvula are fused at
the apex (Figs. 3a and 4d, i, k), this movement causes the
distal part of the terebra (the part inside the cavity within
the substrate) to bend to the left or right (Fig. 2i-1; Addi-
tional file 1, min. 1:02-1:10, 1:36—1:44): a contraction
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of the left m-a-2vf-2vv causes the 2nd valvula and thus
the whole terebra to bend to the left (arrow 11; Fig. 7b,
¢; Table 1), whereas a contraction of the right m-a-2vf-
2vv causes a bend to the right. The m-a-2vf-2vv in L. dis-
tinguendus is thus adapted to its lateral bending function
of the terebra and no longer serves mainly as its elevator.
Furthermore, in the active probing position, a simultane-
ous contraction of the paired posterior 2nd valvifer 2nd
valvula muscles (Fy, o0, Fig. 7b) could also move the
two overlapping halves of the 2nd valvula tangentially
towards each other. However, the extent to which the
resulting partial deformation of the 2nd valvula potentially
allows local bending needs to be further investigated.

Dorso-ventral bending of the terebra: Female L. dis-
tinguendus can protract their 1st valvulae far beyond the
apex of the 2nd valvula. However, these movements do
not cause a dorsad bending movement of the terebra,
indicating that no structures in the olistheter impede the
movements of the 1st and 2nd valvulae relative to each
other. However, a simultaneous retraction of both the 1st
valvulae has been postulated to place the terebra under
unilateral tension causing the apex to bend ventrad, and
a retraction of a single 1st valvula causing the terebra to
bend ventrad right or ventrad left [22, 25].

Rotation of the terebra: In the active probing posi-
tion with the terebra being anchored in the substrate,
a contraction of one of the posterior 2nd valvifer-2nd
valvula muscles (£, , 5o Fig. 7b) presumably causes
the base of the 2nd valvula and thus the whole terebra
to rotate at the basal articulation along its longitudinal
axis to a certain degree. Even terebra rotations of up to
90° have been observed (Fig. 2n, o; Additional file 1,
min. 1:45-1:54), although such extreme rotations are in
part attributable to movements of the whole metasoma.
Because of the orientation of the muscle in the active
probing position and the resulting direction of the force
vector, a contraction of the left m-p-2vf-2vv causes the
2nd valvula and thus the terebra to rotate anti-clockwise
when viewed from the dorsal side (arrow 12; Fig. 7b, ¢;
Table 1), whereas a contraction of the right m-p-2vf-2vv
causes a rotation in a clockwise direction. Contraction of
the m-a-2vf-2vv might further support these rotational
movements. Alternating contractions of the left and right
m-a-2vf-2vv and m-p-2vf-2vv cause a reciprocal rotation
of the terebra, as can be observed during substrate pene-
tration and drilling (cf. [25, 36, 60]). A rotation occurring
simultaneously with lateral bending movements of the
terebra allows the bending to become effective in vari-
ous directions. The morphological structure of the basal
articulations is well adapted for rotational movements
(cf. [20]). Since the tendon of m-p-2vf-2vv runs over the
curved dorsal side of the bulbous proximal end of the 2nd
valvula, the effective inlever will presumably only change
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little over the range of motion. However, angular changes
have a large impact on the torque that can be generated
(cf. [32]) and on the resulting rotation. This mechanism
of terebra rotation has also been postulated for other
pteromalid [22], chalcidid [36] and aphelinid species [25].

Terebra bending movements in L. distinguendus do not
result from mechanical interactions between the 1st and
2nd valvulae (as postulated for some species of Aulacidae
and Gasteruptiidae [42] and Braconidae [41, 43]). How-
ever, the slide-lock working principle (cf. [104]) is attained
in a different way. The mechanism relevant for terebra
bending in L. distinguendus shows similarities with that
postulated for species of ophioniform Ichneumonidae,
which feature a largely split 2nd valvulae that, like the one
of L. distinguendus, is fused at the apex only [27, 39]. In
these ichneumonid wasps, the pteromalid L. distinguen-
dus and possibly also other chalcidoid taxa (see subchap-
ter ‘Eco-evolutionary significance of terebra movements’
below), the terebra bending is presumably initiated by a
bending of the 2nd valvula solely. The 1st valvulae, which
are connected to it via the olistheter, can thus be pro- and
retracted to a certain degree without significantly chang-
ing the bending state of the 2nd valvula and thus the whole
terebra. This can be advantageous, e.g. for the penetration
of the host larva’s skin for precise oviposition, whereby,
in a bent state of the terebra, often alternating pro- and
retraction movements of the 1st valvulae are required.

Whenever the 2nd valvula is bent in the lateral plane, one
side (and thus also the lateral side of the corresponding 1st
valvula) is under compression, with the opposite side being
under tension. Both the bending and torsional stiffness of
the terebra depend on its geometry, i.e. its cross-sectional
shape (cf. [62]), and its material composition, i.e. chitin
embedded in a protein matrix of variable mechanical prop-
erties (depending on its contents of resilin, arthropodin and
sclerotin). The material stiffness of insect cuticle, expressed
as Young'’s modulus, has previously been estimated to range
between 0.5-20 GPa [60, 81, 112].

Eco-evolutionary significance of terebra movements

The structure of the terebra of Chalcidoidea, featuring a
longitudinally split 2nd valvula with overlapping, asym-
metric halves, is strongly consistent in structure within
families and basically similar across families (with the
exception of the primitive Mymaridae [18, 39], which
recently have been identified as a sister group to all
remaining Chalcidoidea [10, 49]), but is unique among
other superfamilies of parasitoid Hymenoptera [39].
The similar structure of the terebra of chalcidoid taxa
might indicate similar underlying working mechanisms,
since form and function are strongly connected [113,
114]. Other chalcidoids are therefore also likely to be
able to steer their terebra in a similar manner to that of
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L. distinguendus, as such terebra steering movements
have also been observed in other species of Pteromalidae
during the assessment of a potential host and egg place-
ment [40, 46], in Eurytomidae during egg placement
[21], in Eupelmidae during the assessment of a potential
host [115] and the ovicide or larvacide of the competi-
tors’ eggs and larvae, respectively [116], in species of the
Aphelinidae during the ovicide of the competitors’ eggs
[117-119] and in species of Torymidae [110] and Agaoni-
dae for accurate egg deposition in the plant substrate [81,
106, 111] (although the latter two groups probably use
passive bending mechanisms, unlike L. distinguendus).
Oviposition is crucial for the reproductive success of
insects; thus, oviposition behaviour and ovipositor struc-
ture have a central adaptive role [83, 90, 93, 106, 120,
121] that should directly affect fitness. The improved
manoeuvrability of the metasoma of the Apocrita, which
is essential in the female wasp’s probing behaviour when
searching or assessing a potential host, is attributed to
the evolution of the wasp waist (a construction between
the 1st and 2nd abdominal segment). The presence of a
waist was a major innovation in the evolution of Hyme-
noptera and presumably contributed to the rapid diver-
sification of Apocrita, since it allowed the successful
attack of a variety of new hosts [3-5]. However, some
chalcidoid wasps, e.g. species of Trichogrammatidae
[122], have secondarily lost their wasp waist, presum-
ably during miniaturization. Moreover, the vast majority
of Chalcidoidea, although targeting the largest diversity
of host taxa among parasitoid wasps [12], are idiobiont
ectoparasitoids that develop on enclosed host stages with
reduced mobility. Depositing eggs within a substrate pro-
vides them and the hatched larvae with the protection
of a concealed environment (but without being exposed
to the host’s immune system, as are endoparasitoids).
Thus, in most chalcidoid wasps, as in L. distinguendus,
a manoeuvrable metasoma does not improve the ability
to reach hosts hiding in concealed cavities in hard sub-
strates, since the position of the terebra is anchored at
the puncture site. Moreover, drilling is extremely energy-
and time-consuming (drilling a hole through a seed
grain accounts for approximately 15% of the daily energy
budget in a female eupelmid Eupelmus vuilleti (Craw-
ford, 1913) [123]) and risky, as the wasps are exposed to
predators. In L. distinguendus and presumably most chal-
cidoids that parasitize hosts hidden in hard substrates,
the ability actively to bend and rotate the terebra in vari-
ous directions is crucial during the search for a potential
host within the substrate (or the cavity within), a targeted
venom injection (e.g. directly into the ganglia [124, 125]
or fat bodies of large hosts [126]), the assessment of the
potential host, the ovicide and larvicide of the com-
petitors’ eggs and larvae, respectively, the search for a
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suitable place for oviposition and controlled egg place-
ment (Fig. 7d).

In Chalcidoidea, multiple morpho-physiological and
behavioural traits have evolved in correlation with the
use of hosts concealed deep within hard substrates,
apparently related to several functional demands
including host localization, substrate penetration, ovi-
position and emergence from the substrate (cf. [14]).
Modifications or specializations of these traits, such
as the ability actively to steer the terebra, may have
interacted synergistically to open up new evolutionary
pathways (cf. [5]). Adaptations in oviposition behav-
iour combined with morphological modifications of
the terebra and adaptations in the function of certain
muscles (i.e. the anterior and posterior 2nd valvifer-2nd
valvula muscles) have potentially facilitated the evolu-
tion of terebra steering mechanisms, which in turn have
facilitated the acquisition of new hosts to a parasitoid’s
host range. These shifts in host exploitation allow niche
partitioning among co-occurring species (cf. [127])
and presumably have led to rapid adaptive radiations
in Chalcidoidea [10] (for speciation process in L. dis-
tinguendus see [128-130]). Thus, the ability actively to
steer the terebra potentially has been a central factor in
the evolution of the parasitoid life history strategy and
the diversification of chalcidoid wasps, resulting in the
evolutionary success of this group with its tremendous
extant species richness [10, 49]. The Chalcidoidea are
the most diverse group of parasitoid hymenopterans,
with estimations of more than 500,000 chalcidoid spe-
cies, the vast majority of them being parasitoids, out of
a total of 680,000 parasitoid hymenopteran species [6,
7]. Even larger species numbers might exist because of
the possibility of a vast underlying biodiversity of cryp-
tic species (cf. [7, 8, 11]).

Conclusions

Adaptations in oviposition behaviour combined with
morphological modifications of the terebra and adap-
tations in the function of certain muscles allow L. dis-
tinguendus and presumably also other chalcidoid wasps
to steer their terebra in various directions, a crucial
skill for the successful oviposition of hosts that are con-
cealed in substrates. Therefore, the evolution of the abil-
ity actively to steer the terebra can be considered as a
putative key innovation that has largely contributed to
the acquisition of new hosts to a parasitoid’s host range.
Here, we have identified the structural adaptations, i.e.
the longitudinally split and asymmetrically overlapping
halves of the 2nd valvula that are fused at the apex and
the functional adaptions of its associated muscles, and
the mechanisms behind these innovations. Further com-
parative studies are needed to reveal the way in which
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morpho-physiological, behavioural, ecological and life
history traits have interacted during the evolution and
resulted in the enormous radiation of Chalcidoidea.

The terebra of hymenopterans in general and chalcidoids
in particular can also act as a suitable biological concept
generator, with further investigations into this matter pos-
sibly being helpful in the development and the design of
slender miniaturized man-made probing tools (cf. [131—
134]) for curved steering and drilling.

Methods

The L. distinguendus used in this study originate from
the laboratory colonies of FuturA GmbH (Borchen, Ger-
many) and Biologische Beratung GmbH (Berlin, Ger-
many), where they were bred on the larvae of Sitophilus
oryzae (Linnaeus, 1763) (Coleoptera: Curculionidae)
that develop endophytically in grain of the common
wheat Triticum aestivum L.. This host indicates that the
L. distinguendus used in this study probably belong to
the karyotype with 5 chromosomes (‘Sitophilus Clade 1’
sensu [129] or ‘GW-lineage’ sensu [130], respectively) of
the L. distinguendus species complex that comprises at
least two morphologically indistinguishable cryptic spe-
cies [135]. The clade/lineage presumably evolved by a
host shift from drugstore beetles (Stegobium paniceum
(Linnaeus, 1758)) to weevils of the genus Sitophilus [129].
This shift was probably related to the ability to learn from
host-related cues [128].

For lateral overview images, female wasps were imaged
with a digital microscope of the type Keyence Digital
Microscope VHX-7000 (Keyence Corporation, Osaka,
Japan) by using focus stacking.

Images were processed (white/black balancing, crop-
ping) with GIMP version 2.10.30 (https://www.gimp.org;
RRID:SCR_003182). The schematic drawings were cre-
ated with Inkscape version 1.1 (https://www.inkscape.
org; RRID:SCR_014479).

High-resolution videography

The oviposition process of L. distinguendus was recorded
in an artificial two-part Plexiglas chamber. Each lower
chamber element featured a notch (ca. 4 - 1 - 1 mm) at the
upper side of the front. Each upper element also featured
anotch (ca. 4 - 2 - 4 mm) positioned at the front and lying
exactly on that of the lower element. A piece of blotting
paper was clamped in between the two elements to divide
the space created by the two notches into two compart-
ments. This paper was placed in the breeding substrate of
S. oryzae for several days before the recording trials for it
to take on the hosts’ scent (faecal cues) and thus to trig-
ger the wasps to attempt to oviposit. The two chamber
elements were then fixed with screws. A female L. dis-
tinguendus was placed into the upper compartment and
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a S. oryzae larva in the lower. The front and upper open-
ings of the chamber were subsequently each closed with
a clean glass coverslip. The process of oviposition was
filmed in a horizonal position by using a Nikon DSC D90
camera (Nikon Corporation, Tokyo, Japan) mounted on
a Leica MZ 12.5 stereomicroscope (Leica Microystems
GmbH, Wetzlar, Germany) and with two LED cold-light
sources KL 300 LED (Schott AG, Jena, Germany) for suf-
ficient illumination. The focus was adjusted manually.

Scanning electron microscopy (SEM)

For scanning electron microscopy (SEM), we dissected
the ovipositor from the genital chamber of ethanol-fixed
animals by using fine forceps. Specimens were dehy-
drated in a graded ethanol (C,H,O) series (30, 50, 70,
80, 90, 95 and twice 100% for 30 min each concentra-
tion) and air-dried for at least one week in a desiccator
with silica gel (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). We mounted the samples with double-sided
adhesive carbon tape onto stubs and sputter coated them
with 19 nm pure gold (Au) using an Emitech K550X
(Quorum Technologies Ltd, West Sussex, UK). Investiga-
tion and imaging were performed with a scanning elec-
tron microscope of the type Zeiss EVO LS 10 (Carl Zeiss
Microscopy GmbH, Jena, Germany) and the software
SmartSEM version V05.04.05.00 (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Confocal laser scanning microscopy (CLSM) and wide-field
epifluorescence microscopy (WFM)

For confocal laser scanning microscopy (CLSM), specimens
preserved in 70% ethanol were transferred to glycerol, dis-
sected and further stored in a glycerol (ChemWorld, Ken-
nesaw, GA, USA) droplet on concave microscope slides.
Specimens were imaged between two #1.5 coverslips with
a confocal laser scanning microscope of the type Nikon
AIR-HD (Nikon Corporation, Tokyo, Japan). We used three
excitation wavelengths, namely 409, 487 and 560 nm, and
three emission ranges, namely 435-470, 500—540 and 570—
645 nm. The resulting image sets were assigned pseudo-col-
ours that reflected the fluorescence spectra (blue, green and
red, respectively). Volume-rendered micrographs and media
files were created using Fiji [136] (https://imagej.net/Fiji;
RRID:SCR_002285).

For wide-field epifluorescence microscopy (WEM),
we dissected the ovipositor from freshly killed individu-
als and washed them in distilled water. We mounted
them carefully onto cleaned microscope slides (76 mm -
26 mm, VWR International, Radnor, PA, USA), embed-
ded them in glycerol (Croma-Pharma GmbH, Loeben-
dorf, Austria) without staining for observation with
an epifluorescence microscope of the type Zeiss Axio
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Imager M2 (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) equipped with an ORCA-Flash4.0 V2 Digital
CMOS camera C11440-22CU (Hamamatsu Photonics
K.K., Hamamatsu, Japan) and the software ZEN 2 pro
(blue edition) (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). We used Plan-Apochromat objectives and the fol-
lowing wavelength filters: DAPI (blue, excitation 353 nm,
emission 465 nm), ATTO488 (green, excitation 500 nm,
emission 525 nm) and Cy5 (red, excitation 650 nm, emis-
sion 673 nm).

We superimposed both the CLSM and WFM images
in order to show the autofluorescence of the cuticular
structures in order to analyse their material composi-
tion. Cuticular structures that predominantly show blue
autofluorescence are composed of high proportions of
the soft and highly elastic rubber-like amorphous protein
resilin [98], which has an autofluorescence at a narrow
band around 415 nm wavelength [95], whereas cuticu-
lar structures that autofluoresce in green are chitinuous
and non- or weakly sclerotized and those that exhibit red
autofluorescence are heavily sclerotized [98, 137].

Sample preparation, light microscopy (LM), transmission
electron microscopy (TEM) and image processing

Each female L. distinguendus was anaesthetized with car-
bon dioxide (CO,) before its metasoma was removed and
submersed in fixative solution containing 2.5% glutaral-
dehyde (C;HgO,) and 5% sucrose (C,,H,,04;) buffered
with 0.1 M cacodylate (C,H,AsO,) buffer (pH 7.4). Dur-
ing this process, the samples were stored in the fixative in
small glass vials held in an ice bath at approximately 4 °C
for 12 h, following which they were rinsed three times in
pre-chilled 0.1 M cacodylate buffer (pH 7.4) for 10 min.
After a 4 h period of post-fixation in 1% osmium tetrox-
ide (OsO,) solution buffered with 0.1 M cacodylate buffer
(pH 7.4) in an ice bath, the samples were again rinsed
three times in the same buffer. The subsequent steps
were performed at room temperature. The samples were
dehydrated through a graded ethanol (C,HO) series (30,
50, three times 70, 75, 80, 85, 90, 95 and 100% for three
times, 10 min each concentration), containing en-bloc
staining by using a saturated solution of 70% ethanolic
uranyl acetate (C,H,O4U) for 12 h. The fully dehydrated
samples were then passed through two changes of 100%
propylene oxide (C;HO) for 1 h per change and then
through increasing concentrations of Spurr low-viscos-
ity embedding resin (Polysciences Inc., Warrington, PA,
USA) in propylene oxide with C;H,O:Spurr ratios of 3:1,
1:1, 1:3 and 1:7 for 1 h per change and 100% Spurr for
17 h on a rotatory shaker. As a last incubation step, the
samples were placed in fresh pure resin for embedment
in silicon moulds and polymerized at 70°C for 8 h.
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Semithin (600 nm) and ultrathin (60 nm) sections were
cut perpendicularly to the terebra of L. distinguendus
by using an ultramicrotome of the type Leica Ultracut
UTC (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a DIATOME histo Jumbo diamond knife
(45° knife angle; DIATOME Ltd, Nidau, Switzerland) with
a large boat for continuous serial semithin sectioning or
a DIATOME ultra diamond knife (35° knife angle; DiA-
TOME Ltd, Nidau, Switzerland) for ultrathin sectioning.
We conducted two complete section series through the
whole metasoma; one continuous series of semithin sec-
tions and one with consecutive alternating series of 20
semithin and 10 ultrathin sections. Microscope slides
(76 mm - 26 mm, VWR International, Radnor, PA, USA)
for the mounting of semithin serial sections were pre-
liminary stored in a bath containing 96% ethanol and
25% ammonia (NHj;) at a C,H O:NHj ratio of 9:1 for at
least one week and finally cleaned and stored in distilled
water shortly before use. Semithin serial section bands
were directly mounted onto these slides and stained with
toluidine blue (C;sH;¢CIN,S) for 60 s on a hot plate at
80°C. After being rinsed with distilled water and dried,
the stained sections were embedded in Euparal (Waldeck
GmbH & Co. KG, Miinster, Germany). Ultrathin sections
were placed on Formvar-coated copper slot grids and
post-stained with 2% ethanolic uranyl acetate and lead
citrate according to Venable and Coggeshall [138] for 20
and 10 min, respectively.

To image the semithin sections, we used a light micro-
scope of the type Zeiss Axioplan (Carl Zeiss Microscopy
GmbH, Jena, Germany) equipped with a Nikon D7100 sin-
gle-lens reflex digital camera (Nikon Corporation, Tokyo,
Japan) and the software Helicon Remote version 3.6.2.w
(Helicon Soft Ltd, Kharkiv, Ukraine) (for focus stacking
Helicon Focus version 6.3.7 Pro; RRID:SCR_014462). After
initial image processing (white balancing, colour contrast-
ing, black and white converting, cropping) in Adobe Light-
room version 6.0 (Adobe Systems, San José, CA, USA), the
image stack was calibrated with Fiji [136] (https://image;j.
net/Fiji; RRID:SCR_002285), a distribution of the software
Image]2 version 2.3.0/1.53f [139, 140] (https://imagej.net;
RRID:SCR_003070), and imported to the plugin TrakEM2
[141] (RRID:SCR_008954). A preliminary least square rigid
alignment followed by an elastic alignment of the image
stack was performed using the ‘Elastic Stack alignment’
plugin [142] in order to create an aligned image stack.

To investigate and image the ultrathin sections, we used
a transmission electron microscope of the type Philips/FEI
Tecnai 10 (FEI Company, Hillsboro, OR, USA) operated at
80 kV equipped with a side-mounted Gatan Rio9 CMOS
camera (Gatan Inc., Pleasanton, CA, USA) and the soft-
ware Tecnai G? User Interface version 2.1.5 (FEI Company,
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Hillsboro, OR, USA) and DigitalMicrograph version
3.32.2403.0 (Gatan Inc., Pleasanton, CA, USA), respectively.

Synchrotron X-ray phase-contrast microtomography
(SR-pCT) and image processing

Two metasomas of ethanol-fixed female L. distinguendus
were dehydrated stepwise in ethanol and critical-point-dried
by using a Polaron 3100 (Quorum Technologies Ltd, West
Sussex, UK) to avoid shrinking artefacts by water loss during
the tomography procedure. The anterior ends of the meta-
somas were glued onto plastic pins and mounted onto the
goniometer head of the sample stage for tomography. Syn-
chrotron X-ray phase-contrast microtomography (SR-uCT)
[143] was performed at the beamline ID19 at the European
Synchrotron Radiation Facility (ESRF; Grenoble, France)
at 19.5 keV (wavelength 8 - 10 ' m). 6000 projections
were recorded over a 180° rotation with an effective detec-
tor pixel size of 0.3 um, and a corresponding field of view
of 0.63 - 0.63 mm. The detector consisted of a 4.5 um thick
LSO:Tb (Tb-doped Lu,SiOs) single-crystal scintillator lens
(magnification 20X, numerical aperture (NA) 0.4) coupled
to a sSCMOS-based camera type pco.edge 5.5 (Excelitas PCO
GmbH, Kelheim, Germany) [144, 145]. The detector-to-
sample distance was set to 10 mm. Two separate overlapping
image stacks were acquired since the structures of interest
were larger than the field of view. The sample was therefore
repositioned in between the imaging procedure, resulting
in a certain overlap of the two consecutive images. The 3D
voxels datasets were reconstructed from 2D radiographs by
using the filtered back-projection algorithm [146, 147] devel-
oped for parallel-beam tomography.

The two resulting tomograms were registered and
calibrated with Fiji [136] (https://imagej.net/Fiji;
RRID:SCR_002285) and further imported to the plugin
TrakEM2 [141] (RRID:SCR_008954) for stitching and
cropping. Export of the aligned image stack was per-
formed using a custom script, allowing the export of 16bit
image stacks from TrackEM. Subsequently, the resulting
image stack was imported to Amira version 6.0 (FEI Com-
pany, Hillsboro, OR, USA; RRID:SCR_014305) to pre-seg-
ment the various elements of the ovipositor and the whole
metasoma in the software’s segmentation editor by manu-
ally labelling every 25th virtual slice and assigning them
to different ‘materials’ These labels served as the input for
automated segmentation by using the Biomedical Image
Segmentation App ‘Biomedisa’ [148] (https://biomedisa.
org). After some minor manual corrections to the segmen-
tation results of the ‘Biomedisa’ output by using Amira,
we converted them into polygon meshes. We thereby
applied some minor smoothing (unconstrained smooth-
ing, smoothing extent: 2) and polygon reduction to create
the final 3D model (surface mesh).


https://imagej.net/Fiji
https://imagej.net/Fiji
https://imagej.net
https://imagej.net/Fiji
https://biomedisa.org
https://biomedisa.org
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Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512983-023-00503-1.

Additional file 1. Video sequences of female Lariophagus distinguendus
parasitizing larvae of Sitophilus granarius in an artificial film chamber (cf.
Fig. 2b—p). The terebra bending and rotating movements during host
assessment and the alternate movements of the paired 1st valvulae can
be observed.

Additional file 2. Superimposed CLSM images of the ovipositor of Lari-
ophagus distinguendus (dorsal view, cf. Fig. 3g, h).

Additional file 3. Animation of the aligned semithin sections through the
terebra of Lariophagus distinguendus (from distal to proximal; cf. Fig. 4a—d).
The jittering movements of the two halves of the 2nd valvula in the mid-
dle of the image stack result from section and compression artefacts.

Additional file 4. Animation of the rotating segmented 3D model of the
musculoskeletal ovipositor system of Lariophagus distinguendus (cf. Figs. 5
and 6).
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Additional files (supplementary material): video files (snapshots displayed here); available online at
https://frontiersinzoology.biomedcentral.com/articles/10.1186/s12983-023-00503-1

Assessment of the potential host

Additional file 1: Video sequences of female Lariophagus distinguendus parasitizing larvae of Sitophilus granarius in an artificial
chamber (cf. Fig. 2b—p). The terebra bending and rotating movements during host assessment and the alternate movements of the

paired 1st valvulae can be observed. (MP4)

Additional file 2: Superimposed CLSM images of the ovipositor of Lariophagus distinguendus (dorsal view, cf. Fig. 3g,h). (MP4)


https://frontiersinzoology.biomedcentral.com/articles/10.1186/s12983-023-00503-1

Aligned semithin sections through the terebra of Lariophagus

Additional file 3: Animation of the aligned section through the terebra of Lariophagus distinguendus (from distal to proximal; cf. Fig.
4a-d). The jittering movements of the two halves of the 2nd valvula in the middle of the image stack result from section compression
artefacts. (MP4)

Additional file 4: Animation of the rotating segmented 3D model of the musculoskeletal ovipositor system of Lariophagus distinguendus
(cf. Fig. 5, 6). (MP4)
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Abstract
Prinzipien der gelenkfreien Bewegungen des Ovipositors der parasitoiden Wespe Leptopilina
heterotoma (Figitidae)
Leptopilina  heterotoma (THOMSON, 1862) (Hymenoptera: Figitidae), ein koinobionter
Endoparasitoid von Drosophila-Larven, nutzt seine Terebra (= Eilegestachel), um das Substrat
nach geeigneten Wirten zu sondieren. Die Terebra besteht aus den ineinander greifenden ersten
und zweiten Valvulae des Ovipositors. Die zweiten Valvulae sind miteinander verwachsen und
tragen eine schienenartige Struktur, die Rhachis. Die ersten Valvulae tragen die dazu passende
Nut, Aulax genannt. Rhachis und Aulax formen zusammen das Olistheter-System, welches
ausschlieBlich eine longitudinale Bewegung der Untereinheiten zueinander zuldsst. Obwohl die
Terebra keine intrinsische Muskulatur oder Sehnen aufweist und darUber hinaus auch keinerlei
Gelenke besitzt, ist L. heterotoma in der Lage, ihre Terebra aktiv und scheinbar frei zu bewegen
und zu biegen. Um auf potentielle funktionelle Prinzipien dieses Mechanismus zu schliel3en,
untersuchen wir besagten Bewegungsablauf, sowie die Struktur der Terebra basierend auf bereits
beschriebenen Strukturen und extrapolieren elastische sowie harte Anteile in der Terebra aufgrund
der unterschiedlichen Autofluoreszenz von Resilin und Sklerotin. Es wurden keine bereits von
anderen Autoren beschriebenen Strukturen gefunden, welche fur die beobachtete gelenkfreie
Biegebewegung der Terebra verantwortlich sein kdnnten. Auch die Notwendigkeit des "offset
steering” fir die Biegung kann ausgeschlossen werden, da die Bewegungen der Terebra auch
auBerhalb des Substrates beobachtet werden konnten. Uber die gesamte Laénge der Terebra
dominiert die blaue, mit Resilin assoziierte Autofluoreszenz mit der Ausnahme eines longitudinalen
rot fluoreszierenden Streifens, welcher auf eine starkere Sklerotisierung des Olistheter-Systems
hindeutet. Basierend auf unseren Resultaten stellen wir zwei Hypothesen auf, denen wir weiter
nachgehen wollen:
(1) Ein zur Spitze hin immer enger werdender Formschluss zwischen Rhachis und Aulax fuhrt bei
Unterschieden in longitudinal wirkenden Reibungskraften zu einer Biegung der Terebra.
(2) Bereiche der Cuticula der Terebra stehen unter Vorspannung. Eine von den Muskeln Gber die
Valviferen Ubertragene Kraft auf die Valvulae flhrt zu einer Verformung (Biegung, Torsion) der

unter Vorspannung stehenden Strukturen.



Significance within the present thesis: In this study, we investigated the terebra bending of a cynipoid
wasp: the figitid Leptopilina heterotoma. Female wasps have a long coiled terebra and exhibit terebra
bending movements when attempting to parasitize their hosts, which live in plant substrates such as rotten
fruits. In contrast to chalcidoid wasps (cf. Publication 5), these cynipoid wasps do not use active bending
mechanisms but passive ones, whereby the movements of the terebra originate from the interplay between
the surrounding substrate and the individual valvulae.

Methods used: high-speed videography, scanning electron microscopy (SEM), wide-field epifluorescence
microscopy (WFM)

Own contribution: designing and co-supervising the study; discussing and revising the manuscript
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Bending the sting: joint-free movement principles
in the ovipositor of the parasitoid wasp Leptopilina heterotoma (Figitidae)

Benjamin Sampalla, Benjamin Eggs & Oliver Betz

University of Tiibingen, Institute for Evolution and Ecology, Evolutionary Biology of Invertebrates

Zusammenfassung: Prinzipien der gelenkfreien Bewegungen des Ovipositors der parasitoiden
Wespe Leptopilina heterotoma (Figitidae)

Leptopilina heterotoma (Tnomson, 1862) (Hymenoptera: Figitidae), ein koinobionter Endo-
parasitoid von Drosophila-Larven, nutzt seine Terebra (= Eilegestachel), um das Substrat nach ge-
eigneten Wirten zu sondieren. Die Terebra besteht aus den ineinander greifenden ersten und
zweiten Valvulae des Ovipositors. Die zweiten Valvulae sind miteinander verwachsen und tragen
eine schienenartige Struktur, die Rhachis. Die ersten Valvulae tragen die dazu passende Nut, Aulax
genannt. Rhachis und Aulax formen zusammen das Olistheter-System, welches ausschlie8lich
eine longitudinale Bewegung der Untereinheiten zueinander zuldsst. Obwohl die Terebra keine
intrinsische Muskulatur oder Sehnen aufweist und dariiber hinaus auch keinerlei Gelenke besitzt,
ist L. heterotoma in der Lage, ihre Terebra aktiv und scheinbar frei zu bewegen und zu biegen.
Um auf potentielle funktionelle Prinzipien dieses Mechanismus zu schlie3en, untersuchen wir be-
sagten Bewegungsablauf, sowie die Struktur der Terebra basierend auf bereits beschriebenen
Strukturen und extrapolieren elastische sowie harte Anteile in der Terebra aufgrund der unter-
schiedlichen Autofluoreszenz von Resilin und Sklerotin. Es wurden keine bereits von anderen
Autoren beschriebenen Strukturen gefunden, welche fiir die beobachtete gelenkfreie Biegebe-
wegung der Terebra verantwortlich sein konnten. Auch die Notwendigkeit des ,,offset steering™
fiir die Biegung kann ausgeschlossen werden, da die Bewegungen der Terebra auch auferhalb des
Substrates beobachtet werden konnten. Uber die gesamte Linge der Terebra dominiert die blaue,
mit Resilin assoziierte Autofluoreszenz mit der Ausnahme eines longitudinalen rot fluoreszierenden
Streifens, welcher auf eine stérkere Sklerotisierung des Olistheter-Systems hindeutet. Basierend
auf unseren Resultaten stellen wir zwei Hypothesen auf, denen wir weiter nachgehen wollen:
(1) Ein zur Spitze hin immer enger werdender Formschluss zwischen Rhachis und Aulax fiihrt bei
Unterschieden in longitudinal wirkenden Reibungskriften zu einer Biegung der Terebra.
(2) Bereiche der Cuticula der Terebra stehen unter Vorspannung. Eine von den Muskeln iiber die
Valviferen tibertragene Kraft auf die Valvulae fiihrt zu einer Verformung (Biegung, Torsion)
der unter Vorspannung stehenden Strukturen

Key words: joint-free movement, functional morphology, parasitoid wasp, ovipositor, terebra

Benjamin Sampalla, Evolutionary Biology of Invertebrates, Institute of Evolution and Ecology,
University of Tiibingen, Auf der Morgenstelle 28, 72076 Tiibingen, Germany;
E-Mail: benjamin.sampalla@student.uni-tuebingen.de; bnmnsmp@gmail.com

Introduction

Many parasitoid wasps such as Leptopilina heterotoma (THomsoN, 1862) (Hymenoptera: Figitidae) are
able to bend their highly flexible terebra (ovipositor shaft) actively in various directions in order to find
or reach their potential hosts and to permit a better control over egg placement, despite the lack of joints
or intrinsic musculature in the terebra itself.

The terebra consists of the interlocked first and second valvulae of the ovipositor. The second valvulae
are fused and bear a rail-like structure, called the rhachis. The first valvulae bear the matching groove
counterparts, named the aulax. The combination of rhachis and aulax forms the olistheter system, which
restricts the movements of the valvulae against each other to the longitudinal axis (OEsEr, 1961). The
longitudinal movements are induced over a mechanism formed by the first and second valvifers and
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the female T9 (ninth abdominal tergum). The first valvifers bear the first valvulae, whereas the second

valvifers bear the fused second valvulae. Joints are formed between the first and the second valvifers

(intervalvifer articulation) and between the first valvifers and the female T9 (tergo-valvifer articulation).

T9 and the second valvifers are connected with muscles that can move these elements against each other.

This movement is transferred by the described mechanism to the first valvulae. Because of the pairwise

construction, the first valvulae can operate in an alternating pattern. On the basal part, the terebra is

twisted at 180° (Fig. 1B). This basal twist occurs in several species of the Cynipoidea (RonquisT, 1999).

When not in use, the whole ovipositor of L. heterotoma is retracted into the gaster, for which the terebra

needs to be coiled (Fig. 1A).

Several potential movement principles are involved in the joint-free kinematics of elongated rod-shaped

structures.

(1) Interlocking mechanisms of elongated elements, which can move against each other, permit some
bending induced by differences between the applied longitudinal forces on these elements. Such
interlocking structures have been described in the terebra of species of the Braconidae (Quicke &
al., 1995), Aulacidae and Gasteruptiidae (Quicke & FirToNn, 1995).

(2) Asymmetrical tips such as bevel tips bend away from their theoretical straight path. This phenomenon
is described as offset steering (FrRassoN & al., 2012); it is a passive bending movement induced by
the mechanical resistance of the medium.

The present contribution aims to describe the underlying mechanisms of the joint-free bending ability

of the terebra of L. heterotoma. 1t is part of an ongoing project on joint-free movement principles of

rod-shaped structures (mouthparts, ovipositors) in insects (BeTz & al, 2016).

Material and Methods

To observe the movements of the terebra, Drosophila larvae were hatched and reared for two to three
days in small transparent chambers. The substrate consisted of banana juice, which was first filtered,
sedimented and decanted to make it transparent for light before it was gelled with agar-agar. Females of
L. heterotoma were added to the larvae in the chamber and filmed with a high-speed video camera of the
type FASTCAM SA3 Model 120K (Photron, Tokyo, Japan) at 125 frames per second and a shutter speed
of 1/250 seconds. To achieve a clean shot of the bending procedure without the interfering substrate, one
wasp was placed roughly in a pouch between the substrate and the wall of the observation chamber.

Female wasps were killed in 70 % ethanol and dissected to obtain samples for scanning electron
microscopy (SEM). The excised ovipositors were stepwise dehydrated in ethanol and critical point
dried. The specimens were sputter-coated with 19nm gold and investigated with a scanning electron
microscope of the type EVO LS 10 (Carl Zeiss Microscopy GmbH, Jena, Germany).

Insect cuticle is known to emit autofluorescence at various wavelengths, depending on the material
composition (MIcHELS & GorB, 2012). Both resilin and sclerotin show autofluorescence but differ in the
wavelength of the emitted light. Resilin emits blue light, peaking at 420 nm (ANDERSEN, 1963), whereas
heavily sclerotized cuticle is dominated by red autofluorescence (MicHELS & GorB, 2012). The ovipositor
was macerated as quickly as possible in hot potassium hydroxide to reduce the possible loss of resilin
before it was washed in double-distilled H,O and embedded in glycerine. Pictures were taken on an
epifluorescence microscope Axio Imager M2 (Carl Zeiss Microscopy GmbH, Jena, Germany), equipped
with an ORCA-flash4.0 V.2 CMOS camera (Hamamatsu Photonics, Hamamatsu, Japan).

Results

A female wasp was set into a pouch between the gel and the wall of an observation chamber and was
observed when bending (Fig. 2) and rotating its terebra, with the terebra being outside the substrate.
Interlocking structures such as those that Quicke & al. (1995) and Quicke & Fitton (1995) described
for other parasitoid wasp taxa could not be found by SEM. The terebra of L. heterotoma exhibits a basal
twist of 180° (Fig. 1B). Whereas the terebra is dominated by blue autofluorescence (Fig. 1C), the basal
parts of the second valvula (bulbs), the apices of the valvulae and a longitudinal line throughout the
terebra, which splits when the valvulae are undergoing separation (Fig. 1D, arrows on the terebra), is
dominated by red autofluorescence (Fig. 1D).
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Fig. 1: A — Habitus of Leptopilina heterotoma and location of its coiled ovipositor (grey).
B — SEM picture of the basal part of the terebra, where the terebra exhibits a 180° twist when retracted into
the gaster. Abbreviations: vfl, first valvifer; vf2, second valvifer; vvl, 1st valvulae; vv2, 2nd valvula.
C — Fluorescence microscopic image of the ovipositor; obtained by using a DAPI Filter. Arrows mark areas
that respond strongly to UV excitation, implying the potential occurrence of resilin.
D — Fluorescence image of the ovipositor, obtained by using a CyS5 Filter. Arrows mark strongly sclerotized
parts of the cuticle.

Discussion
As the bending of the terebra was observed outside the substrate, an offset steering mechanism caused
by the friction between the substrate and the valvulae can be excluded. In the video footage, the wasps
often rotated their bent terebra. As a result of their ability to rotate the terebra, a mechanism for bending
in all directions is not required, because a combination of rotating and one-dimensional bending allows
the wasps to move their terebra in all dimensions. Further, we suggest that the rotation takes place at the
same location as the basal twist. The bright areas in Fig. 1C might be caused by the high content of resilin
at those areas. Because of the preparation method and the non-specificity of the blue autofluorescence,
further experiments are needed for confirmation. The red autofluorescence shows a longitudinal line,
which seems to correlate with the olistheter system, as the line is split into two paths when one first
valvua is separated from the other two valvulae (Fig. 1D).

Despite the use of a suitable method, we did not find any of the interlocking structures that were
described by Quickk & al. (1995) and Quicke & FirtoN (1995) and that could explain the active bending
ability of L. heterotoma. Based on the presented results, we hypothesize that:
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A

Fig. 2: Single frames of highspeed video recordings, showing Leptopilina heterotoma bending its terebra outside of
the substrate. The arrows mark the terebra. Interval between single images: 160 ms.

The positive interlocking connection of the rhachis and the aulax may possess some modifications that
occur in the distal part of the terebra but that we have not found as yet, e.g. a narrowing of the aulax or
a tapering of the rhachis or the aulax. The interactions between the aulax and the rhachis then potentially
cause interlocking attributable to increased friction forces, resulting in a bending of the terebra.

Parts of the cuticle of the terebra might be pre-stressed and, thus, bend or twist when a force that is
generated by muscles is applied via the valvifers to the valvulae.

Ongoing investigations comprise further SEM and a histological semi-thin section series of the
terebra from the apex to the basal joint of the ovipositor with a subsequent 3D reconstruction to reveal
the functional principles of the joint-free tereba movements of L. heterotoma.
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Abstract

Kissing bugs (Hemiptera: Reduviidae: Triatominae) are able to bend their rod-like maxillae while
searching for blood vessels in the tissue of their vertebrate hosts. Little is known about the working
mechanisms of these bending movements and the distal opening of the food channel. We
compared the morphological structure of the stylets (mandibles and maxillae) of four triatomine
species and analysed the feeding process of Dipetalogaster maxima (UHLER, 1894). The maxillae
of triatomine bugs are interlocked by a tongue-and-groove system, allowing longitudinal sliding.
While penetrating the host tissue, the animals perform rapid alternate back and forth movements of
the maxillae. The resistance of the surrounding tissue pushes the asymmetric apex of the maxillae
away from its straight path, i.e., if one individual maxilla is protracted alone, its tip curves inwards,
and the other maxilla follows. Once a blood vessel is tapped, the spine-like tip of the left maxilla
splays outwards. Apically, each of the maxillae features an abutment, the left one exhibiting a notch
that presumably facilitates splaying. The mechanical interaction of the two maxillary abutments
enables the distal opening of the food channel but might also support the movements of the

maxillary bundle attributable to different bending moment distributions.

Significance within the present thesis: The exclusively haematophagous kissing bugs belonging to the
subfamily of Triatominae (Reduviidae) are important vectors of Chagas disease (Lent and Wygodzinsky
1979, Justi and Galvao 2016). In this study, we combined morphological descriptions and observations in
vivo: we investigated and compared the morphological structure of the elongated stylets (comprising one pair
of mandibles and maxillae, respectively) of four triatomine species and the way in which the maxillary bundle
can be bent within the tissue as the bugs search for blood vessels. The maxillary bending in tissue is based
on passive bending mechanisms. However, in liquids (e.g. inside a blood vessel), the bugs also exhibit
active bending mechanisms of the maxillae prior to the distal opening of the food channel. This is an
example of the way in which passive and active bending mechanisms can work within the same structure
and be actuated by the same set of muscles.

Methods used: stereomicroscopy, scanning electron microscopy (SEM), wide-field epifluorescence
microscopy, ultramicrotomy, light microscopy (LM), transmission electron microscopy (TEM), synchrotron X-

ray phase contrast microtomography (SR-uCT), high-speed videography
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Kissing bugs (Hemiptera: Reduviidae: Triatominae) are able to bend their rod-like maxillae while
searching for blood vessels in the tissue of their vertebrate hosts. Little is known about the working
mechanisms of these bending movements and the distal opening of the food channel. We compared the
morphological structure of the stylets (mandibles and maxillae) of four triatomine species and analyzed
the feeding process of Dipetalogaster maxima (Uhler, 1894). The maxillae of triatomine bugs are interlocked

lgey\ggrds: by a tongue-and-groove system, allowing longitudinal sliding. While penetrating the host tissue, the

encing animals perform rapid alternate back and forth movements of the maxillae. The resistance of the sur-
Functional morphology . R . . . . L. L.
Hematophagy rounding tissue pushes the asymmetric apex of the maxillae away from its straight path, i.e., if one indi-
Joint-free movement vidual maxilla is protracted alone, its tip curves inwards, and the other maxilla follows. Once a blood vessel
Mouthparts is tapped, the spine-like tip of the left maxilla splays outwards. Apically, each of the maxillae features an
Rhodnius abutment, the left one exhibiting a notch that presumably facilitates splaying. The mechanical interaction

of the two maxillary abutments enables the distal opening of the food channel but might also support the

movements of the maxillary bundle attributable to different bending moment distributions.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Kissing bugs belonging to the subfamily Triatominae (Hemi-
ptera: Reduviidae) are native to Central and South America and are
probably best known for their role as bloodsucking capillary-
feeding vectors of Chagas disease (e.g., Lavoipierre et al., 1959;
Lent and Wygodzinsky, 1979; Krenn and Aspock, 2012; Justi and
Galvao, 2017). Since the illness-causing trypanosomes, contained
in the feces that most species release immediately after feeding,
enter the body of the victim through the wound made by the ani-
mals’ mouthparts (Kraus, 1957; Mesquita et al., 2008; Rabinovich
et al.,, 1979; Rassi et al., 2010), their close examination is crucial
for a full understanding of the transmission process of this disease.
Moreover, the remarkable manner in which these animals are able
to move their mouthparts by using joint-free bending for the effi-
cient localization of blood vessels has attracted the attention of
biomimetic researchers (Betz et al., 2016, 2019).

* Corresponding author.
E-mail address: tull.tatjana@t-online.de (T. Tull).

https://doi.org/10.1016/j.asd.2020.100952
1467-8039/© 2020 Elsevier Ltd. All rights reserved.

The mouthparts of the exclusively hematophagous Triatominae
take the form of elongated stylets (comprising one pair of mandi-
bles and maxillae, respectively), which are specialized for piercing
and sucking (Lent and Wygodzinsky, 1979). The maxillae are flex-
ible half-pipes (in cross section) tightly interlocked by a tongue-
and-groove system that allows them to move against each other
in a longitudinal direction (Wenk et al., 2009, 2010), while also
ensuring success of the difficult task of forming and sealing the
antidromic channels for food and salivary fluid during blood
feeding (Rakitov, 2019). The maxillary apices are strongly asym-
metric in shape, i.e., the spine-like left maxillae and the flagellum-
like right maxillae can easily be differentiated. The maxillary
bundle comprising the two interlocked maxillae is enclosed by the
elongated mandibles, which have barb-like teeth at their distal end
(Barth, 1952, 1953, 1954; Friend and Smith, 1971; Rakitov, 2019;
Wirtz, 1987). When not in use, both the maxillary bundle and the
mandibles are ensheathed by the tripartite labium that constitutes
the proboscis, which is also called rostrum in hemipterans (e.g.,
Geigy and Kraus, 1952). At rest, the stylets are retracted in a straight
configuration inside their heads until the tips of the stylets lie in-
side the labium (Wenk et al., 2009, 2010).
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The general feeding process of triatomine bugs has been
described previously (Barth, 1953; Bernard, 1974; Cobben, 1979;
Geigy and Kraus, 1952; Kraus, 1957; Lavoipierre et al., 1959;
Wirtz, 1987).

The blood meal is known to play a central role in the survival of
the species. The animals are only able to reproduce or molt if they
are able to feed sufficiently (Cohen, 1993). With this aim, the ani-
mals locate their hosts by the detection of CO, (Escandén-Vargas
et al., 2017) and, as vessel feeders, locate subcutaneous blood ves-
sels by using their antennae for the detection of temperature dif-
ferences prior to penetration (Ferreira et al., 2007). The labium
unfolds and the mandibles penetrate the skin by alternating back
and forth movements. The two maxillae that form the maxillary
bundle are then advanced into the host's tissue to locate blood
vessels (Lavoipierre et al., 1959), thereby exhibiting bending
movements in various directions. These movements can be char-
acterized as ‘joint-free movements’ (as in Betz et al., 2016), since
the stylets are single pieced cuticular rods that are devoid of any
intrinsic musculature, and entirely result from the actions of
muscles that originate inside the head capsule (Barth, 1952, 1953).
Once a blood vessel is found, the distal opening of the food channel
(= ‘functional mouth’ according to Lavoipierre et al., 1959), which is
formed by the left and right maxillae, has to open to allow the
intake of blood. The tip of the left maxilla splays ‘sharply outwards’
(Lavoipierre et al., 1959) to expose both the food and the salivary
channels. Two strong pumps located in the head, a suction pump
and a salivary pump, enable the flow of blood towards the animal
and the antidromic stream of saliva into the blood vessel (Barth,
1952; Bennet-Clark, 1963; Krenn and Aspock, 2012; Wenk et al.,
2009, 2010), where its antihemostatic, anticoagulant, immuno-
regulatory, and anti-inflammatory properties facilitate the further
uptake of viscous blood (Fontaine et al., 2011; Ribeiro, 1987; Ribeiro
and Garcia, 1981). Evidence also exists for the anesthetic properties
of the saliva, which is used to reduce the local sensitivity of the
host's tissue (Dan et al., 1999). Since no muscles or any other
structures are attached to this most distal part of the makxilla, the
splaying of the spine is presumably triggered by solely structural
(cuticular) components found in this immediate area in combina-
tion with a specific pattern of maxillary movements.

Both the joint-free maxillary movements in the tissue and the
distal opening of the food channel have been known for some time
based on results from light microscopy and observations with the
naked eye (e.g., Lavoipierre et al.,, 1959). However, many details
remain to be explained. Firstly, only limited information is available
on the fine-structure of the stylets of the various species of the
Triatominae. Secondly, the underlying working mechanisms of (1)
the joint-free movements of the maxillary bundle in the host's
tissue and (2) the distal opening of the food channel by the splaying
of the spine-like tip of the left maxillae are still unclear.

Therefore, in this study, we compare the morphological struc-
ture of the stylets and analyze the feeding process of four species of
the monophyletic Triatominae subfamily (Hemiptera: Reduviidae),
i.e., Dipetalogaster maxima, Rhodnius prolixus, Triatoma infestans and
Panstrongylus megiustus (with special reference to D. maxima).
These species were selected, because they vary widely in their head
morphology and include the most important vectors of the Chagas
disease. We have used photography to analyze the proportions of
the head, scanning electron microscopy (SEM) to reveal micro-
structures, wide-field epifluorescence microscopy (WFM) to
recognize differences in the material composition of the cuticle,
Synchrotron X-ray phase-contrast microtomography (SR-pCT), ul-
tramicrotomy, light microscopy (LM), and transmission electron
microscopy (TEM) to reveal the fine-structure of the cuticle, and
high-speed videography to describe the deployment and move-
ments of the stylets in vivo during the search for and uptake of food.

Based on this knowledge, we have developed preliminary hy-
potheses about the underlying working mechanisms of the joint-
free movements of the maxillary bundle, the finding of the blood
vessels and the splaying of the maxillary spine, which opens the
maxillary food channel.

2. Materials and methods
2.1. Study species and maintenance

The following species were investigated in this study: Dipeta-
logaster maxima (Uhler, 1894), Rhodnius prolixus Stdl, 1859, Triatoma
infestans (Klug, 1834), and Panstrongylus megistus (Burmeister,
1835) (Fig. 1). The limited availability of potential disease vectors
restricted our selection of species and their overall number.

The specimens were sourced from the long-term laboratory
colonies of the research group ‘Zoology and Parasitology’ of the
University of Bochum (Bochum, Germany) and were fed on a diet
consisting solely of sterile defibrinated pig's blood (elocin Tier-
blutspezialititen GmbH; Diisseldorf, Germany). The blood was
served in latex finger stalls following Christophel et al. (1988) with
some modifications. Prior to feeding, the finger stalls were boiled in
distilled water for approximately 30 min, a procedure that steril-
ized them and facilitated the penetration of the membrane by the
animal's mouthparts. A sterile pipette was used to fill the finger
stall with blood. The filled finger stall was then closed with a clip
and placed in a warm water bath. For D. maxima, a temperature of
approximately 30—40 °C is required to trigger the feeding response
(Appendix A. Supplementary material: Video S1), whereas the
other species under study require temperatures of approximately
37°C. A detailed account of specimen maintenance and breeding
can be found in Appendix B.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.asd.2020.100952

2.2. Measurements of the heads, pronota and stylets

The heads and pronota of exclusively adult animals of all four
species under study were directly measured under a stereomicro-
scope with an integrated measuring bar. The specimens were pin-
ned, so that the head (from the postocciput to the labrum (black-
white lines; Fig. 1 d)) or the pronotum, respectively, was perpen-
dicular to the direction of vision.

The dissected mandibles and maxillae of adult animals of all
four species under study were mounted onto microscope slides,
embedded in glycerol (Croma-Pharma GmbH; Leobendorf, Austria),
subsequently photographed, and then measured to compare their
proportions. Images were taken by using a Nikon DSC D90 camera
(Nikon Corporation; Tokyo, Japan) with a SIGMA MAKRO 105MM
F2.8 EX DG OS HSM object lens (SIGMA (Deutschland) GmbH;
Rodermark, Germany). The distance between lens and specimen
was varied by using STACKSHOT MACRO RAIL (manual steps;
Cognisys Inc.; Traverse City, MI, USA) to obtain a sharp image in
each focal plane and to ensure a shooting angle of exactly 90°.

Detailed shots of the apices of the maxillae of the same speci-
mens were taken using a light microscope (for details see chapter
2.5.).

The lengths of the whole stylets and their apices were measured
by using Fyi (Schindelin et al., 2012; version 2.0.0-rc-59/1.51k;
available online at https://imagej.net/Fiji; RRID:SCR_002285), a
distribution of the software Image] (Schneider et al., 2012;
Schindelin et al., 2015; version 2.0.0-rc-68/1.52g; available online
at https://imagej.net; RRID:SCR_003070).

The specimens’ heads were submerged in 70% ethanol to take
the overview images (Fig. 1 c—f; using the method described
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Fig. 1. a—b. Overview of a nymph (a) and an adult (b) Dipetalogaster maxima (photographed by Oliver Meckes, eye of science). c—f. Dorsal aspects of heads with antennae and
proboscis of the four investigated species (adult animals: D. maxima (c); Rhodnius prolixus (d); Triatoma infestans (e); Panstrongylus megistus (f)). The lines in d demonstrate the
means by which the lengths and the widths of the heads were determined (see Table 1) (ant: antennae; prb: proboscis; set: setae).

above), stacked, and rendered with HeLicon REMOTE (version 3.6.2.w)
and HeucoN Focus (version 6.3.7 Pro; Helicon Soft Ltd; Kharkiv,
Ukraine; RRID:SCR_014462). White balance was achieved by using
LIGHTROOM (version 6.0; Adobe Systems Incorporated; San Jose,
CA, USA).

2.3. Scanning electron microscopy (SEM)

Both adults and nymphs were used for SEM investigations
(D. maxima adults: n = 31, nymphs: n = 25; R. prolixus adults: n = 8;
T. infestans adults: n = 7; P. megistus adults: n = 3; unequal sample
sizes are attributable to their different availability from the various
breedings). All animals were stored in 70% ethanol until and during
dissection. Both the mandibles and the maxillae were dissected

from the animals by either decapitating the specimens and pulling
out the whole stylets or by opening the labium at the distal end and
merely extracting the tips of the mouthparts.

Some samples were macerated with 10% aqueous sodium hy-
droxide (NaOH) for up to 17 h. All samples were dehydrated in
ethanol at increasing concentrations (80% — 90% — 95% — 100% —
100%; 10 min each). A desiccator with silica gel (CARL ROTH
GmbH + Co. KG; Karlsruhe, Germany; drying time: 1 week) and
critical-point-drying (E3100 CPD; Quorum Technologies Ltd; East
Sussex, UK) were both used for dehydration. The dried samples
were sputtered with 19 nm pure gold in an EMITECH K550X sputter
coater (Quorum Technologies Ltd; East Sussex, UK) and then
analyzed using an EVO LS 10 scanning electron microscope (Carl
Zeiss Microscopy GmbH; Jena, Germany) and the software
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SmartSEM (version V05.04.05.00; Carl Zeiss Microscopy GmbH;
Jena, Germany). We focused on the distal tips of both mandibles
and maxillae and the interlocking structures between the two
macxillae.

The images were later analyzed, and selected structures on the
mandibles and maxillae were measured by using ryi (Schindelin
et al., 2012; version 2.0.0-rc-59/1.51k; available online at https://
imagej.net/Fiji; RRID:SCR_002285).

2.4. Wide-field epifluorescence microscopy (WFM)

Wide-field epifluorescence microscopy (WFM) was used to
analyze any differences in the material composition of the cuticle of
the stylets. Arthropod cuticle shows an autofluorescence ranging
from blue-green to deep-red. Heavily sclerotized and therefore
robust areas are dominated by red fluorescence (Michels and Gorb,
2012). Resilin, on the other hand, is a structural protein with
rubber-like properties (Andersen, 1963; Andersen and Weis-Fogh,
1964). It is known to be an efficient energy storage compound
and a highly elastic material with almost complete recovery (Elvin
et al.,, 2005). The autofluorescence of resilin can be made visible
under UV illumination, as resilin has an autofluorescence at a
narrow band around 415 nm wavelength. Thus, its blue coloration
makes it easily distinguishable from the red fluorescence of the
rigid cuticle (Andersen, 1963; Andersen and Weis-Fogh, 1964;
Michels and Gorb, 2012). However, the validity of this method of
resilin detection has limitations, since the intensity and wavelength
of the fluorescence is pH-dependent (Andersen, 1963; Neff et al.,
2000). Resilin also swells or shrinks depending on its state of hy-
dration (Andersen and Weis-Fogh, 1964), a fact that might also
influence its fluorescence patterns. Nonetheless, the detection of
resilin via fluorescence microscopy is an accepted tool that has
often been used in numerous studies over the last few years (e.g.,
Burrows et al., 2008; Appel et al., 2015; Deiters et al., 2016) and is
acknowledged as a valid approach to the subject. Even though
resilin is best known for its role in the flying and jumping abilities
of insects (e.g., Elvin et al., 2005), the occurrence of resilin in the
mouthparts of insects has long been recognized (e.g., Chapman,
2012; Biisse and Gorb, 2018).

For fluorescence microscopy, we dissected the stylets from eight
freshly killed individuals of D. maxima (nymphs n = 4, adults: n = 4)
and cleaned them in distilled water. We mounted the stylets
carefully onto cleaned microscope slides and embedded them in
glycerol (Croma-Pharma GmbH; Leobendorf, Austria) without dyes.
Images were taken by using an epifluorescence microscope of the
type Axio Imager M2 (Carl Zeiss Microscopy GmbH; Jena, Ger-
many), equipped with an ORCA-Flash4.0 V2 Digital CMOS camera
C11440—22CU (Hamamatsu Photonics K.K.; Hamamatsu, Japan)
and the software zen 2 pro (blue edition) (Carl Zeiss Microscopy
GmbH; Jena, Germany). The following wavelength filters were
used: DAPI (blue, excitation 353 nm, emission 465 nm), ATTO488
(green, excitation 500 nm, emission 525 nm), and Cy5 (red, exci-
tation 650 nm, emission 673 nm). The three color channels were
superimposed in order to show the autofluorescence of the cutic-
ular structures.

2.5. Sample preparation, light microscopy (LM), and transmission
electron microscopy (TEM)

We anesthetized specimens of D. maxima with carbon dioxide,
submersed and fixed their heads in a modified Karnovsky's fixative
(Karnovsky, 1965), and post-fixed them in an osmium tetroxide
solution, with rinsing steps in cacodylate buffer after each of these
fixation steps. The samples were dehydrated in a graded ethanol
series including en-bloc staining with uranyl acetate before being

passed through increasing concentrations of Spurr low-viscosity
embedding resin (Polysciences Inc.; Warrington, PA, USA) in pro-
pylene oxide. As a last incubation step, the samples were placed in
fresh pure resin for embedding in silicon molds and polymerized.

Both semithin (600 nm) and ultrathin (60 nm) sections were cut
perpendicularly to the head by using an ultramicrotome of the type
Leica Ultracut UTC (Leica Microsystems GmbH; Wetzlar, Germany)
equipped with a DIATOME diamond knife (45° knife angle; DiA-
TOME Ltd; Nidau, Switzerland). We prepared two section series
through the labium; one continuous series of semithin sections and
one with consecutive alternating blocks of 28 semithin and 10 ul-
trathin sections. Semithin sections were mounted on microscope
slides and stained with Stevenel's blue (del Cerro et al., 1980). Ul-
trathin sections were placed on formvar-coated copper slot grids
and post-stained with uranyl acetate and lead citrate according to
Venable and Coggeshall (1965).

We used a light microscope of the type Zeiss Axioplan (Carl Zeiss
Microscopy GmbH; Jena, Germany) equipped with a Nikon D7100
single-lens reflex digital camera (Nikon Corporation; Tokyo, Japan)
and the software Helicon Remote version 3.6.2.w (Helicon Soft Ltd,
Kharkiv, Ukraine) to image the semithin sections.

To investigate and image the ultrathin sections, we used a
transmission electron microscope of the type Philips/FEI Tecnai 10
(FEI Company, Hillsboro, OR, USA) operated at 80kV equipped with
a side-mounted MegaView Il TEM CCD camera (Olympus Soft Im-
aging Systems GmbH; Hamburg, Germany) and the software Tecnai
G? User Interface version 2.1.5 (FEI Company; Hillsboro, OR, USA) or
iTEM version 5.1 (Olympus Soft Imaging Systems GmbH; Hamburg,
Germany). Details of the histological protocol for the semi- and
ultrathin sections are given in Appendix C.

2.6. Synchrotron X-ray phase-contrast microtomography (SR-uCT)

The head of an ethanol-fixed D. maxima was dehydrated step-
wise in ethanol and critically-point-dried by using a Polaron 3100
(Quorum Technologies Ltd; West Sussex, UK) in order to minimize
shrinkage artifacts by water loss during the tomography procedure.
We unfolded the proboscis manually and glued the posterior end of
the head onto a plastic pin, which was then mounted onto the
goniometer head of the sample stage for tomography. Synchrotron
X-ray phase contrast microtomography (SR-uCT) (Betz et al., 2007)
was performed at the beamline ID19 at the European Synchrotron
Radiation Facility (ESRF; Grenoble, France) at 18.1 keV with a
wavelength of 8 107! m over a 180° rotation. The 3D voxel
datasets were reconstructed from 2D radiographs by using the
filtered back-projection algorithm (Cloetens et al., 1997, 2002)
developed for absorption contrast tomography.

Image processing was performed by using the software Amira
version 6.0 (FEI company; Hillsboro, OR, USA; RRID:SCR_014305).

2.7. High-speed videography

Although we had ad libitum access to a breeding colony of
D. maxima, we only had limited access to animals of the other
species used in this study (R. prolixus, T. infestans, and P. megistus).
Because many living non-adult individuals with a good feeding
response are required to record their searching and feeding process
in vivo by using a high-speed camera, the majority of these studies
were conducted on specimens of D. maxima (total number of re-
cordings n = 71). The movement patterns of six adults of P. megistus
(female: n = 1; male: n = 5) were also recorded.

In order to record the movements of the maxillae during the
feeding process, we created an appropriate feeding chamber con-
taining the specimen during video trials (Fig. 2). Different chambers
enabled us to record the maxillary bundle in different media,
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Fig. 2. Film and feeding chambers used to record the maxillary movements during the feeding process via high-speed videography. The tubes were used to fill the chambers with
isotonic blood saline. a—b. Setup to record the lateral movements of the maxillae: without an agar layer (a) and with an agar layer (b). c¢—d. Setup to record the dorso—ventral

movements of the maxillae: without an agar layer (c) and with an agar layer (d).

namely liquid versus tissue-like agar (Fig. 2). The feeding chamber
was composed of four microscope slides glued together with sili-
cone. The front was covered with a plastic mesh and the opposite
end closed with an attached piece of cardboard that could easily be
removed to insert or remove the animals. The film chamber
allowed us to observe the maxillae during the feeding process and
was designed based on Friend and Smith (1971). It was composed of
two microscope slides glued together with about 6 mm silicone
along the edges of three sides, whereas the front was left clear of
silicon. Two small tubes were placed within the silicone of each of
the two short sides to fill the chambers with liquids or to drain
them. A latex membrane was attached with superglue to the front
of the chamber. A transparent medium was necessary in order to be
able to see and record the movements of the maxillary bundle. We
therefore used an isotonic saline with the addition of one drop of
sterile defibrinated pig's blood per 40 ml. This solution was trans-
parent and was well received by the study animals. This chamber,
filled with the isotonic blood saline, was used to observe lateral
movements of the maxillae in a liquid medium. The same model
with a thin agar layer placed directly behind the latex membrane
was used to record the lateral movement under tissue-like condi-
tions. Both these chamber types had a vertical version so that we
could observe the dorso—ventral movements of the maxillae in
both the liquid-like and tissue-like media. The two experimental
setups (cf. Fig. 2), which differed in the orientation of the chamber,
allowed us to video lateral movements (with the camera above the
film chamber) and dorso—ventral movements (recorded from the
side) of the maxillae.

The feeding chambers were heated with a heating plate to
approximately 40 °C. One animal was placed into the feeding
chamber and then positioned in front of the latex membrane. The
warm film chamber membrane usually triggered the feeding
response and stimulated the animal to unfold its proboscis. Because
adult D. maxima usually showed a weak feeding response, most
specimens used for this observation were nymphs (mostly
subadults).

We recorded the movements of the maxillae in the various
media via a stereo microscope of the type Leica MZ125 (Leica
Mikrosystems; Wetzlar, Germany) with a high-speed camera of the
type Photron FASTCAM SA3 Model 120K and the software Photron
FASTCAM Viewer (PFV) (Photron Inc.; San Diego, CA, USA). General

movements were recorded at 60 frames per second with a shutter
speed of 1/60 s, whereas fast movements (e.g., the distal opening of
the food channel) were recorded at 250 frames per second with a
shutter speed of 1/250 s and higher LED illumination intensity to
ensure sufficient exposure.

3. Results
3.1. Morphological analyses

3.1.1. Head, labium and pronotum

The proportions of the head vary greatly between the species of
the Triatominae under study (for the measurement method see
Fig. 1 d).

The head of R. prolixus (Fig. 1 d) is the most slender of all
compared species, being two times as long as it is wide, and also the
most elongated compared with the pronotum length (Table 1).
P. megistus (Fig. 1 f) has the stoutest head, which is also the shortest
compared to the pronotum length (Table 1). This species also has
the largest eyes relative to its head length, and its antennae origi-
nate extremely close to the anterior border of its eyes (Fig. 1 f). In
R. prolixus, the antennae insert closely to the distal end of the head
far away from the eyes (Fig. 1 d), whereas they insert further
proximally in D. maxima (ant; Fig. 1 ¢) and T. infestans (Fig. 1 e). The
apex of the labium in T. infestans is covered by small bristly setae
(set; Fig. 1 e). The overall morphological structure of the tripartite
labium, which ensheathes the mandibles and maxillae, does not
vary across the four species. The length of the pronotum is a proxy
for the overall body length of the animal (Table 1).

3.1.2. Mandibles

The overall morphological structure of the mandibles is in
accord with previous descriptions (Barth, 1952,1953; Cobben, 1979;
Geigy and Kraus, 1952; Lavoipierre et al., 1959); they are long
slender rods with barb-like teeth at their apices. However, some
interspecific variation is found with respect to the toothed area and
the appearance of the teeth themselves (Fig. 3). Both, the maxillae
and the mandibles also show a lumen that represents a hemolymph
space (Rakitov, 2019) (arrow heads, Fig. 6 a). The following struc-
tures can be noted on the mandibles.
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Table 1

Measurements of the heads, pronota and stylets of adult triatomine bugs of all species under study. Arithmetic means + standard deviations (SD) are presented. The sample
size (n = number of heads and stylets, respectively) is provided in brackets behind each mean value + SD. Unless stated otherwise, male and female animals were distinguished
(n.a.: not available). Length of head: distance from the postocciput to the labrum; Width of head: maximum width at the level of the compound eyes; Ratio head: length of
head/width of head; Relative length of head: length of head/length of pronotum; Relative length of mandibles: length of mandibles/length of pronotum; Relative length of
left maxilla (maxL): length of left maxilla/length of pronotum; Relative length of right maxilla (maxR): length of right maxilla/length of pronotum; Length of flagellum
(maxR): distance distal edge of right maxillary abutment to apex; Length of spine (maxL): distance ‘notch’ to tip; Mandibular row of teeth (rot) length: first to last tooth;

Mandibular teeth length: distance from tip of tooth to its base.

Dipetalogaster maxima

Rhodnius prolixus

Triatoma infestans Panstrongylus megistus

male female male female male female male female
Head and pronotum (direct measurements)
Length of head + SD [mm] 6.05+0.23 (3) 6.25+036(3) 4.17 +£0.12(5) 4.21(1) 4.98 + 0.05 (2) 5.01 +0.15 (4) 4.33 (1) 444 (1)
Width of head + SD [mm] 332+021(3) 348+027(3) 1.74+0.06 (5) 1.93(1) 2.54 +0.16 (2) 2.38 + 0.11 3.24(1) 3.28 (1)
Ratio head 1.82 1.79 239 2.19 1.96 2.11 1.34 1.36
Relative length of head 1.15 1.10 1.48 1.37 1.23 1.19 0.92 0.83

Length of pronotum [mm]
Stylets whole (photography)
Length of the mandibles + SD [mm)]

524 +0.54 (5) 5.67 +0.34(2)

2.82 +0.16 (11) 3.08 (1)

9.66 + 0.19 (11) 10.23 + 0.19 (9) 6.41 + 0.09 (2)

4.06 + 0.18 (9) 4.20 + 0.25 (7) 4.73 (1) 532 + 0.13 (2)

6.62+0.11(2) 7.82 + 021 (4) 7.79 + 0.15 (4) na.  7.96 + 0.02 (2)

Relative length of mandibles 1.84 1.80 2.27 215 1.93 1.85 n.a. 1.49
Length of left maxilla (maxL) + SD [mm] 11.55 + 0.28 (3) 12.56 + 0.12 (4) n.a. 8.39 (1) n.a. 9.49 (1) n.a. n.a.
Relative length of left maxilla (maxL) 2.20 221 n.a. 2.72 n.a. 2.26 n.a. n.a.
Length of right maxilla (maxR) + SD [mm] 12.02 + 0.35 (5) 12.69 + 0.20 (3) 8.05 (1) 8.45 (1) n.a. 9.61 +0.23 (3) na. 8.66 (1)
Relative length of right maxilla (maxR) 2.29 2.24 2.85 2.74 n.a. 2.28 n.a. 1.63
Stylets apices (LM and SEM)

Length of flagellum (maxR) + SD [um] (LM) 111.20 + 8.5 (6) 117.15 + 6.5 (5) 85.46 + 6.8 (6) 85.37 (1) 54.50 + 2.2 (3) 56.30 + 1.4 (5) n.a. 61.40 (1)
Length of spine (maxL) + SD [pum] (LM) 86.32 +2.8(6) 95.67 +1.6(5) 53.33+29(6) 54.72(1) 54.50 + 2.2 (6) 56.30 + 1.4 (5) n.a. 30.28 (1)
Mandibular rot length + SD [um] (SEM)* 455,74 (1) 125.39 + 15.9 (7) 361.38 + 57.1 (6) 269.34 + 9.2 (2)
Mandibular teeth length + SD [um] (SEM)* 8.46 (1) 5.45 + 0.8 (6) 1.06 + 0.2 (5) 299 + 04 (3)
Mandibular teeth number + SD (SEM)* 30.00 (1) 22.17 + 0.9 (6) 42.20 + 43 (5) 20.00 + 0.0 (2)

Measurements were made either directly on ethanol-preserved specimens (direct measurements) or on the basis of photographs and LM or SEM images (indicated in
brackets), respectively. Since the measurements of the stylets are based solely on 2D images, the measurement error is likely to be larger in the apices of the right maxillae,
because of its flexible (and therefore often coiled) appearance, resulting in a slight underestimation of these values. *Male and female.

3.1.2.1. Apical row of teeth. All species possess a distal row of teeth
(rot), with the teeth pointing proximad. In D. maxima (the largest of
our study organisms, cf. length of pronotum; Table 1), the mandi-
bles show a well-pronounced row of clearly separated teeth (rot;
Fig. 3 a) with a distinct end; this is the longest (Table 1) among all
studied species. D. maxima also possesses the longest teeth (Fig. 3 a;
Table 1). In R. prolixus, the row of teeth and the teeth themselves are
shorter. Furthermore, the teeth appear less ‘stable’, i.e., they are
thinner and more brittle in R. prolixus than in D. maxima (compare
Fig. 3 aand b). Some teeth at the proximal end of the row are curved
in the distal direction in all species (Fig. 3 b). The row of teeth in all
species is as clearly differentiated from the rest of the mandible as
in D. maxima (Fig. 3 a and b). In T. infestans, the row of teeth is the
second longest and possesses the most and smallest mandibular
teeth (Fig. 3 c; Table 1). Accordingly, the end of the row of teeth in
proximal direction is much harder to define. The structure of the
apices of the mandibles of P. megistus strongly resemble those of
D. maxima (Fig. 3 a, d; Table 1).

3.1.2.2. Surface furrows. In all species, the mandibular surface is
covered by parallel furrows that start to intensify posteriorly of the
row of teeth and that extend towards the apex of the mandible
(Fig. 3 f). Whereas the lateral margins of the mandibles (in areas not
covered by processes) seem to be mostly firm and rigid, some im-
ages of D. maxima (and to some extent also of R. prolixus) show a
wavy and broad seam-like lateral extension (seam; msm; Fig. 3 e
and Fig. 6 a). In all species, the mandibles enclose the maxillae to a
different extent. This is especially pronounced in D. maxima, in
which the mandibles apically form a completely closed sheath with
overlapping seam-like extensions around the maxillae (Fig. 6 a,
rows 2—4). Saliva can be found inside this sheath and inside the
salivary channel of the maxillae (bold arrows; Fig. 6 a).

3.1.2.3. Mandibular processes. Atavariable distance proximal of the
row of teeth, an area of distally directed small processes can be

found on the seam of the mandibles in all species under study
(mnp; Fig. 3 f). They vary in shape from short and stout to long, thin,
and brittle. In D. maxima, R. prolixus, and T. infestans, they form a
row on one or both the mandibular rims. They are spaced evenly,
shaped asymmetrically, and bent towards the tip of the stylet. In
P. megistus, the shape and arrangement of these processes differ
from those of the other species (Fig. 3 g), since, in addition to the
one row on each rim, a third row occurs immediately next to it. This
row seems to be set deeper than the other two in a groove (mng;
Fig. 3 g) parallel to the rim.

3.1.2.4. Material properties. The cuticle of the mandibular teeth and
on the outer surface of the mandibles on which the teeth are
located is strongly sclerotized as indicated by deep red auto-
fluorescence of these structures (not shown). The ultrastructure of
the cuticle of the mandibles as investigated by TEM was homoge-
neous with no apparent layering of cuticle fibers (not shown).

3.1.3. Maxillae

In all species under study, the left and right maxilla can be easily
distinguished according to their shape. Whereas the apex of the
right maxilla resembles a long flagellum, the apex of the left maxilla
forms a sharp spine.

3.1.3.1. Flagellum-like apex of the right maxilla. The description of
the right maxilla as a flagellum in the previous literature (e.g.,
Lavoipierre et al., 1959) was confirmed; its tip appears thin and
whip-like in all the investigated species. Its most notable feature is
a small indentation close to the end of the flagellum (arrow; Fig. 4
d) and a single projection at some distance to the tip, where its
dorsal inner margin widens abruptly to form a right maxillary
abutment (rma; Fig. 4 h; ‘redan’ sensu Bernard, 1974). It is found at
the most distal end of the interlocking structures of the flagellum, is
present only on one side (the side opposite of the salivary channel)
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Fig. 3. a—d. SEM images of the apices and seam-like lateral extensions of the mandibles of four species of Triatominae: Dipetalogaster maxima (a, nymph); Rhodnius prolixus (b,
adult); Triatoma infestans (c, adult); Panstrongylus megistus (d, adult). Morphological differences between the species are strongest regarding the length of the row of teeth and the
shape and number of the mandibular teeth (see Table 1). e. Mandibular seam-like lateral extensions of D. maxima (nymph). f. Mandibular processes of D. maxima (nymph). Only one
of two rows of processes on the rim is visible in this image. Their appearance is similar in R. prolixus and T. infestans. g. P. megistus (adult); inside aspect of the mandible. In addition
to the two outer rows of mandibular processes, a third inner row can be seen in a groove (mng: mandibular groove; mnp: mandibular processes; msm: mandibular seam-like lateral
extensions; rot: row of teeth).
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flagellum

Fig 4. a—h. SEM images of the apices of the maxillae of four species of Triatominae: Dipetalogaster maxima (a, nymph; b, adult); Rhodnius prolixus (c, d, adult), Triatoma infestans (e, f,
adult); Panstrongylus megistus (g, h, adult). Left maxillae (including the spine; a, ¢, e, g); right maxillae (including the flagellum, b, d, f, h); both maxillae conjoined (c, e). The
abutments of the apices are clearly visible. The maxillary notch can be seen in a, ¢, and e, whereas g shows the opposite side of the clasp-like structure (Ima: left maxillary abutment;
maxL: left maxilla; maxR: right maxilla; mxt: maxillary teeth; not: notch; rma: right maxillary abutment; scn: salivary channel).
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Fig 5. a—e. SEM images of the maxillary interlocking structures of three species of Triatominae: Dipetalogaster maxima (a, left maxilla, nymph, salivary channel not clearly visible);
Panstrongylus megistus (b, left maxilla, adult); D. maxima (c, left maxilla); Rhodnius prolixus (adult; d, right maxilla; e, left maxilla) (fcn: food channel; flp: flap; grv: groove; hrm:

hooked rim; scn: salivary channel; tng: tongue).

of the stylet, and varies in its distance to the tip between the species
(length of flagellum; Table 1).

3.1.3.2. Spine-like apex of the left maxilla. The apices of the left
maxillae were almost never deformed in the SEM images sug-
gesting that their spine-like structure is sturdier than the apical
flagellum of the right maxillae. This spine seems to be slightly
twisted at the very apex from some perspectives (e.g., Figs. 4 a, 8 g).
On one side of the apex of the left maxillae, a single row of
maxillary teeth (mxt; Fig. 4 a) can be found that is most pronounced
in T. infestans (Fig. 4 e). An additional small structure occurs (scn;
Fig. 4 g) in all species investigated. Since this structure often looks
broken or incomplete, we assume that it is delicate. According to its
position, it was previously described as the outlet of the salivary
channel (Wirtz, 1987). Similar to the right maxilla, the left maxilla
has a single unpaired conspicuous ‘appendage’, namely the left
maxillary abutment, which is also located on the side opposite of
the salivary channel (Ima; Fig. 4 c, e, g; ‘talon’ sensu Bernard, 1974).
The rim with the outlet of the salivary channel is bent towards this
abutment to form an open clasp-like structure that encloses the
right maxilla when both stylets are interlocked (Fig. 4 c, e). Another
structure of the apical spine that is also found in all species under
study is the ‘maxillary notch’ (not; Fig. 4 a, c, e; Fig. 6 a and b;
‘encoche’ sensu Bernard (1974)) lying distally near the left maxillary
abutment. It forms a hinge-like area of the left maxilla, so that the
macxilla appears notched at this point. The structure of the notch is
visible in cross section (not; Fig. 6 a), and its position was verified in
the SR-uCT dataset (Fig. 6 b). It is the only structure that appears
flexible on the otherwise sturdy spine. The length of the spine
varies between the species and is shorter than the flagellum of the
right maxilla (length of spine; Table 1). The surface of both maxillae
is smooth (Fig. 4 c) except for the structures described above.

3.1.3.3. Interlocking structures. The interlocking structures of both
the maxillae form two channels, i.e., the dorsal food channel and
the ventral salivary channel (Fig. 5 d; 6 a, c¢) (Barth, 1952;

Lavoipierre et al., 1959; Rakitov, 2019; Wenk et al., 2009, 2010).
The hooked rims (hrm; Fig. 5 c—e; 6 c) of each edge of each maxilla
are accompanied by a flap-like structure (flp; Fig. 5 d) that is clearly
visible in cross section (flp; Fig. 6 c). Both the maxillae contribute to
the salivary channel across their entire length with the exception of
the regions close to the apex, a region in which the salivary channel
(which is much smaller than the food channel (fcn; Fig. 5 ¢)) is no
longer formed by both the maxillae but only by the left one (Fig. 5 c;
cf. Barth, 1952; Wirtz, 1987). Finally, the twisted spine of the left
maxilla contributes the major part of the formed tube of the
macxillary bundle at its very apex (see first two rows of cross sec-
tions in Fig. 6 a). All species under study show a tongue and groove
pattern with regard to the maxillary interlocking structures (tng,
grv; Fig. 5 aand b). In the transverse section of the maxillary bundle
of D. maxima, R. prolixus, and T. infestans, the left maxilla possesses
tongues at the rim that is adjacent to the salivary channel (tng;
Fig. 5 a) and grooves at the opposite rim (grv; Fig. 5 a). The opposite
pattern of interlocking can be seen at the right maxilla. The spacing
and the size of these tongues and grooves stay approximately the
same from the tip to the base, which lies deep inside the head of the
specimen. Notably, the tongues are oriented in the same way as the
mandibular processes, pointing towards the tip of the stylet.
P. megistus specimens however demonstrate a somewhat reversed
pattern. At the left maxilla, grooves can be found at the rim that is
adjacent to the salivary channel (grv; Fig. 5 b). These grooves are
relatively wide close to the tip and become narrower towards the
base of the maxilla. Because of the limited number of available
specimens (n = 2), no conclusive statements can be made about the
shape or position of the tongues of P. megistus.

3.1.3.4. Material properties. The cuticle of the maxillary abutments
of both the maxillae appear heavily sclerotized, since these struc-
tures autofluoresce in deep red compared with the rest of the
stylets (arrows; Fig. 8 d). Although the limited resolution of the
epifluorescence microscope images does not allow the evaluation
of the exact distribution of flexible versus sclerotized materials in
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the maxillary apices or abutments (especially of the ‘notch’ of the
left maxillae), both abutments seem to be more heavily sclerotized
(red; arrows in Fig. 8 d) than other parts of the stylets. The area of
the ‘notch’ is presumably less sclerotized, since this region auto-
fluoresces less in red and more in blue indicating a higher pro-
portion of the flexible protein resilin in the cuticle. Although both
makxillae taper apically, their cross-sections change relatively little
along most of their length. The ultrastructure of the cuticle of the
maxillae is, like the cuticle of the mandibles, homogeneous with no
apparent layering of cuticle fibers (Fig. 6 c).

3.2. Behavioral recordings

The movements of the stylets of D. maxima were recorded in
various observational setups (cf. Fig. 2; Fig. 7). In the resting posi-
tion, the labium was flexed ventrad in a groove between the coxae.
First, the animals extended the labium by almost 180° to a vertical
feeding position, pressed its tip against the warm membrane of the
chamber, and penetrated the membrane with the mandibles (cf.
Geigy and Kraus, 1952; Barth, 1953; Wirtz, 1987). Finally, the
maxillae were protracted between the mandibles into the medium
(total number of recordings n = 71).

3.2.1. Horizontal chambers with isotonic blood saline

In these chambers (cf. Fig. 2 a; n = 45; with adult males: n = 3,
adult females: n = 7, subadults: n = 19, nymphs: n = 16), D. maxima
specimens protracted the maxillary bundle through alternating
stepwise forward movements of the individual maxillae. During
these movements, a minor bending of the maxillary tips along one
plane (usually the lateral) was frequently observed. In real time, the
movements of the maxillary bundle were perceived as a twitching
or waving of its tip, whereas the proximal part of the bundle only
seemed to swing passively, following the movements of the tip.
Movements in the sagittal plane occurred rarely and were always
accompanied by a partial or full rotation of the maxillary bundle
around its longitudinal axis.

A strong bending of the maxillary bundle was recorded during
probing when the animals continuously released saliva from the
macxillae, even when the distal opening food channel was closed,
i.e., when the spine of the left maxilla was not splayed out. The
apical part of the maxillary bundle always bent to the left (bold
arrow; Fig. 7 a; single frames 0.144 s, 0.236 s; Appendix A. Sup-
plementary material: Video S2). The strong bending of the maxillae
was usually followed by an immediate return to their original
straight state. Thereby, the right maxilla slid past the left one
resulting in the splaying of the apical spine-like structure of the left
macxilla (spine; Fig. 7 a; single frame 0.250 s; Fig. 8 a and b, g). Once
the spine was splayed, the animal continuously secreted huge
amounts of saliva around the distal opening of the food channel.
Even during food uptake, the right maxilla was frequently observed
to be protracted and retracted beyond the point at which the left
and right maxillary abutments would interact. After probing or
food intake, the right maxilla was retracted to its initial position,
causing the spine to return to its original position. Thereby, the
maxillary bundle slightly bent the apical part to the right (slim

arrow; Fig. 7 a; single frames 1.549 s, 1.564 s). These probing pro-
cesses were repeated several times until the animal found an ideal
spot for feeding. After food intake, it retracted the maxillary bundle
back behind the mandibles.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.asd.2020.100952

The overall movement patterns of the maxillary bundle of
P. megistus (adult female: n = 1; adult male: n = 5; not shown) in
isotonic blood saline (in horizontal chambers) was comparable
with that described for D. maxima.

3.2.2. Horizontal chambers with agar

In this chamber type (cf. Fig. 2 b; n = 11, subadults only), the
movements of the maxillary bundle of D. maxima considerably
differed from those recorded in liquid medium. Whereas the
maxillary bundle was advanced by short rapid alternating thrusts
of the individual makxillae, the speed of both the protrusion of the
maxillary bundle and the alternating movements of the maxillae
was considerably reduced within the agar. However, the most
apparent difference was the way that the maxillae moved and bent
within the viscous medium. In the agar, the maxillary bundle was
frequently equally bent in both directions (left and right) to a
considerable amount. Active movements of the maxillary bundle
were only observed at its apex, whereas the rest of the bundle
passively followed the tunnel created by the movements of the tip.
Thus, the maxillary bundles were bent at several points, e.g.,
resulting in S-shaped forms (Fig. 7 b; single frames 7.83 s, 10.75 s;
Appendix A. Supplementary material: Video S3). The irregular
routes produced by the protruding maxillary bundle appeared to
follow no particular path. If the animals did not find any liquid
medium in the chamber, they retracted their maxillae (often almost
to the level of the mandibles at the puncture site) and tested
another direction (cf. Friend and Smith, 1971). We never observed
an opening of the food channel within the agar, but only in the
liquid isotonic saline.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.asd.2020.100952

3.2.3. Vertical chambers with and without agar

The potential dorso—ventral bending movements of the
maxillae of D. maxima could be observed in these setups (Fig. 2 ¢
and d; total n = 15, subadults only). The non-twisted maxillae
showed no significant dorso—ventral bending movements. How-
ever, a certain twisting of the maxillary bundle around its longi-
tudinal axis could be observed, so that the initial lateral bending
might also become effective in dorso—ventral direction.

4. Discussion

Based on previous findings (e.g. Barth, 1952; 1953, 1954;
Cobben, 1979; Friend and Smith, 1971; Lavoipierre et al., 1959),
we discuss the morphology of the head and the stylets of four tri-
atomine species, the observed joint-free movement of the stylets
and the distal opening of the food channel. The following hypoth-
eses are valid for all the investigated species and both sexes, since

Fig. 6. Transverse sectional series of the stylets of the triatomine Dipetalogaster maxima. a. Light microscopic images of a semithin section series (600 nm; stained with Stevenel's
blue). The distance between the sections depicted above is approximately 6 pm. Apically, the left maxilla contributes the major part of the formed tube of the maxillary bundle and
creates the salivary channel. The mandibular seam-like lateral extensions fully enclose the maxillary bundle. b. Apex of the proboscis of D. maxima with the protruded tips of the
stylets based on SR-puCT data volume reconstructions. The pCT image (dashed frame) corresponds to the ortho slice (indicated by the dashed line) in the rendered image. The area of
the notch is indicated in the light microscopic section series (a) and in the pCT image (white arrow; b). ¢. TEM micrographs of the interlocking structures of the maxillae, whose
cuticle appears remarkably homogeneous. For clarity, only the cuticular structures are shown, whereas the background (including some remnants of saliva) was digitally replaced by
white color. This was necessary, because the saliva became partially contaminated with lead citrate droplets during the staining process (arrows: — : area of the notch; arrow heads:
hemolymph lumen of both stylets; bold arrows: saliva; fcn: food channel; flp: flap; hrm: hooked rim; man: mandible; maxL: left maxilla; maxR: right maxilla; mnt: mandibular
tooth; msm: mandibular seam-like lateral extensions; not: notch; prb: proboscis; scn: salivary channel; set: setae).
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Fig 8. a, b, g. Opening of the food channel in two species of Triatominae (a single
frame of high-speed video recording; b, g, SEM images): Dipetalogaster maxima (a, b)
and Rhodnius prolixus (g). The left and right maxillae form the food channel opening,
whereby the left maxilla is splayed outwards and forms the spine (a, b, g). The
maxillary notch of the left maxilla is on the opposite side of the structure in b and is
directed out of the image plane g. c—f. WFM images of the apices of the stylets of
D. maxima. The cuticle of both the abutments is heavily sclerotized (as indicated by its
red fluorescence) compared with the remainder of the stylets (c, arrows in d). This
might facilitate the splaying of the spine of the left maxilla when both abutments
collide (Ima: left maxillary abutment; maxL: left maxilla; maxR: right maxilla; mxt:
macxillary teeth; not: notch; rma: right maxillary abutment).

the specimens showed all the involved structures even if their
forms differed slightly; they (presumably) also exhibited a similar
movement pattern of the maxillary bundle.

4.1. Structural analysis and comparative morphology of the stylets
of triatomine species

4.1.1. Head proportions

The relative head proportions vary between the triatomine
species investigated (cf. Fig. 1; Table 1). Since the animals do not
coil their stylets up but retract them in their straight configura-
tion into their heads (Wenk et al., 2010), this has implications for
their maximum possible length (the longer the animal's head,
the longer the potential length of the stylets). Also, the maxillary
bundle becomes unlocked at the hypopharynx, and the individ-
ual maxillae experience a curvature (Wenk et al., 2010). The
species with elongated heads (most notably R. prolixus) also has
the longest stylets proportionally to the pronotum length,
whereas the stylets of the short-headed P. megistus are compar-
atively short (Table 1). The length of the head and the labium is
linked to the length of the stylets and therefore also to the depth
of penetration that the various species are able to achieve in a
host's tissue. This is the case, because the muscles responsible for
the movement of the stylets are located deep inside the head of
the animals. In R. prolixus, the retractor muscles of the mandibles
are located just anterior to the compound eye, whereas the
retractor muscles of the maxillae are attached in the neck region
(Barth, 1952; Wenk et al., 2010). Based on measurements of the
length of the mouthparts, Wenk et al. (2010) estimated that
R. prolixus adults attain a maximal penetration depth of at least
2100 pm with their maxillae and 750 pm with their mandibles.

4.1.2. Mandibles

In D. maxima, we were able to compare the stylets among the
various developmental stages of nymphs. Our comparison revealed
that all the described morphological structures were present in all
nymphal stages and in the adult animals. This consistency indicates
the unchanging function of the stylets throughout the animal's life,
since even the youngest larvae need to blood-feed on their hosts
and/or conspecifics and also replace their stylets after each molt
(Rakitov, 2019).

The single row of hook-like teeth (rot; Fig. 3 a—d) along the
midline of each mandible, which is visible in all triatomine species
but is unique among Reduviidae (Weirauch, 2008), is used to
penetrate the skin of their hosts. In P. megistus, the special functions
of the mandibular processes (mnp, Fig. 3 g) and the third row of
processes (Fig. 3 g) remain unknown.

In all species under study, the mandibular seam-like exten-
sions at the apical part of the mandibles form an approximate
half-pipe that partially or, in the distal part, even completely cover
the maxillae. This might not only be advantageous for the me-
chanical stabilization of the mandibles but might also protect and
stabilize the maxillary bundle. The resulting tube-like structure
presumably also widens the entry wound, forming a channel that
keeps the entry open despite the elasticity of the skin. This en-
sures that the maxillae can be inserted and retracted easily
without becoming stuck. The mandibular seam-like lateral ex-
tensions are especially pronounced in D. maxima, in which the
extensions of the right and the left mandible overlap and
completely cover the maxillary bundle (msm; Figs. 3 e, 6 a). This
might be a special adaptation to their feeding on lizards as their

Fig. 7. Single frames of high-speed video recordings of the typical motion patterns of the maxillary bundle of Dipetalogaster maxima (Triatominae) in the feeding chambers shown in
Fig. 1. a. Opening of the food channel in a feeding chamber containing isotonic blood saline without agar (recorded with 250 fps). The strong bending to the left (bold arrows at
single frames 0.144 s and 0.236 s) was always observed prior to the splaying out of the spine of the left maxilla that opens the food channel. After blood uptake, a minor bending to
the right (slim arrows at single frames 1.549 s and 1.564 s) occurs. b. Searching movements of the maxillary bundle in a feeding chamber with agar (recorded with 60 fps): passive
bending of the maxillary bundle in the agar and active movements at the apex of the bundle in the fluid medium. The maxillary bundle is advanced by short rapid alternating
thrusts of the individual maxillae. In the agar (area indicated by the dashed lines at single frame 0 s), the maxillary bundle was frequently bent to the left and to the right to a
considerable extent. The speed of the alternating movements and the advancement of the maxillary bundle were considerably reduced within the agar compared to the isotonic

blood saline.
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Fig. 9. Schematic representation of the mechanisms involved in the joint-free bending movements of the maxillary bundle in the host tissue and the opening of the food channel. a.
Stylets at the border of the skin and the tissue, i.e., a solid substrate. The movements of the maxillary bundle in tissue result from the interaction between the surrounding substrate
and the alternating movements of the maxillae (black arrows). The beveled tip is pushed away from its straight path (gray arrows) because of asymmetrical forces acting on the
variable geometrical asymmetry of the apex (white arrows) (passive bending). These movements are presumably supported by the mechanical interaction of the left and the right
maxillary abutments (slide-lock mechanism) whenever the individual maxillae are protracted or retracted to a certain extent, thus causing the maxillary bundle to bend according
to the bending moment distribution (active bending). b. Stylets at the border of the blood vessel and the fluid blood, showing the consecutive process of the opening of the food
channel. Whenever the right maxilla is protracted to a certain extent (black arrows), its path is blocked by the mechanical interaction of the right maxillary abutment with the left
one, resulting in a strong bending of the apex of the maxillary bundle to the left (active bending; cf. Fig. 7 a). Once the mechanical resistance is surmounted, the left maxillary apex
causes a change from its mechanically stable ‘straight’ to its equally stable ‘splayed out’ condition (gray arrow), forming the opening of the food channel (Ima: left maxillary
abutment; maxL: left maxilla; maxR: right maxilla; rma: right maxillary abutment).
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main hosts (Ryckman and Ryckman, 1965), where they potentially
prevent buckling by mechanically stabilizing the whole stylet
bundle during the penetration of the rough lizard skin. The hosts
of the other three species under study comprise birds and mam-
mals (Fresquet and Lazzari, 2011).

4.1.3. Maxillae

The abutments at the apices of both the right and the left
maxillae of all the investigated species were, in combination with
the ‘notch’ (i.e., a conspicuous irregularity on the otherwise uni-
form maxillae) of the left maxillae, the most intriguing functional
feature involved in the opening of the food channel (Ima, not, rma;
Fig. 4 a, ¢, e). The ‘notch’ appears to be a conspicuous irregularity on
the otherwise uniform maxillae. The abutments are heavily scler-
otized, whereas the area of the ‘notch’ is not (for further discussion,
see chapter 4.3).

The sturdy spine-like apex of the left maxilla bears a row of
sawteeth (Fig. 4 a, ¢, e) and is postulated to penetrate the blood
vessel wall (Cobben, 1979), although this has not as yet been veri-
fied in vivo. Former descriptions of an additional small structure
(scn, Fig. 4 g) as the outlet of the salivary channel (Wirtz, 1987) have
been confirmed.

The specific tongue and groove pattern (tng, grv; Fig. 5 a and b)
presumably facilitates the distad movement of the right maxilla
during the penetration of the host tissue, based on the shape of the
tongues whose tips point distadly. The relative lengthwise move-
ment of the tongue within the groove should be much harder to
overcome with a proximad pulling instead of a distad pushing
motion of the right maxilla. The tongue and grooves might create
anisotropic conditions by increasing the frictional forces whenever
one makxilla is pulled proximad; thus, the maxilla is prevented from
sliding back during the searching movements in the host tissue. In
addition, the maxillary tongue and groove system might also allow
saliva to be sent towards the apex of the maxillary bundle to act as a
friction-reducing lubricant.

4.2. Insertion and navigation of the maxillary bundle in the tissue

Insects of various orders are able actively to bend rod-shaped
structures that comprise several interlocked elements, despite the
lack of intrinsic musculature and joints. Examples include the
sucking mouthparts of various hemipterans (like the kissing bugs in
this study) and nematoceran dipterans, or the terebrae (= ovipos-
itor shafts) of parasitoid hymenopterans used for oviposition
(Cerkvenik et al., 2018). These structures are capable of sensing and
precisely navigating through diverse substrates to reach their tar-
gets without the need of visual information.

Active bending occurs when the bending movements originate
from the relative movements of the single interlocked elements,
whereby three methods can be distinguished. (1) If the longitu-
dinal sliding of one element is inhibited or even fully prevented by
a mechanical block, the result, depending on the stiffness of the
cuticle, is a relative bending of the entire rod-shaped structure
because of tension and compression forces (e.g., in the terebra of
various hymenopterans belonging to Braconidae (Quicke et al.,
1995), Aulacidae and Gasteruptidae (Quicke and Fitton, 1995)).
This functional principle has recently been termed the ‘slide-lock
mechanism’ (Betz et al., 2016). (2) Bending might also occur
because of the uneven sclerotization of various regions across the
length of the interlocking elements involving heavily sclerotized
stiff arches that alternate with less sclerotized and flexible nodes
(e.g., in the multi-arched terebra of wasps of the braconid genus
Zaglyptogastra (Quicke, 1991)). In this case, a protraction or
retraction of one element aligns the stiff arches with the flexible
nodes, causing a flattening out of the nodal regions, which leads in

turn to a unilateral bending movement. (3) Bending movements
might also originate from the pre-tension of the individual
interlocked elements that might lead to incurving upon their
protraction when a low enough opposing force is present (e.g., in
phytophagous cicadellid hemipterans (Pollard, 1969)). In all three
active bending mechanisms described above, the extent of
bending can be controlled by adjusting the amplitude of pro-
tractions and retractions of the individual interlocked elements
(Cerkvenik et al., 2018).

Unlike active bending, passive bending results from the me-
chanical resistance exerted by the surrounding substrate on the
movements of the individual elements of the rod-shaped structure
(e.g., the valvulae forming the terebra of the braconid Diac-
hasmimorpha longicaudata (Ashmead, 1905) when searching for
host larvae in fruits (Cerkvenik et al., 2017), or the stylets of the
plant-sucking lygaeid bug Oncopeltus fasciatus (Dallas, 1852) (Miles,
1958) and probably also other phytophagous hemipterans (MacGill,
1947; Judrez-Herndndez et al., 2014) when penetrating plant tis-
sues). Therefore, these elements need to be thin to limit substrate
deformation, and long enough to attain sufficient penetration
depths. The shape of the apex of these rod-shaped structures can be
actively altered by changing the relative position of the individual
elements (Cerkvenik et al., 2017, 2018). While inserted into a sub-
strate, asymmetric forces acting on the varying geometrical
asymmetry of the apex deflect the tip away from its straight path.

In the present study on triatomine kissing bugs, we have
observed two distinct modes of bending movements of the
maxillary bundle:

(1) In liquid isotonic blood saline, the triatomine bugs exhibit a
twitching and bending movement of the apical part of the
maxillary bundle. These movements presumably result from
the mechanical interaction of the left and the right maxillary
abutment (slide-lock mechanism), whenever the individual
maxillae are protracted or retracted to a certain amount. These
interactions build up tension and compression, causing the
maxillary bundle to bend because of the distribution of the
bending moment. Since the maxillary bundle tapers and
therefore might be more flexible apically, the bending move-
ments are more pronounced at the apical part. Maximum
bending movements of the apex of the maxillae have always
been observed prior to the food uptake (see below). Pollard
(1969) hypothesized that the maxillae of the phytophagous
Eupteryx melissae (Curtis, 1837) (Hemiptera: Cicadellidae) are
‘preloaded elements’ that curve in a predetermined direction
as soon as parts of them are no longer tightly interlocked, and
when no opposing force is present. This results in asymmetric
apices with asymmetric forces acting upon them; the tips of
the stylets are deflected from their straight path enabling the
directional control of the stylet bundle. However, the cuticle of
the triatomine species under study does not show any distinct
cuticle layers but appears to be remarkably homogeneous.
Since we also have not observed any curving of the stylets
after the interlocking structures are separated, the stylets of
the kissing bugs are presumably not pre-tensioned.

(2) In agar (simulating the host tissue), the triatomine bugs
were able to exhibit considerable bending movements in
the lateral plane (equally to the left and to the right). The
animals were able to actively bend the maxillary bundle at
several points across their length, often resulting in S-sha-
ped forms of the maxillary bundle. Such movements enable
the animals to explore a wide range of the substrate/tissue
from a single puncture point. The tips of the individual
maxillae (and especially the presumably sturdier apex of
the spine-like left maxilla) are asymmetrically beveled. The
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animals can alter the geometry of the apex of the maxillary
bundle by continuously protracting or retracting the indi-
vidual maxillae. Since the right maxillary abutment is
further away from the apex than the left one (Table 1), the
triatomine bugs can protract the right maxilla to a certain
distance without a mechanical interaction with the abut-
ment of the left maxilla, thereby creating an offset (Fig. 9). If
an advancing force (actuated by protractor muscles located
in the head) is applied to the maxillae, the protruding stylet
will not be pushed into the tissue in a straight path, because
the asymmetrically beveled tip deflects it as a result of the
asymmetrical forces exerted by the surrounding substrate.
If one individual maxilla is protracted alone, its tip curves
inwards because of its inwardly directed apex. When the
other maxilla follows, it is guided to one side (Fig. 9 a). Thus,
the kissing bugs may be able actively to steer the maxillary
bundle to the left or right within their host's tissue, since
the extent to which one individual maxilla is protracted
compared with the other controls the degree of this
bending. These passive bending mechanisms might be
further supported by the active bending of the apex caused
by the slide-lock mechanism described above. Since the
makxillary bundle consist of only two elements (in contrast
to the hymenopteran terebra comprising three valvulae; cf.
Cerkvenik et al. (2017)), this mechanism can account for
movements in the lateral plane only. However, the observed
rotation of the entire maxillary bundle around its longitu-
dinal axis might be used to increase the working radius of
the stylets. Whether this rotation is actively actuated or
whether it results from the resistance of the inhomoge-
neous surrounding substrate remains unclear. The viscosity
of the surrounding medium seems to be essential for the
described passive bending, since we exclusively observed
the strong bending of the maxillary bundle in agar but
never in liquid isotonic blood saline. The triatomine bugs
advance their maxillary bundle by short rapid alternating
thrusts of the individual maxillae, thereby protruding a
(curved) tunnel through the surrounding substrate. The
maxillary teeth found at the spine (Fig. 4 a, c, e) possibly
support the passage of the maxillary bundle through the
tissue by reducing cutting forces at the apex and thereby
enhancing its efficiency. The further proximal part of the
maxillae follows these tunnels and can therefore be
passively deformed in various ways. Throughout the inser-
tion process, the surrounding labial tip and the tube formed
by the mandibles provide external support.

4.3. Distal opening of the food channel

The kissing bugs in our study never opened their food channel
within the agar, but only once the maxillary bundle had left the
agar and entered the liquid isotonic blood saline (cf. single frame
0.250 s in Fig. 7 a). This is in accordance with the physiological
context during blood-sucking: the mouthparts open once the ani-
mal has penetrated a blood vessel but always remain closed within
the tissue (Barth, 1952). The apices of the maxillae are shaped (Fig. 4
¢, e) such that they seal the openings of the food and salivary
channel when the animal is not feeding. Nevertheless, our footage
shows that the triatomine bugs continuously release small amounts
of saliva during their probing behavior, even when the food channel
is closed. The tight form closure of the maxillary tips together with
this release of saliva might protect both the salivary and the food
channels from becoming clogged during the probing of the tissue.
Furthermore, the anesthetic properties of the saliva reduce the local

sensitivity of the host's tissue (Dan et al., 1999), possibly length-
ening the feeding time because the host does not immediately
detect the presence of the kissing bug.

We have observed that the maxillae are able to perform fast
alternating movements (recorded for D. maxima and P. megistus). A
closer inspection of the shape of the maxillae and the reinforce-
ment of the maxilla abutments (Ima, rma; Fig. 4 c, e, g, h), which
consist of heavily sclerotized material (Fig. 8 c—f), suggests that the
abutments do not slide past each other easily in the longitudinal
direction. Rather, they block the forward sliding of the maxillae
relative to each other once a certain point is reached (slide-lock
mechanism). When the animal is not feeding, the right maxillary
abutment is always located further proximal relative to the left one
(Figs. 4 c, e, 9, Table 1). This situation only changes once the distal
entrance to the food channel is open. Pushing the right maxilla
further after reaching this blocking point causes the observed
strong bending of the apex of the maxillary bundle to the left (ar-
row; Fig. 7 a, single frame 0.144 s; Fig. 9), as was always observed
just before the spine becomes visible and the food channel opened.
The opening of the food channel was always achieved by pro-
tracting the right maxilla only (and not by retracting the left one as
postulated by Barth (1952)). Hence, the food channel always
remained at the same position (just where the splayed spine is
visible). We therefore conclude that the spine of the left maxilla
always splays out within a blood vessel and remains in that position
for the duration of the feeding process.

During the time that a triatomine bug feeds, the right maxilla
can be protracted and retracted freely about a certain distance as
long as the abutments of the maxillae do not collide. These
movements might be important to maintain the blood flow or to
distribute the saliva evenly. In addition, a further protraction of the
right maxilla, whose cross-section widens in the proximal direction
(cf. Fig. 6 a), spreads the base of the splayed spine of the left maxilla,
i.e., the distal ends of the two interlocking structures of the left
maxilla are pushed further apart. This presumably also has an effect
on the stability of the splayed spine.

Since the spine-like apex of the left maxilla splays outwards in
the region of the maxillary ‘notch’—a region that lacks strong
sclerotization—this structural modification can be considered a
potential ‘predetermined splaying point’. Based on our findings, we
assume that the left maxilla is a bi-stable structure with one stable
mechanical condition being ‘straight’ (cf. Fig. 4 a, ¢, e, g) and the
other one being ‘splayed out’ (Fig. 8 a and b, g). The force created by
the interacting reinforced abutments (leading to the extreme cur-
vature to the left side) presumably triggers a change in the struc-
tural conformation of the spine. This would also explain why the
mouthparts can stay open once the spine becomes splayed out
without any visible mechanisms or forces to hold it open. The open
shape of the spine is mechanically stable and needs external energy
to be reverted into the ‘straight’ (i.e., closed) state once again.

The abutments probably also interact when the right maxilla is
retracted proximad. This scenario seems to be highly likely, because
it was also observed in the fluid medium in the absence of any
tissue or agar. Since the left maxillary abutment is not symmetrical
but is roughly triangular and pointed proximad (Ima; Fig. 4 c, e, g),
gliding alongside the right maxilla should thus be easier, resulting
in a slighter but still noticeable curvature to the right side (slim
arrow; Fig. 7 a, single frame at 1.549 s). This might in turn trigger
the change in the structural conformation of the left maxilla back to
its ‘straight’ shape. The maxillary ‘notch’ potentially facilitates the
transition from one mechanical shape into the other. Hence, the
small gap (i.e.,, the notch, not; Fig. 4 a, ¢, e), which gives the
otherwise homogeneous left maxilla room for movement, might
provide a secure anatomical location for the spine to snap open
without any damage and allow the opening of the food channel.
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Another possibility is that the external counter pressure caused by
the tissue surrounding the maxillae assists in closing the food
channel.

5. Conclusion

Whereas the general appearance of the stylets is similar be-
tween the four Triatominae species under study, the size and shape
of their respective morphological features differ. The paired man-
dibles have the form of elongated rods with a prominent row of
sawteeth at their apices. The apices of the paired, likewise rod-
shaped, and slender makxillae are strongly asymmetrical: the right
maxilla ends in a long flagellum, whereas the apex of the left
macxilla is a shorter and sturdy spine. The two maxillae are tightly
interlocked by a tongue-and-groove system and form a larger food
channel and a smaller salivary channel.

The feeding process can be summarized as follows. After
penetrating the host's skin, the mandibles with their strong teeth
act as an anchor and remain in the outer skin layers to form a stable
tube that extends the wound opening and keeps it open. The tightly
interlocked maxillae are inserted deeper into the tissue to locate
suitable blood vessels. In a solid or highly viscous medium such as
agar or tissue, the maxillary bundle moves in a combination of
passive and active bending mechanisms: (1) the interplay between
the surrounding substrate and the alternating movements of the
maxillae pushes the tip away from its straight path because of
asymmetrical forces acting on the variable geometrical asymmetry
of the apex (passive bending); (2) these movements are probably
supported by the mechanical interaction of the left and right
maxillary abutment (slide-lock mechanism) whenever the indi-
vidual maxillae are protracted or retracted to a certain amount
(active bending). In a liquid, the movements of the maxillary
bundle are solely caused by the active bending mechanisms.
Throughout the insertion process, the labial tip and the tube
formed by the mandibles are assumed to provide external me-
chanical support. The food channel opens only once a vessel is
found and tapped. This is made possible by the protruding abut-
ments of the left and right maxillae, which block each other's paths.
The resistance so created then causes the apex of the left maxilla to
change from its mechanically stable ‘straight’ condition to it equally
stable ‘splayed out’ condition, thereby opening the food channel.
The notch of the left maxilla functions as a putative predetermined
splaying point.

The examination of the stylets of the four triatomine species
under study and the underlying working mechanisms of the joint-
free bending movements of the maxillary bundle and the distal
opening of the food channel adds to our understanding of the
feeding process of these bugs from an eco-morphological point of
view. Further comparative studies that thoroughly analyze the
triatomine head (muscles, cuticular structures, glands, etc.) are
needed in order to determine the way in which the various
movements are actuated and the role that these morpho-
physiological traits played in influencing the evolution of the
behavioral and ecological traits and vice versa in the epidemiolog-
ically important bloodsucking Triatominae. Previous studies have
also shown that specific structures of the reduviid stylets can be
used successfully for phylogenetic analyses, since they are closely
linked to the food source, the habitat and the evolutionary past of
the animals (Johnson et al., 2018; Weirauch, 2008; Weirauch et al.,
2019). Further information about their microstructure might also
provide new insights in this regard.

In recent years, some efforts have been made to produce bio-
logically inspired steerable instruments for micro-invasive surgery
that work without axial rotation (e.g., Frasson et al., 2012; Leibinger
et al., 2016; Scali et al., 2017), since multi-part structures

comprising of several interlocked sliding elements seem to be
highly effective for volumetric substrate probing. These biomimetic
multi-element prototypes are based on the terebrae of hymenop-
terans. However, the elongated slender mouthparts of hemipterans
(and especially those of bloodsucking triatomine bugs) can also act
as a suitable biological concept generator, and further in-
vestigations into this matter might be helpful in the development
and the design of slender man-made probing tools.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.asd.2020.100952.

Video S1. Time-lapse recording of a Dipetalogaster maxima
feeding on warm (approximately 37°C) defibrinated pig blood that
was served in finger stalls to trigger the feeding response. The
recorded process took approximately 90 min in real time.
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Video S2. Video sequence of a Dipetalogaster maxima probing
with its maxillary bundle within isotonic blood saline and the
opening of the food channel (cf. Fig. 7 a).

Video S3. Video sequence of a Dipetalogaster maxima probing
with its maxillary bundle within agar (cf. Fig. 7 b).

Appendix B. Specimen maintenance and breeding

The specimens were sourced from the long-term laboratory
colonies of the research group ‘Zoology and Parasitology’ of the
University of Bochum (Bochum, Germany) and were bred in plastic
boxes (19 - 12.5 - 7.5 cm) in adult breeding groups of 10—30 in-
dividuals per box. Each box was ventilated through two stainless
steel mesh-covered openings. The plastic boxes were stored within
an incubator of the type Brutmaschine Modell 3000 digital (Brut-
maschinen-Janeschitz GmbH (BRUJA); Hammelburg, Germany) to
maintain a constant temperature of 29°C and a high humidity. The
nymphs were kept under the same conditions. We collected laid
eggs and incubated them in Petri dishes on filter paper within the
same incubators in which the adults were kept. Since the nymphs
need to infect themselves with endosymbionts that are necessary
for blood digestion (Baines, 1956), adults and offspring need to be
raised in close contact. However, fecal residues on the eggshells
seem to be sufficient to infect the nymphs (Brecher &
Wigglesworth, 1944; Geigy et al., 1953). No negative effects as
described by Baines (1956) were observed in our breeding system.
The specimens were fed on a diet consisting solely of sterile defi-
brinated pig's blood (elocin Tierblutspezialititen GmbH; Diissel-
dorf, Germany). The blood was served in latex finger stalls
following Christophel et al. (1988) with some modifications

Appendix C. Histological protocols for the semi- and
ultrathin sections

Fixation:

2.5% glutaraldehyde and 5% sucrose in 0.1 M cacodylate buffer,
pH 74,16 h at 4°C

rinse in 0.1 M cacodylate buffer, pH 7.4, 3 - 10 min at 4°C

Post-fixation:

1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4, 4 h at
4°C

rinse in 0.1 M cacodylate buffer, pH 7.4, 3 - 10 min at 4°C

Embedding:

30% ethanol, 15 min at 4°C

50% ethanol, 2 - 10 min at 4°C

70% ethanol, 3 - 10 min at room temperature

70% ethanol saturated with uranyl acetate, 12 h at room
temperature

70% — 75% — 80% — 85% — 90% — 95% — 100% ethanol, each
dehydration step 3 - 10 min at room temperature

100% propylene oxide, 2 - 1 h at room temperature

Spurr resin/propylene oxide (PO) mixtures with a PO:resin ratio
of 3:1,1 h at room temperature

1:1 PO:resin, 1 h at room temperature

1:3 PO:resin, 1 h at room temperature on a rotatory shaker

1:7 PO:resin, 1 h at room temperature on a rotatory shaker

100% resin, 17 h at room temperature on a rotatory shaker

embedding in 100% fresh resin

polymerization for 8 h at 70°C

Staining of semithin sections:
Stevenel's blue (del Cerro et al., 1980), 40 min at 60°C
rinse in distilled water, 2 - 4 min at 60°C

air-dry
mount in Euparal (Waldeck GmbH & Co. KG, Miinster, Germany)

Staining of ultrathin sections:
2% ethanolic uranyl acetate, 20 min at room temperature
rinse in distilled water, 5 s at room temperature
lead citrate, 10 min at room temperature
rinse in distilled water, 5 s at room temperature
air-dry
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Additional files (supplementary data): video files (snapshots displayed here); files available online at
https://www.sciencedirect.com/science/article/abs/pii/S146780392030013X

Supplementary data — Video S1: Time-lapse recording of a Dipetalogaster maxima feeding on warm (approximately 37°C) defibrinated

pig blood that was served in finger stalls to trigger the feeding response. The recorded process took approximately 90 min in real time.

Supplementary data — Video S2: Video sequence of a Dipetalogaster maxima probing with its maxillary bundle within isotonic blood

saline and the opening of the food channel (cf. Fig. 7 a).
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Supplementary data — Video S3: Video sequence of a Dipetalogaster maxima probing with its maxillary bundle within agar (cf. Fig. 7
b).
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Abstract

Plants and animals have evolved a variety of rod-like or tube-shaped systems capable of adapting
their stiffness and concomitantly achieving deformations without the need of classical engineering-
like joints. In architectural concepts, such adaptable systems would provide the technical basis for
the construction of building structures and facades with the capacity for continuous adaptive
actuation. The present contribution provides an overview of a literature screening for general
principles of the deployment of continuous kinematics and adaptive stiffness of rod-like structures
in animals and technical systems. With respect to the performance of plants, the initial results of a
case study of anatomical properties and wilting modes and of their interrelationship are presented.
More specifically, plants are characterized as anatomically heterogeneous and mechanically
anisotropic fibre-reinforced materials. In herbaceous plants, movements can be classified into
hydraulic movements caused by water transport and movements caused by mechanical
instabilities. With our focus on water-dependent adaptive stiffness, the plant tissues of special
interest are those that change their properties significantly according to water availability, such as
parenchyma and collenchyma. In invertebrate animals and “protozoans”, adaptive stiffness is found
in hydroskeletons in which a change in internal hydrostatic pressure interacts with crossed-fibre
reinforced external walls and is also achieved by other mechanisms, such as (1) amoeboid cell
crawling, (2) muscular hydrostats and (3) slide-lock mechanisms. Slide-lock mechanisms are
present, for instance, in insects that have a mechanism for releasing needle-like elongated cuticle
structures interlocked along their entire length, thereby achieving joint-free movement (e.g. in
needle-like mouthparts responsible for piercing and sucking fluids or in ovipositors used for egg-
laying).

The transfer of these biological concepts of adaptive stiffness and continuous kinematics to
technical applications in architecture might lead to improved architectural systems, for example, for

sun-shading systems. As the proneness to failure is directly dependent on the number of individual

'Springer Nature license number 5624081054663.



movable components in these systems, a decrease in mechanical complexity is a guiding design
criterion. Hinge-less or compliant mechanisms transferred from biology offer this feature. However,
abstractions are needed for technical application. Therefore, computational analysis is essential to
identify the key characteristics and the underlying actuation principles of the biological role model.
The identified principles from several biological role models can finally be implemented in a

common demonstrator, thus providing completely novel bio-inspired technical actuation solutions.

Significance within the present thesis: This literature review gives an overview of all joint-free movement
mechanisms that we find in plants and animals. We also discuss the potential of these systems as concept
generators for biomimetic research and the transfer of biological concepts to technical applications, mainly in
engineering and architecture.

Methods used: none (literature review)

Own contribution: writing and preparing parts of the manuscript and figures; discussing the manuscript



Chapter 8

Adaptive Stiffness and Joint-Free Kinematics:
Actively Actuated Rod-Shaped Structures

in Plants and Animals and Their Biomimetic
Potential in Architecture and Engineering

Oliver Betz, Annette Birkhold, Marco Caliaro, Benjamin Eggs, Anja Mader,
Jan Knippers, Oliver Rohrle, and Olga Speck

Abstract Plants and animals have evolved a variety of rod-like or tube-shaped
systems capable of adapting their stiffness and concomitantly achieving deforma-
tions without the need of classical engineering-like joints. In architectural concepts,
such adaptable systems would provide the technical basis for the construction of
building structures and facades with the capacity for continuous adaptive actuation.
The present contribution provides an overview of a literature screening for general
principles of the deployment of continuous kinematics and adaptive stiffness of rod-
like structures in animals and technical systems. With respect to the performance of
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plants, the initial results of a case study of anatomical properties and wilting modes
and of their interrelationship are presented.

More specifically, plants are characterized as anatomically heterogeneous and
mechanically anisotropic fibre-reinforced materials. In herbaceous plants, move-
ments can be classified into hydraulic movements caused by water transport and
movements caused by mechanical instabilities. With our focus on water-dependent
adaptive stiffness, the plant tissues of special interest are those that change their
properties significantly according to water availability, such as parenchyma and
collenchyma. In invertebrate animals and “protozoans”, adaptive stiffness is found
in hydroskeletons in which a change in internal hydrostatic pressure interacts with
crossed-fibre reinforced external walls and is also achieved by other mechanisms,
such as (1) amoeboid cell crawling, (2) muscular hydrostats and (3) slide-lock
mechanisms. Slide-lock mechanisms are present, for instance, in insects that have a
mechanism for releasing needle-like elongated cuticle structures interlocked along
their entire length, thereby achieving joint-free movement (e.g. in needle-like
mouthparts responsible for piercing and sucking fluids or in ovipositors used for
egg-laying).

The transfer of these biological concepts of adaptive stiffness and continuous
kinematics to technical applications in architecture might lead to improved archi-
tectural systems, for example, for sun-shading systems. As the proneness to failure
is directly dependent on the number of individual movable components in these
systems, a decrease in mechanical complexity is a guiding design criterion. Hinge-
less or compliant mechanisms transferred from biology offer this feature. However,
abstractions are needed for technical application. Therefore, computational analysis
is essential to identify the key characteristics and the underlying actuation principles
of the biological role model. The identified principles from several biological role
models can finally be implemented in a common demonstrator, thus providing
completely novel bio-inspired technical actuation solutions.

8.1 Introduction

Many developments in current architecture and building technology are directed
towards adaptive systems that adjust their geometry to changing external envi-
ronmental conditions or internal comfort requirements. Their general aim is to
contribute to a more sustainable architecture through adaptivity. These systems are
envisaged in different sizes for a variety of applications, such as moveable panels
for daylight-control or sun-shading, solar tracking for photovoltaic cells, flexible
cladding for the adjustment of aerodynamic properties and noise reduction. Until
now, these structures have been constructed out of rigid elements or soft textiles
connected by hinges, bearings and other highly strained elements. They are actuated
and locked in certain (often discrete) positions by external mechanical devices.
However, proneness to failure is directly dependent on the number of individual
movable components. A minimum level of mechanical complexity is therefore a
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guiding design criterion. Hinge-less or compliant mechanisms offer this feature.
Ideally, these systems exhibit flexibility during movement and develop an increased
stiffness and strength when needed. They are thus able continuously to adapt to
various geometric configurations through elastic deformation and to resolve the
potential conflicts of carrying external loads, mainly self-weight and wind. If these
elements deploy a rod-like geometry, they can often be easily integrated in a
variety of two-dimensional (2D) or three-dimensional (3D) configurations, similar
to hydraulic or electric pistons.

Plants and animals have evolved a variety of linear systems capable of adapt-
ing their stiffness and of achieving deformations without the need of classi-
cal engineering-like joints. The aim of biomimetic research is to transfer these
functional principles to the macro-scale of building constructions through fibre-
composite elements with integrated actuators based on pneumatic or other princi-
ples.

The present contribution is structured in the following manner. First, general
concepts and terms are defined that biology and engineering have in common
under the framework of the current biomimetic project (Chap. 8.2). Chapter 8.3
provides the results of a screening of principles of adaptive stiffness and continuous
kinematics of (1) a more specific case involving wilting processes in the genus
Gerbera (botany) and (2) the more general literature of such principles as realized
in zoology and engineering. Here, we also introduce two more specific insect
examples that are to be investigated in greater detail. Chapter 8.4 exemplifies how
the collaboration between biologists and engineers is structured in this concrete
project including both data acquisition and engineer-like modelling. Finally, we
outline the general way of elucidating their biomimetic potential resulting from the
extracted functional principles (Chap. 8.5).

8.2 Definition of Terms

One precondition of the development of interdisciplinary research in the field of
biomimetics is to reflect upon project-relevant terms and concepts in order to
advance a common understanding of the underlying general functional principles
and to ensure their correct use and comprehension (cf. Chap. 19 of this book).
Thus, to begin with, we need to define the central concepts and terms used in the
present project from the different involved disciplines, i.e. botanical and zoological
functional morphology and engineering.

8.2.1 Adaptive Stiffness

The engineers’ perspective: Adaptability is a major aim of current research and
development in architecture. In general, it reflects the step from a steady and time-
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independent conception of architecture towards a built environment that constantly
reacts to changing requirements. The current project focuses on the adaption of two
selected and individual features: the elastic stiffness and the geometric configuration
of arod.

Stiffness defines the extent to which a body resists deformation in response to an
applied force. It is a property dependent on the material, the shape and the applied
boundary conditions of the body. In the context of this research, adaptive stiffness
means that the stiffness of the system can be altered in such a way that the system
is, on the one hand, stiff enough to withstand high external forces in a steady state
and, on the other hand, the stiffness can be reduced far enough to allow the system
to change its geometric configuration, at least for a defined period of time.

The biologists’ perspective: The general capacity of plants and animals directly
to adjust to changing habitat conditions is called adaptivity, a term that also
refers to concepts such as physiological adaptation, phenotypical adjustment,
acclimation or modification. Especially for immobile plants, which cannot escape
from unfavourable environmental conditions and cannot hide themselves behind
protective structures, adaptive traits confer some evolutionary advantage. Adaptiv-
ity, in general, and adaptive stiffness, in particular, mean a significant change of
one or more features such as structures, materials and geometric configurations
in a controlled fashion in answer to changing environmental conditions such as
water availability, temperature or mechanical strains (Gibson 2012; Niklas and
Spatz 2012; Fratzl and Barth 2009; Fratzl and Weinkamer 2007; Vincent 2007).
In animals, adaptive stiffness occurs when single organs or body parts (usually
reversibly) adapt their (flexural) stiffness in response to changing external loads.

In plants and animals, adaptive systems, which are capable of dealing with
changing environments, are controlled by feedback loops (Brun et al. 2009).
Key components of such open- or closed-loop control systems are (1) sensors
in order to detect external or internal stimuli, (2) controllers in order to ensure
positive or negative feedback in the system and (3) suitable actuators, which
are controllable work-producing elements. Interestingly, this holds true for both
natural and technical systems. In contrast to technical applications where sensors,
controllers and actuators are realized in terms of block building constructions,
biological solutions are often integrated systems. This is of special interest and is
especially promising, if one considers biomimetic innovations.

8.2.2 Joint-Free Movement

The engineers’ perspective: A joint or a kinematic pair is the connection between
two (or more) bodies that imposes constraints on their relative movement. Movable
technical systems are usually based on the conception of components deploying a
maximum ratio of strength versus weight linked by individual elements deploying a
minimum resistance to rotation or translation. These hinges and bearings are highly
strained elements prone to wearing and failure. A joint-free movement offers a
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Fig. 8.1 Schematic drawing of the tissue arrangement in leaf blades of Poa pratensis L. allowing
joint-free adaptive movement. By swelling or shrinking of the bulliform cells (bc) the leaf blades
can change their conformation between closed (drawing above) and open (drawing below).
Abbreviations: mv midvein, vb vascular bundles, ue upper epidermis, le lower epidermis, pt
parenchymatic tissue, sc sclerenchyma strands

radically different approach. In this case, the compliant system consists of only
one body. The movement is based on an elastic deformation of the material and
is predetermined by a continuous distribution of structural or material properties.

The biologists’ perspective: In plants, joints are non-existent according to the
engineer’s definition. Because of the geometrical arrangements of several tissues
that have different mechanical properties and that can react to changing environmen-
tal parameters, plant organs, tissues or cells can adaptively — and often reversibly —
take various shapes. An excellent example is the joint-free movement of leaves
found in monocotyledonous plants such as grass species (Fig. 8.1). Close to the
mid-vein, the anatomy is obviously asymmetric: some cells of the upper epidermis
are large, highly vacuolated and bubble-shaped (so-called bulliform cells). During
drought, the bulliform cells shrink because of decreasing turgor pressure with the
result that the two edges of the grass blade fold up towards each other. As soon
as adequate water is available, turgor increases and the cells enlarge once again
resulting in an opening of the leaves.

In animals, joint-free movements of organs, body parts or entire bodies do not
involve flexible links (joints = articulations) between rigid elements (e.g. bones in
vertebrates or exoskeletal parts in arthropods) but function via reversible flexible
shape-changes together with their enclosing walls. These movements require
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deformable body media (i.e. tissues, fluids, sheaths, materials) and might com-
prise (often localized) lumps, constrictions, dilations, flattenings, elongations,
contractions, flexures, coilings, twists, evaginations, eversions and / or undulatory
movements.

8.2.3 Active Actuation

The engineers’ perspective: An actuator converts mechanical, chemical, flow,
thermal or electrical energy into a mechanical motion. Active actuation means that
adaption is initiated and controlled by an active trigger. The actuation is actively
controlled based on sensor data or user demands. In contrast, passive actuation
is initiated and controlled by an autonomous reaction to changes in the boundary
conditions of the system.

The biologists’ perspective: In biology, passive and active actuation is known.
Passive actuation is a pure reaction to changing environmental conditions, whereas
active actuation needs energy provided by metabolic processes. In botany, active
hydraulic actuators are parenchyma or epidermal cells that induce movement by
osmotic swelling or shrinking in terms of increasing or decreasing their turgor
pressure, i.e. motor cells in carnivorous plants or groups of bulliform cells in
leaves of grasses. Other water-driven active actuators include all kinds of growth-
mediated movements. Active actuation is also possible by means of fluids such
as latex being stored under high pressure in laticifers. Furthermore, mechanically
pre-stressed tissues such as fibres under pre-tension and / or parenchyma under pre-
compression can serve as actuators. Passive movement, however, is often driven
by changes in the humidity of living cells and dead tissues (Dumais and Forterre
2012). A typically passive-actuated motion is the opening and closing of the seed
capsules of Delosperma nakurense (Engl.) A.G.J.Herre. These capsules possess
swellable tissue on the inside and, if saturated with rainwater, the tissue starts to
swell and unfold the lids (Harrington et al. 2011). In zoology, active actuation
refers to the biological engine-like mechanical effectors that confer motility. On
the cellular level, these mechanisms are based on interacting proteins as achieved
by the microtubules and microfilaments of single cells and the ratcheting thick
(myosin) and thin (actin) filaments that constitute muscles. For the generation of
force, muscles usually shorten, thereby performing work. In order to transmit the
generated force into movement and support, muscles require interaction with a rigid
or incompressible skeletal system.

8.2.4 Continuous Kinematics

The engineers’ perspective: ‘Continuous kinematics’ describes a moveable system
that displays similar features during all stages of movement. During this continuous
movement, the system can take on any geometrical state between two specified
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states and is not limited to pre-defined discrete positions as, for example, membrane
systems that are stable only in the fully opened or fully closed position. Thus, an
indefinite number of geometric configurations can be achieved and no limitation is
set to certain pre-defined discrete positions.

The biologists’ perspective: Although present in many examples, ‘continuous
kinematics’ has not as yet become a well-defined established concept in functional
morphology. So, this term is lacking in the biological literature. Hence, we adopt its
technical definition in this paragraph also for the biologists’ perspective and, instead
of providing a separate definition, just give illustrative examples for its occurrence
in biological organisms. In-depth kinematic studies carried out by Dumais and
Forterre (2012) as well as by Skotheim and Mahadevan (2005) revealed two
categories of plant movement: (1) hydraulic movements caused by water transport
and (2) movements caused by mechanical instabilities. This can be displayed
graphically in terms of a plot that gives the duration of movement (in seconds) as a
function of the tissue size (in meter), defined as the smallest macroscopic moving
part. Hydraulic movements are limited by the poroelastic time of water diffusion
through porous plant tissues. These include movements caused by growth, swelling
and shrinking, which are generally slow. Movements by elastic instabilities are
eventually limited by inertia. The release of stored elastic energy or rapid geometric
changes can speed up movements beyond the limits imposed by simple hydraulic
mechanisms.

In animals, conventional kinematics deal with systems that move via defined
joints, whereas continuous kinematics address the versatile joint-free movements
of organs, body parts or entire bodies that are continuously deformable (e.g. with
respect to changing loads) and are thus less restrained by the rigid interconnection
of joints.

8.2.5 Rod-Shaped and Tube-Like Structures

The engineers’ perspective: A rod-shaped structure is defined by its geometry, which
is typically straight, thin, much longer than wide, and has often a circular cross
section. In mechanics, the term ‘linear element’ is more common.

The biologists’ perspective: In biology, cylindrical structures can be massive
(rod) or hollow (tube). Important biomechanical properties of a rod are its resistance
to (1) bending referred to as flexural stiffness and (2) torsion referred to as
torsional stiffness. Both these properties are modified by the cross-sectional shape
of the rod and its material anisotropy (Vogel 1988, 2003). More specifically, with
respect to their loading regime, rods can be distinguished into (bending) beams
and columns. Whereas beams run horizontally and withstand transverse forces that
would bend them, columns run vertically and withstand lengthwise forces that
would compress them (Vogel 2003). In animals, rods might become elements of
superordinate structural systems (frameworks) such as trusses, filled polymers and
multibar linkages (Vogel 2003) that confer novel properties by combining static
support with mobility.
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In plants, rod-shaped structures (without pith) or tube-like structures (with pith)
are very common. Examples include stems, pedicels, petioles and roots. With
respect to the various bauplans of mono- and dicotyledons, specific patterns of
tissue arrangement can be found in the respective plant organ. Bearing in mind
that every single tissue has its specific 3D arrangement in the plant organ and that
the tissue’s mechanical properties are very different from one another, plant organs
are characterized as anatomically heterogeneous and mechanically anisotropic fibre-
reinforced materials. With regard to adaptive stiffness and because plant movements
are caused by water transport and/or mechanical instabilities, the tissues that are of
special interest are those that can change their properties significantly according to
water availability, such as parenchyma and collenchyma (Caliaro et al. 2013a,b).

8.3 The Diversity of Functional Principles

8.3.1 Plants: Principles Found in Mono- and Dicotyledons

From the botanists’ viewpoint, the main aim of this project is to investigate
mechanisms of plants exhibiting adaptive stiffness and joint-free connections and to
abstract the functional principles in order to translate these mechanisms into novel
biomimetic actuators for built structures.

Water-dependent systems: Bearing in mind that plants have evolved a remarkable
range of mechanisms to create adaptive stiffness in reaction to several external and
internal stimuli and considering that water-driven mechanisms play a major role in
adaptive design, we first focus on water-dependent adaptive stiffness. This is initially
performed within the framework of a screening process of various herbaceous plants
followed by the selection of one model plant in which quantitative analyses of the
functional morphology and biomechanics with various relative water content are
carried out. In future, an abstraction via computational models of variable detail, in
particular by using principles of continuum mechanics and the finite element (FE)
method, will be investigated.

Suitable model plants were selected on the basis of an extensive literature
search and a screening process that has been underpinned by the following pre-
defined criteria: (1) herbaceous plant organs, (2) unbranched rod-shaped or tube-like
geometry, (3) active actuation, (4) adaptive stiffness dependent on water content and
(5) reversible adaptation process.

On the basis of the diverse bauplans of mono- and dicotyledons and the specific
pattern of various tissues, a variety of wilting modes and water-dependent recovery
can be defined (Fig. 8.2). Whereas wilting is a passive mechanism, the energy-
consuming recovery after full water supply can be regarded as an active process.

Table 8.1 shows the result of this screening process carried out on a variety
of selected model plants. A relationship between the various wilting modes with
or without full recovery and the specific anatomical conditions (Fig. 8.3) can
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L

Fig. 8.2 Various wilting modes of rod-shaped or tube-like plant axes (e.g. stem, pedicel, petiole)
with a top load (e.g. lamina, flower). 0 original position, / bending zone at the apical end of the
axis close to the top load, /I bending zone at a height of about half to two-third of the total length
of the axis, /I bending along the entire axis, /V bending zone at the basal end of the axis, thus
tilting of the entire axis

be assumed and will be subject of future analyses. Especially promising results
concerning the fulfilment of the pre-defined criteria could be found in pedicels of
Gerbera jamesonii ‘Nuance’. Therefore, this Gerbera cultivar was the first model
plant to be analysed and initial findings are presented here (cf. Sect. 8.4.1).

8.3.2 Animals: Principles Found in Invertebrates

In animals, we distinguish between three fundamental ways of movement, i.e. (1)
ciliate and flagellate via hair-like differentiated structures that beat in a pendulum-
like manner, (2) amoeboid (also called cell crawling) via plasma protuberances (=
pseudopodia) driven by contracting proteins and (3) muscular involving two sets
of filaments (actin and myosin) that slip in between each other, such that muscles
shorten. Whereas, in many taxa, muscular movements are regularly linked to jointed
limbs, in this overview, we focus on the general principles of joint-free continuous
kinematics involving flexible rod-like systems with adaptive stiffness. We limit
ourselves to protistons and invertebrates, excluding vertebrates. Our screening of the
literature has revealed four general principles of such movements, i.e. (1) amoeboid
cell crawling, (2) hydroskeleton mechanisms, (3) muscular hydrostats and (4) slide-
lock mechanisms (Fig. 8.4).

Amoeboid Cell Crawling (Fig. 8.4a)

Cell crawling occurs in a wide variety of cells including rhizopodean protistons and
human white blood cells. To enhance the cell’s grip with the substrate, the motile
cells produce dynamic surface extensions (e.g. foot-like pseudopodia) of the gel-
like ectoplasm containing concentrated networks of actin filaments forming a cell
cortex. Forward movements are produced by actin polymerization beneath the cell’s
surface causing the leading edge to advance. The actin filaments grow at their plus
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Fig. 8.3 Cross sections of plant organs stained with Acridine Orange highlighting lignified tissues
in bright yellow. Monocotyledons: (a) Anthurium andraeanum Linden ex André ‘Amalia Elegance’
(petiole), (b) Caladium bicolor (Aiton) Vent. ‘Candyland’ (petiole); Dicotyledons: (¢) Anemone
sylvestris L. (pedicel), (d) Armeria maritima (Mill.) Willd. ‘Alba’ (pedicel), (e) Begonia sanguinea
Raddi (pedicel), (f) Begonia sanguinea Raddi (petiole), (g) Bellis perennis L. ‘Habanera’ (pedicel),
(h) Pelargonium zonale (L.) L’Hér. ex Aiton (pedicel), (i) Gerbera jamesonii Bolus ex Hooker
f. ‘Nuance‘ (pedicel), (j) Primula denticulata Sm. ‘Red Select’ (pedicel), (k) Primula obconica
Hance ‘Touch me’ (pedicel), (I) Primula veris L. ‘Cabrillo’ (pedicel). Scale bars = 500 pm
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Fig. 8.4 Schemes and photographic examples of four general principles of joint-free movements
with adaptive stiffness of rod-like structures in protistons and invertebrate animals. (a) amoeboid
cell crawling, (b) hydroskeleton mechanisms, (¢) muscular hydrostats and (d) slide-lock mecha-
nisms. The grey bars in (a) are indicative of the outer actin elements to which new elements are
added at their plus ends. The drawing in (c) shows a schematic cross section of a squid tentacle, in
which longitudinal muscles are indicated as dots, and circular and crosswise muscles as dashes.
The straight arrows in (d) indicate the relative lengthwise movements of the independent rod-like
structures, and the curved arrows the resulting bending movement of the entire organ (see Fig. 8.9).
The drawings were adapted and modified in (a) from Biewener (2003), in (b) from Barnes et al.
(2002), in (c¢) from Vogel (2003). The photos show (a) the amoeba Amoeba proteus (Pallas) with
protruding pseudopodia (scale bar =200 pm); photo courtesy to Klaus Eisler, Tiibingen, (b) the
nematode Pelodera strongyloides (Schneider) (shown is one adult female and three L1 larvae)
during its characteristic undulating body movements through a fluid medium (scale bar = 0.5 mm),
(¢) the arm of the squid Sepia sp. Linnaeus, and (d) the bending joint-free maxillae of the assassin
bug Dipetalogaster maxima Uhler (Reduviidae: Triatominae) as recorded during their feeding on
pig blood (scale bar =0.6 mm). Abbreviations: + nucleation sites of actin filaments, — sites
of disassembling of actin during the process of “treadmilling”. t1, t2 two succeeding steps of
pseudopodium protrusion

ends, while they become disassembled at their minus ends, a process that is called
“treadmilling”. Myosin is probably also involved in the generation of propulsive
forces by pulling against the local actin networks. More detailed descriptions of
this mechanism, which also involves hydrostatic pressure from the interior sol-like
endoplasm of the cell and allows animal cells to adopt a variety of shapes, can be
found, for example, in Biewener (2003) or Alberts et al. (2014).

Hydroskeleton Mechanisms (Fig. 8.4b)

Once muscles are involved in the production of movement, mechanical counter
bearings are needed that are usually provided in the form of skeletons. The
phylogenetically oldest skeleton type is the hydrostatic (= fluid) skeleton, whose
working principle is a pressurized fluid-filled cavity that is surrounded by a tension-
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resisting fibre-reinforced skin or wall. In such systems, changes of the body shape
and movements are caused by hydraulics through the transmission of pressure into
other parts of the body. In the hydrostatic skeletons of soft-bodied invertebrates,
the pressurized body cavity promotes muscle antagonisms, whereupon the body
cavity might be either unstructured or segmented. In roundworms (Nematoda), for
instance, an unstructured body cavity forms a liquid column that is surrounded
by longitudinal muscles only. As a consequence, undulating movements result
driven by the alternate contraction of opposing (dorsal and ventral) muscles. In
contrast, the segmented worms (Annelida) show a segmental chambered body
cavity (coelom) combined with a dermal muscular tunic made of longitudinal and
circular muscles. From such an arrangement, a peristaltic movement results from the
alternate contraction of the longitudinal and circular muscles. In comparison with
non-segmented worms, such segmentation makes it possible to isolate changes in
the fluid pressure to individual segments or groups of them and so regions between
the contracting segments do not experience high fluid pressures and do not need
to contract fully to maintain their body shape. This saves energy. Earthworms
and other annelids use this principle to produce peristalsis; thus, instead of the
body lengthening and shortening as a whole, waves of lengthening and shortening
proceed backwards along the body (Gray 1968; Alexander 1983, 2003). In this way,
the worms can produce both the propulsive forces (as exerted by contracting the
circular muscles and elongating the segments) and, at the same time, the friction
towards the substratum (as caused by the thickening of the fully shortening segments
upon contraction of the longitudinal muscles) as necessary for an effective forward
penetration through the substrate without slipping backwards.

According to Ruppert et al. (2004), the incompressibility of the fluid- (or,
alternatively, parenchyma-) filled body cavity upon muscle pressure leads to two
important properties, i.e. (1) the resulting hydrostats are constant in volume and (2)
any localized increase in pressure as a result of muscular contraction is transmitted
equally throughout the hydrostat. These properties are used by the animals (1)
mechanically to support the body and adaptively to increase their stiffness and
(2) to generate forces by displacing water in one region to do work in another. In
addition to locomotion as described above, the dynamic interrelationship between
the muscles of the body wall around a fluid skeleton is responsible for the variety
of joint-free body movements shown by worm-shaped invertebrates in various
biological contexts (e.g. Clark 1964; Gray 1968). Many animals with hydrostatic
skeletons (e.g. such as of sea anemones, “worms”) are characterized by more or
less cylindrical bodies and, similar to the windings in the wall of a garden hose,
their body wall is often reinforced by a mesh of inextensible (e.g. collagen) fibres
(e.g. Clark 1964; Ruppert et al. 2004). Such fibrous mesh not only toughens the body
wall, but also prevents uncontrolled bulges and aneurisms as the hydrostatic pressure
rises. To prevent aneurisms, the meshwork fibres in natural hydrostats are oriented in
a crossed-fibre array, in which the fibres wrap helically around the body in layers of
parallel left-handed and right-handed fibres. Figure 8.5 presents a scheme (adopted
from Vogel 2003 and originally suggested by Clark 1964) that shows the change
in volume and fibre angle as the length of a helically wound cylinder is varied.
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Fig. 8.5 (a) Relationship between the relative volume and the relative length as a function of the
fibre angle of helically wound cylinders in natural hydrostats. (b) Three representative cylinders
with different fibre angles and their consequences for shape changes. The bold numbers in the
scheme represent different actual zoological examples. (/) Many “low-pressure” worms (e.g.
(acoelomic) limp worms (Nemertini) and flatworms (Plathelminthes)) form flattened (not circular)
cylinders, whose volume is not at its maximum (“flaccid”). By contracting the longitudinal
muscles, these worms shift to the left towards the turgid line, whereby the mechanical capacity
of the fibres is at its maximum. As a consequence, the worms become shorter, thicker, stiffer
and more circular in shape. Upon contraction of the circumferential muscles, the worms shift
to the right towards the turgid line, becoming longer, thinner and also stiffer and more circular.
(2) “High-pressure” roundworms (Nematoda) possess longitudinal muscles only, have a strong
external cuticle (with crossed collagen fibres) and show a circular cross section. Upon contraction
of the longitudinal muscles, these worms shorten only a little but become stiffer (up to 30 kPa in
Ascaris Linnaeus). They can increase their volume by relaxing the longitudinal muscles, thereby
lowering the fibre angle towards 55°. Worms that possess fibre angles of 55° must be flat to be
able to increase their volume by rounding their cross section; otherwise, shape changes would only
be possible by further increasing the internal pressure. (3) Similar to roundworms, the small, soft
and joint-free tube feet of echinoderms (e.g. starfish) have longitudinal muscles only and collagen
fibres of 67° in the fully extended feet. Upon contraction of the longitudinal muscles, the foot
shortens, increasing this angle further and making the tubes even stiffer. (4) The mantle of squids
(Cephalopoda) possesses circumferential muscles only. Collagen fibres in the mantle make angles
of 25° with the long axis. Upon contraction of the circumferential muscles, the fibre orientation
resists lengthening, leading to a reduction in the volume of the mantle cavity, which is used to
squirt water out of the siphon for jet propulsion. The relationship between volume and fibre angle
are calculated as: volume = fibre length? (sin?@ cos0)/4 . Figure and examples taken from Vogel
(2003); reproduced by courtesy of Princeton University Press

Worm-like invertebrates and other organisms under hydrostatic pressure can use this
scheme predictably to adjust their stiffness. Whereas the area beneath the curve in
the graph contains cylinders that are not fully inflated (and so not fully cylindrical),
the turgid line represents so-called “high-pressure” worms that are under almost
maximum pressure (and thus almost cylindrical). More detailed discussions can be
found in Clark (1964), Wainwright et al. (1976), Vogel (1988, 2003) and Barnes
et al. (2002).
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One special biological context of hydrostatic skeletons is the effective protrusion
of introvert organs such as the predatory mouthparts of insects (e.g. Kolsch and Betz
1998) and the proboscis of many coelomate worms (Clark 1964). This protrusion
is often accomplished by hydraulic linkages and levers (Barnes et al. 2002; Vogel
2003).

In contrast to hydrostats of constant volume, sea anemones (Cnidaria: Anthozoa)
possess open cylindrical bodies with circumferential, radial and longitudinal mus-
cles in their walls. The cavity of their gastrointestinal system allows, by the ingress
and egress of water via the mouth, an enormous range of hinge-less continuous
body sizes and shapes (Wainwright et al. 1976; Alexander 1983). The supporting
material in the wall is the mesoglea, i.e. a pliant composite visco-elastic material
of fibrillar collagen imbedded in a cell-free matrix. The very low modulus of the
mesoglea (0.01 MPa) means that the animal can inflate itself with very low internal
pressures (<1 Pa) as generated by ciliary pumping. According to the viscoelasticity
of the material, at higher strain rates, the mesoglea becomes more rigid (Wainwright
et al. 1976).

Muscular Hydrostats (Fig. 8.4c)

According to Kier and Smith (1985) and Vogel (1988, 2003), muscular hydrostats
are cylinders entirely composed of muscle in which the muscle fibres run in various
directions, forming self-supported but fundamentally motile systems. Examples
in invertebrates are the tentacles and arms of squids or the feet of snails. Like
the fluid-based hydroskeletons, muscular hydrostats cannot change their volume,
a feature that enables the muscles to antagonize each other without rigid skeletons
or internal water compartments. These systems are able to perform an impressive
range of motions and alter their stiffness without much shape change. Moreover,
since the relationship between the radius R and the length L accounts for R = 1/,/L
in cylinders of fixed volume, these motions imply the amplification of force and
velocity. For example, by decreasing its diameter by only 20 %, a squid tentacle
can reach a 70 % length extension, which is used by these animals for prey-capture
(Vogel 2003).

Slide-Lock Mechanisms (Fig. 8.4d)

These mechanisms involve the lengthwise relative sliding of two or more rod-like
elements. If the relative sliding movement between the elements is restrained in
some way by some structural modifications at the interfaces, then joint-free bending
movements result (similar to the principle of a bimetal strip in a thermostat). In
interaction with the mechanical resistance of the penetrated medium, the direction
and location of the bending deformations depend on (1) the direction of movement
of the sliding elements, (2) the actual position and orientation of the blocking
elements and (3) the material properties across the length of the rod-like structures.
Examples of this mechanism occur in organisms as dissimilar as protistons and
insects. Many protistons and other eukaryotic cells possess cilia and flagella for
driving themselves through a fluid medium (e.g. spermatocytes) and / or producing
currents for suspension feeding (e.g. collar cells of sponges). Whereas flagella
produce sinusoidal motions across their longitudinal axis, cilia remain stiff and
extended during their forward stroke and become flexible, bending near their base
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Fig. 8.6 Propulsion and Propulsion Recovery

recovery stroke of a cilium.
During propulsion, its shaft /\
remains stiff, whereas during

the recovery stroke, it *
becomes more flexible and

bends at certain locations

along its shaft

during the backward stroke (Fig. 8.6) (Biewener 2003). This movement is under-
standable from the ultrastructure of a cilium / flagellum that, in transverse section,
consists of a set of nine doublet microtubules (made of tubulin) surrounding a pair
of single microtubules. Each doublet bears a pair of arms made of the motorprotein
dynein, whereupon the dynein arms of one doublet and the tubulin of the adjacent
doublet ratchet along each other. If this happens on one side only, the cilium bends.
During forward movement, the sliding occurs across the entire length of the cilium
shaft at the same time, whereas during the more flexible backward movement the
sliding is restricted to certain regions of the shaft (cf. Alberts et al. 2014).

Several insects exhibit slide-lock mechanisms, which employ tongue and groove
constructions that lack any joints in the direction of bending. Such mechanisms
can be found within extended rod-shaped insect mouthparts responsible for piercing
and sucking fluids or in the ovipositors used for egg-laying. Since such kind of
functional systems are subjects of our current investigations, they are described in
more detail in the following.

Mouthparts of blood sucking Triatominae (Hemiptera: Reduviidae): The
haemotophagous heteropterans belonging to the subfamily of the Triatominae
possess piercing mouthparts (a pair of mandibles that flank a pair of maxillae
(Fig. 8.7b)). For feeding, the proboscis is folded outward by 90°-180° and the
apex of the labium is pressed against the host’s skin (Fig. 8.7a). The serrated
mandibles penetrate the superficial layers of the host’s skin by alternate movements
but remain in this position to act as anchors. During the extension, the thin and
bristle-like maxillae converge at the hypopharynx by a complex interlocking system
but are still able to be continuously moved back and forth separately in the formed
maxillary bundle (Wenk et al. 2010). They are projected forward as a single bundle
and penetrate deeply into the tissue by permanent quiver-like movements. They
are capable of a considerable degree of bending when searching for a blood vessel
(Lavoipierre et al. 1959). The exact mechanisms behind these actively directed
movements, however, remain unclear. When an appropriate blood vessel is tapped,
the probing movement ceases. Hereafter, the left maxilla retreats (or the right
maxilla further protrudes) suddenly, the thorn-like tip splays out and the connection
between the two maxillary parts opens, forming the functional mouth opening
(Lavoipierre et al. 1959; Wirtz 1987).

Ovipositors of parasitoid wasps (Hymenoptera): The vast majority of
hymenopteran species are parasitoids of other insects, such as most members
of the mega-diverse superfamilies of the Chalcidoidea and Ichneumonoidea.
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b Mx rMx

50 um

Fig. 8.7 (a) Rhodnius prolixus Stal (Reduviidae: Triatominae) feeding on an anaesthetized mouse.
The proboscis (labium) is fully extended. (b) Its mandibles and maxillae in transverse section
with the dorsally oriented food channel and the ventrally oriented salivary channel. Abbreviations:
fch maxillary food channel, IMd left mandible, /Mx left maxilla, rMd right mandible, rMx right
maxilla, slch maxillary salivary channel. Adapted from Wenk et al. 2010

The ovipositor apparatus of parasitoids can serve several functions: navigating
or penetrating the substrate (if the host is concealed), locating, assessing, marking
and piercing the host, injecting venom, killing the competitor’s eggs and oviposition
(Fig. 8.8a), plus defensive stinging and forming a feeding tube (Quicke 2015). The
ovipositor shaft (=terebra) consists of an upper valve (=2nd valvula) and a pair
of lower valves (=1st valvulae). The upper valve is split into two asymmetric and
overlapping halves that are fused at the apex in the Chalcidoidea (Fig. 8.8b), and
is also completely divided, except at the apex, in some ophioniform ichneumonid
taxa (Fig. 8.8d), although it is not divided in the majority of the Ichneumonoidea
(Fig. 8.8c) (Oeser 1961; Quicke et al. 1994). The ventral surface of the upper
valve interlocks with each of the lower valves by a longitudinal tongue-and-groove
mechanism called the olistheter. The sublateral rhachis lies in a groove called the
aulax along the dorsal surface of each lower valve. The olistheter mechanism tightly
holds the valves together while allowing the three valves to slide independently
relative to one another (Oeser 1961; Quicke et al. 1994). Despite the hymenopteran
ovipositor completely lacking intrinsic musculature, many parasitoids are capable
of actively bending and rotating them in various directions (Quicke et al. 1995;
Quicke 2015). The movements of the ovipositor result entirely from the actions
of muscles inside the metasoma. Several steering mechanisms have evolved in the
various taxa as an adaption for reaching their hosts and permitting far greater control
over egg placement. Several taxa have evolved mechanisms involving apposed stops
on both the upper and the lower valves. Similar to a bimetal strip in a thermostat,
the pushing of one valve beyond the location at which the stops have touched causes
the ovipositor to bend. This is attributable to the tight interlocking of the upper and
lower valves by the olistheter mechanism. This bending mechanism can be seen
in several members of the Braconidae (cf. Fig. 8.8c): some taxa have a strongly
swollen short region pre-apically on the rhachis of the upper valve with scale-like
sculptures (Macrocentrinae) (Fig. 8.9a-b), others possess ancillary teeth on the
lower valves next to the thinned outer wall of the aulax (Doryctinae) (Fig. 8.9¢c)
(Quicke et al. 1995). A second type of ovipositor steering mechanism involves
a largely longitudinally divided upper valve that is fused just at the apex (e.g.
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Fig. 8.8 (a) Lariophagus distinguendus (Foerster) (Pteromalidae) ovipositing on Sithophilus
granarius (Linnaeus) (Curculionidae) larva in an artificial film chamber. The upper valve is
oriented dorsally and the lower valves ventrally when at rest. (b—d) Diagrams of transverse
sections through the medial part of the ovipositors of members of the genera (b) Plutothrix
Foerster (Pteromalidae), (¢) Spathius Nees (Braconidae: Doryctinae), (d) Stethantyx Townes
(Ichneumonidae: Tersilochinae). Abbreviations: ar aulaciform rod, au aulax, ec egg canal, rh
rhachis. (a) photo courtesy to Collatz et al. 2006, (b—d) provided by Quicke DLJ

in Chalcidoidea (cf. Fig. 8.8b) and several ophioniform Ichneumonidae in which
the two parts of the upper valve are linked by the so-called aulaciform rod (cf.
Fig. 8.8d)). The pulling of one part of the upper valve will cause the ovipositor
to bend to the left or right. These wasps are able to bend their ovipositor both
dorso-ventrally and laterally (Quicke 2015).!

! Another steering mechanism involves the formation of the distal part of the ovipositor into
multi-arched and noticeably unevenly sclerotized regions: the intermodal arched sections are more
heavily sclerotized than the thinner nodes (e.g. in the braconid genus Zaglyptogastra Ashmead).
Therefore, a ventral protrusion of the lower valves will cause a flattening out of the nodal regions
and hence a ventral flexing of the entire apex of the ovipositor (Quicke 1991).
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Fig. 8.9 Diagram of the various ovipositor steering mechanisms found in the Braconidae, with the
upper ovipositor valve depicted in black. (a) System involving the swollen pre-apical part of the
rhachis located centrally within a corresponding part of the aulax at rest. Retracting and extending
the lower valves will cause a bending of the ovipositor. (b) System with a pre-apical scarped butt
on the upper valve and a corresponding notch on the lower valve; this permits bending ventrally.
(c) Flexible construction of the lateral side of the aulax, which is believed to be dragged by the
rhachis when the lower valve is retracted, allowing some bending. From Quicke 2015, adapted
from Quicke et al. 1995

8.3.3 Engineering and Architecture: Bio-inspired Mechanical
Actuation and Adaptive Stiffness

Commercially available actuators include electric or fluidic actuators that operate
by means of pneumatic or hydraulic pressure. Moreover, novel actuators based
on so-called smart materials have been developed. Examples for these materials
are shape memory alloys (SMAs), shape memory polymers (SMPs) or electro-
and magnetorestrictive materials such as piezoelectric materials (Ham et al. 2009).
Commercially bio-inspired actuators are rather rare. One of the few commercially
available ones are pneumatic muscles and the Bionic Handling Assistant by Festo
AG & Co. KG.

Recent advances in technology have led to many bio-inspired actuators in which
knowledge gain from active biological systems has been transferred to energy-
driven mechanical actuation, including electrospun climbing fibres and contractile
polymers (Erb et al. 2013). Additionally, technical systems that take advantage of
changes in mechanical behaviour, e.g. by changes in elasticity (Qin et al. 2012),
in strength and toughness (Espinosa et al. 2011), or in stimuli responsiveness
(Capadona et al. 2008) have also been inspired by biological role models (Egan
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etal. 2015). Rod-shaped adaptive actuators are commonly constructed as monolithic
structures from compliant materials such as SMAs (Laschi et al. 2009), elastomers
(Ilievski et al. 2011), electroactive polymers (Shi et al. 2012), hydrogels (Otake et al.
2002) or composites that undergo a solid-state phase transition (Brown et al. 2010).
Actuation can be achieved by various mechanisms, including electrical charges in
SMAs (Lin et al. 2011), piezoelectric drivers (Oldham et al. 2007) or micro motors
(Yeom and Oh 2009), chemical reactions (Shepherd et al. 2013) and pressurized
fluids (Roche et al. 2014; Polygerinos et al. 2015).

In particular, pressure-driven pneumatic- and hydraulic-powered flexible actu-
ators are promising candidates for technical applications because of their high
power-to-weight ratio, low material cost and “simple” fabrication process (Polygeri-
nos et al. 2015). The widely used pneumatic artificial muscle actuators (for
example, McKibben actuators) are compliant linear soft actuators consisting of
elastomer tubes in fibre sleeves, inspired by the hydrostatic skeleton of worms (cf.
Sect. 8.3.2). With pressurization, chambers embedded in the soft actuator expand
in the directions associated with lower stiffness allowing extending or contracting
motions (Tondu and Lopez 2000), bending (Ilievski et al. 2011) or twisting (Sun
et al. 2013).

A plant-inspired bending actuation mechanism is based on the reversible adsorp-
tion and desorption of environmental humidity (Mazzolai et al. 2014). The combina-
tion of active and passive actuation by using a bilayer composite of an active water-
absorbing polymer and a passive elastomeric layer allows humidity-dependent
bending movements. An animal-inspired bending actuation mechanism has been,
for example, adapted from ovipositing wasps, enabling a steering mechanism to
be built for a multi-part probe that can undertake minimally invasive percutaneous
interventions (e.g. Ko and Baena 2012) involving complex movements. As the probe
is inserted into a compliant material, the bio-inspired bending mechanism of the
device is influenced by the mechanical tissue-probe interactions and the interaction
between the different parts of the probe.

However, most of the examples mentioned above are demonstrators as part of
ongoing research.

8.3.3.1 Bending Actuators

The application of hinge-less actuators is often limited to small-scale applications in
robotics or medical engineering in which only low forces occur. Research on large-
scale applications is carried out in the field of aeronautics, e.g. morphing wings
for airplanes (Sofla et al. 2010), or in maritime research, e.g. on fins for marine
robots. So far, the principles for a joint-free actuator or for an adaptive stiffness have
not been transferred to an architectural scale involving high external forces such as
wind and snow. The compliant mechanism of the flectofin, a facade-shading system
inspired by the opening mechanism of the flower of the Bird-of-Paradise (Strelitzia
reginae) (Lienhard et al. 2011) is actuated and locked by external mechanical
actuators. This is an example in which a rod-shaped joint-free actuator can be used
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to further reduce mechanical complexity and to achieve continuous adaptability of
the system. When looking at achieved compliant systems such as the flectofin or the
flectofold, we see that the bending of a stiff middle rib is the fundamental driving
mechanism. Based on this, the focus of our project will be the development of a
bending actuator. Bending describes the behaviour of a structural element subjected
to an external load applied perpendicularly to a longitudinal axis of the body.
The basic mechanism of bending is the extension of one side with respect to the
other. This elongation or shortening can be triggered, for example, by the different
thermal expansion of two materials such as in bilayers, SMAs or piezoelectric
materials responsible for an elongation or shortening in a defined area of an actuator.
Furthermore, fluids can be used to engender an extension. Several possible methods
that create a bending motion in fluidic actuators exist. Usually, they require the
use of extensible materials that can be elongated by fluid pressure. Limiting this
elongation in different parts of the rod-shaped structure enables different actuation
movements. Another possibility for creating a bending motion is the construction
of an asymmetric inner structure of the actuator. For example, if pressure is applied
at locations other than the centroid of the cross section of the structure, a bending
motion is generated (Drimer et al. 2016). According to this principle, pneumatic
cushions or elongating bellows built from a strong inextensible material can also
be integrated into an actuation system. Here, the elongation is based on a shape
change. By the arrangement of multiple off-centre elongations within the cross
section of an actuator and by their separation in the longitudinal direction, complex
motions can be generated. This is the case in several so-called continuous backbone
robot manipulators, which are inspired by trunks or tentacles (Walker 2013). A
bending actuator can also be built from two separate parts, e.g. with a spring-groove
connection. If the two parts are fixed together at one end, a relative motion of the
two parts can create the same effect as the elongation or shortening of one side.
This principle is also found in biology and has been described for the ovipositors of
parasitoid wasps or the feeding apparatus of assassin bugs (cf. Sect. 8.3.2).

8.3.3.2 Adaptive Stiffness

The stiffness of a system depends in general on the material and its geometry.
These factors can be controlled in order to vary the stiffness. Adaptively changing
the inherent stiffness by a change in material or by control strategies is an active
field of research. Variability can be achieved, as for actuators, in many different
ways. Compliant actuators in robotics, for example, exploit the possibility of
changing their stiffness to allow safe human-machine-interaction. This is achieved
through various control strategies: equilibrium-controlled, antagonistic-controlled,
structure-controlled and mechanically-controlled strategies (Ham et al. 2009).
Especially in the context of morphing applications, materials of variable stiffness
and various structural concepts have been studied. Some examples are the use
of shape-memory materials, plant-inspired fluidic flexible matrix composites that
derive their tuneable stiffness from the controlled pressurization levels of composite
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tubes embedded in a flexible matrix or pneumatic honeycomb structures in which
the honeycomb cells are pressurized (Kuder et al. 2013). Materials also change their
stiffness because of moisture or temperature changes leading, for example, to glass
transition (Saavedra Flores et al. 2013) or phase changes (Schubert and Floreano
2013). The non-linear behaviour of materials can be used to create an adaptable
stiffness through pre-tensioning. Based on this principle, a variable stiffness system
has been developed inspired by the vertebral column. By compressing the elastic
parts of a system consisting of bonded rigid and compliant segments arranged
in an alternating way, one can increase the stiffness of the system (Huh et al.
2012). Furthermore, possibilities involving the variation of the moment of inertia
by rotating a beam with a rectangular cross section around its axis or by increasing
the effective thickness of a system by pressing multi-layered structures together, for
example with the help of electrostatic forces or by means of establishing a vacuum,
have previously been explored (Ham et al. 2009; Drimer et al. 2016).

8.4 Interdisciplinary Working Program

In this chapter, we exemplify how the collaboration between biologists and engi-
neers is structured in the current project and how this will finally result in a
demonstrator that combines major functional principles extracted from the biologi-
cal role models.

8.4.1 Data Acquisition in the Biological Role Models

Within studies on the selected plant model Gerbera jamesonii ‘Nuance’, the water-
dependent adaptive behaviour of the pedicels, which have access to more or
to less water, are being investigated by using mechanical tests, e.g. three-point-
bending tests for studying elastic properties such as the bending elastic modulus
and for analysing visco-elastic properties such as the degree of elasticity or energy
dissipation (Fig. 8.10).

In addition, morphological-anatomical studies are being carried out for every
pedicel. From each pedicel, the corresponding relative water content (RWC) is
determined in order to obtain evidence as to the way that the plant water status
and the turgor pressure of the parenchyma cells associated therewith (Eastmond and
Ross 1997) influence the mechanical properties. Because the mechanical properties
also depend significantly on the degree of lignification of the pedicels, samples will
be categorized in various age groups on the basis of their anatomical characteristics.

Morphological-anatomical studies of investigated pedicel samples (n = 8) reveal,
to date, an almost perfect circular cross section (diameter 6.41 & 0.75 mm, aspect
ratio 0.99 £0.04), a total length of 45 cm, a varied pronounced taper (tapering
mode 0.58 £ 0.18) along the later 3-point-bending-tested length of 280 mm (starting
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Fig. 8.10 Force-displacement diagram showing elastic behaviour measured during the three-
point-bending test. Samples are pedicels of Gerbera jamesonii ‘Nuance’, which have different
relative water contents (RWC). The relative water content can take values between 0 to 1, with 0
standing for a fully desiccated or dried plant organ and 1 for a fully hydrated or fully turgescent
plant organ

5 cm below the inflorescence) and a density of approximately 0.909 g/cm®. Hand-
sections show a centripetal arrangement of four tissue layers: (1) an outer epidermis,
(2) a peripheral cortex parenchyma with unlignified small cells, (3) a closed ring
of lignified tissue (vascular bundles and sclerenchyma) and (4) an inner ring of
unlignified parenchyma with larger cells than the cells of the cortex. The middle
part of the pedicel often contains an irregularly shaped pith (Fig. 8.31).

Video analyses show the water-dependent adaptive behaviour of the pedicels
in detail. After the water supply is stopped, the plant wilts within a few days and
the pedicels bend close to the flower. In this bending area, the flower stalks show
pronounced ovalization events. After being re-watered, the stalks return totally to
their original position within the time span of one day. This reversible mechanism
and the comparison of the wilting phase relative to the rapid turgidity process are
even more interesting, because, in addition to the weight of the pedicel, the weight
of the flower head has to be elevated.

In zoology, it is necessary to combine morphological techniques at various scales
from gross morphology to ultrastructural details in order to visualize and reconstruct
the arthropod morphology under study in our project.

A wide range of histological and histochemical methods are available for the
fixation and embedding of biological samples in order to make them processable
for serial sectioning by ultramicrotomy. Histologically stained semithin sections
(thickness of 500-1500 nm) provide information about the various types of tissue
by light microscopic methods (LM, resolution of about 300 nm). Ultrathin sections
(thickness of 50-60 nm), stained with uranyl acetate and lead citrate, provide infor-
mation about the microstructure and chitin fibre directions under the transmission
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electron microscope (TEM, resolution of about 1 nm). Finally, all data of the section
series are aligned and stacked by specialized 3D reconstruction software that also
permits segmentation and 3D modelling. Fluorescence microscopy and confocal
laser microscopy (CLSM) of both dissected samples and unstained semithin sections
reveal differences in material composition, for example, by taking advantage of
the cuticular autofluorescence of arthropod exoskeletons (Donoughe et al. 2011;
Michels and Gorb 2012). In addition, scanning electron microscopy (SEM) allows
the surface of dried specimens / samples to be viewed at a very high resolution
(about 5 nm). Synchrotron X-ray microtomography (SR-CT) is a non-invasive
technique used to obtain complete sequences of virtual sections and can be applied
in addition to classical histological serial sectioning. The tomographic dataset,
consisting of voxels, is then visualized by using specialized volume graphics
software that allows the 3D object to be sliced along any arbitrary axis (Betz et al.
2007).

A detailed analysis of both the functional morphology and the possible move-
ments in vivo are necessary for the investigation of the underlying movement
principles and biomechanics of a biological structure under study. Therefore, the
quantification of the movements in the living animal is achieved by behavioural
recordings with a high-speed video camera with movement tracking software.

All these techniques can be implemented in a detailed computational model.

8.4.2 Two-Step Modelling Approach for Translation
Jrom Biology to Architecture

The main purpose of biomimetic research is to solve technical problems by
searching for solutions in biological organisms and transferring these into engi-
neering applications. Thereby, a one-to-one reconstruction of the biological role
model will not help to achieve a robust solution for technical or architectural
applications. Abstractions are needed. To identify the key characteristics and the
key underlying principles of the biological role model, a rigorous computational
analysis is essential. For example, in order to gain deeper insights into the response
of the biological and bio-inspired systems and, hence, to be able efficiently to design
specific actuators, many different scenarios should be explored by employing FE
simulations.

In living nature, small-scale features often influence large-scale features and,
hence, cannot be ignored within FE models. However, because of the differences
in scale (sometimes by several orders of magnitude), models resolving highly
detailed small-scale features are often, from a computational point of view, not
feasible. To achieve this translation, two-scale modelling approaches have been
investigated (Table 8.2). Essentially, the two-scale modelling approaches can be
categorized into two steps. First, precise micro-scale simulations are carried out
to investigate the micro-scale features of the biological role models and to elucidate
relevant biological mechanisms from experimental data. In a second simulation step,
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Table 8.2 Differences between the detailed biomechanical finite element (FE) simulation and the
reduced applied FE simulation

Detailed biomechanical FE

simulation Reduced applied FE simulation
Detailed morphology of biological | Geometry Abstracted geometry

role model

Experimental data & sensitivity Material properties | Well known technical materials;
analysis with respect to range of chosen to match technical
possible material parameters requirements most closely
Scale of biological role model Scale Upscaling to desired technical

application; independent of
biological role model

Quantitative analysis of biological | Aim Simulation & analysis of functional
role model to analyse functional principles for translation into
morphology technical applications

which aims to achieve the translation to architectural applications, an abstraction
of the discovered key features is performed and the principles identified in the
first simulations of biological actuation will be up-scaled to a technical actuation
application.

By using computational models for investigating functional-morphological
aspects of the selected biological concept generators, they can be distinguished
into (1) geometrical aspects, (2) material modelling aspects and (3) homogenization
techniques providing the link between detailed sub-models and the overall structure.
This applies likewise for the use of computational models in order to understand
and to abstract further the basic principles originating from plants or animals as
biological concept generators. The challenge hereby is to construct models that
exhibit the key features on the respective scale, while keeping the amount of data
necessary for the respective computational model at a feasible level.

Most imaging techniques, such as light and electron microscopy, create 2D
images, whereas micro-computed tomography (WCT) permits the direct 3D rep-
resentation of the geometry of the micro-structure. For the computational models
of the insect, a geometric image-based modelling approach is used based on
high-resolution Synchrotron-puCT image data. Linking additional information from
various 2D imaging techniques, such as high resolution microscopic images of
the interlocking mechanism of maxillary or ovipositor parts, or complementary
structural information, such as the arrangement of different composites, enables
detailed information to be extracted from the biological sample. The behaviour of a
bending movement, for example, can be captured in a realistic manner, while pro-
viding details about stress concentration points and generated strains. For plants, the
computational models are based on 2D geometrical data derived from histological
studies and mechanical properties of entire plant organs and single tissues.

Because of the complexity of the experimental data, a fully detailed small-scale
model representing, for example, all the geometrical details of the interlocking
phenomena between two mouthpart elements or the use of the developed detailed
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structural model for simulating the fibre-reinforced (micro) mechanical structure
and function for an entire plant is unrealistic. Both the small-scale plant and animal
models are employed to analyse and predict large-scale behaviour. Natural actuator
systems are based on material systems with wide variability controlled by several
parameters, such as the degree of crosslinking of the matrix or the variety of possible
fibre arrangements of the chitin (arthropods) and cellulose fibres (plants) within the
hierarchical structure of these composites (Fratzl and Barth 2009). Therefore, it is
nearly impossible to distinguish between material and structure in these biological
systems.

To identify the key features for the macro-scale, a sensitivity analysis with respect
to the material parameters has to be carried out. Most likely, additional experimental
measurements are necessary to verify constitutive laws qualitatively for the overall
structures. This approach of using the output of simulations for the design of
future experimental studies will also significantly increase the understanding of the
biological concept generators (reverse biomimetics). In a second step, the identified
underlying principles are verified by further reducing the FE model and focusing on
the functional aspects of the biological role models. Therefore, abstracted large-
scale FE models are developed. In these models, the geometry and the overall
complexity has to be reduced to the necessary level. The material properties can
be changed to support the underlying functional principles based on the range of
available technical materials. The reduced large-scale FE models can be used for
simulation-based analyses exploring the design variables and the potential of the
system. To transfer and adapt the structures, material behaviour and methodologies
to bio-inspired technical structures, the geometry model and the material parameters
need to be scaled up and adapted to applications in building constructions in
a further step. The reduced FE model will reveal the underlying principles of
the biological role models and will contribute to a deeper understanding of the
biological mechanisms and, at the same time, provide a proof-of-concept for
technical transferability. As a final step in the development of a novel biomimetic
actuator, functional demonstrators will show the feasibility of the developed system
for large-scale applications. The development of a common demonstrator also
allows the combination of different functional principles from several biological
role models. The combination of principles found in plants and animals might lead
to completely new bio-inspired technical solutions.

8.5 Multidisciplinary Functional Principles and Their
Biomimetic Potential

The guidelines of the present biomimetic top-down approach, conducted in the
framework of an interdisciplinary project, involve the bio-inspired application of
linear (rod-like) elements in complex architectural solutions showing hinge-less
kinematics driven by systemic and continuous actuation mechanisms and exhibiting
adaptive stiffness (Fig. 8.11).
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Fig. 8.11 Biomimetic top-down approach (technology pull process) of adaptive components for
built structures. The technical challenge is to develop structures with adaptive stiffness and
continuous hinge-less kinematics (P1 + A1). Biological concept generators are (P2) herbaceous
plants and (A2) mouthparts and ovipositors of insects. The underlying functional principles found
in plants (P3) and animals (A3) will be translated into computational models (P4 + A4). The first
technical applications (P5 + AS5) are feasibility studies for the subsequent demonstrator in which
the functional principles from plant and animals will be combined

8.5.1 Extraction of the General Principles That Are
of Technical Relevance

Most interestingly, in both plants and animals, similar principles and mechanisms
are often deployed to consolidate both adaptive stiffness and joint-free contin-
uous kinematics. From the biomimetic point of view, this largely facilitates the
implementation of technical applications that concomitantly serve both of these
functions. Many principles involve hydrostats that act against tension-resisting fibre-
reinforced walls and thus encompass both movement and the possibility of adapting
the stiffness to the current demands.

Both plants and animals exhibit examples of a pressure-dependent variable
stiffness, whereby pressure is needed to maintain the stiffness of the system by
pre-stressing the material or ensuring the transfer of stresses from one part to
another. This principle can be transferred into a technical rod-like structure with
integrated pneumatic cushions. The pressure of these cushions will be controlled
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and thereby allow different modes of operation. Pneumatic cushions are also a
promising possibility for creating the actuation. This principle is also used by motor
cells such as the bulliform cells that are responsible for the folding of grass leaves
in response to drought conditions (cf. Fig. 8.1). The special shape of these cells and
their groupwise arrangement and distribution over the cross section of the leaf might
provide interesting insights into joint-free actuation with locally defined actuation
areas. Discrete pneumatic actuators adapted from these cells can be integrated into
fibre-reinforced composites. Fibre-reinforced composites are especially suitable for
technical transfer as they allow the local adaptation of the mechanical properties.
Thus, we can also learn, from the arrangement of elastic fibres in the insect cuticle
and the special placement pattern of highly elastic resilin in the mouthparts or the
ovipositors of insects, the way to control or limit deformation to locally defined
areas. Furthermore, the prevention of material failure in highly stressed areas can
be transferred to a technical application. The mouthparts and ovipositors of insects
further show the way in which forces can be transferred between several parts by
interlocking structures. The abstraction of these structures to a system that owns
its variable stiffness to interlocking structures and, thus, the maintenance of a
high stiffness independently of a certain pressure level in the system represents
another interesting approach worth further exploration for its technical potentials.
The principle of allowing the relative motion of two parts in order to create a
bending motion might also be exploited. The potential of principles revealed in
plants and animals for achieving a joint-free movement and an adaptive stiffness
will be analysed carefully, compared and combined in the best suitable way in order
to create a system matching the requirements for an application in load-bearing
systems.

8.5.2 Biomimetic Potential from the Perspective of Natural
Scientists, Engineers and Architects

With a focus on technical applications, our main interest is that adaptive stiff-
ness, active actuation and joint-like movements of rod-shaped biological struc-
tures are not achieved in terms of single components but as a combination of
multifunctional structures. Insights revealed in this context might lead to novel
kinematic building envelopes and to a feasibility study of the way that markedly
different methodologies based on various biological concept generators can be
combined into an efficient and novel bio-inspired technical system. During the
implementation of the functional principles discovered from biological solutions
into biomimetic products (biomimetics), new findings will arise that, in turn,
contribute to a deeper understanding of the functioning of the biological samples
(reverse biomimetics).
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8.6 Outlook

The long-term perspective of this project is to learn from biological systems in
order to develop technical systems of higher complexity levels, i.e. multifunctional
elements that autonomously adapt both their shape and stiffness according to
changing environmental conditions such as temperature, humidity or wind load.
This will provide the technical basis for highly efficient building structures and
envelopes.
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Abstract

Mit der Fahigkeit, sich aktiv zu bewegen, ist bei Einzellern und Tieren die Moglichkeit des freien
Ortswechsels verbunden. Das hat viele Vorteile bei der Erschliefung von Nahrungsquellen, der
Suche nach Sexualpartnern, der Verbreitung von Nachkommen sowie dem Ausweichen vor
unginstigen Umweltbedingungen. Denkt man an die Fortbewegung von Tieren, so kommen einem
der schnelle Galopp der Pferde, das geschickte Klettern von Affen oder die gewandten
Flugmandver einer Stubenfliege in den Sinn. Solche Bewegungen setzen Gelenke voraus, wie sie
vor allen Dingen bei den GliederfulRern (TausendfilRer, Spinnen, Krebse und Insekten) und den

Wirbeltieren entwickelt sind. Es geht aber auch ganz anders!

Significance within the present thesis: This book chapter gives an overview of the joint-free movement
mechanisms that we can find in animals, i.e. amoeboid cell crawling, hydroskeletons, muscular hydrostats
and slide-lock mechanisms. Modern methods of the way in which these mechanisms are researched are
also presented.

Methods used: high-speed videography, wide-field epifluorescence microscopy (WFM), ultramicrotomy,
light microscopy (LM), synchrotron X-ray phase-contrast microtomography (SR-uCT)
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Bewegung ohne Gelenke:

(Wie) geht das?

Oliver Betz / Benjamin Eqggs / Fabian Henn / Annette Birkhold / Oliver Réhrle

Mit der Fahigkeit, sich aktiv zu bewegen, ist bei Einzellern und Tieren die Maglich-

keit des freien Ortswechsels verbunden. Das hat viele Vorteile bei der Erschlie-

Bung von Nahrungsquellen, der Suche nach Sexualpartnern, der Verbreitung von

Nachkommen sowie dem Ausweichen vor ungiinstigen Umweltbedingungen. Denkt

man an die Fortbewegung von Tieren, so kommen einem der schnelle Galopp der

Pferde, das geschickte Klettern von Affen oder die gewandten Flugmanaover einer

Stubenfliege in den Sinn. Solche Bewegungen setzen Gelenke voraus, wie sie vor

allen Dingen bei den GliederfiiBern (TausendfiiBer, Spinnen, Krebse und Insekten)

und den Wirbeltieren entwickelt sind. Es geht aber auch ganz anders!

Unter einem Gelenk verstehen Biologen
wie Ingenieure die bewegliche Verbindung
zwischen zwei oder mehreren (starren) Kor-
pern (z.B. Knochen), wodurch deren rela-
tive Bewegung zueinander in festgelegten
Bahnen vorgegeben wird. Echte Gelenke
sind in der Evolution allerdings erst relativ
spat entstanden. Am Anfang standen zu-
nachst Bewegungsprinzipien, welche ohne
Gelenke funktionierten und dabei eine kon-
tinuierliche Veranderung der Geometrie der
beteiligten Strukturen ermoglichten. In den
Ingenieurwissenschaften wird dieses Prinzip
als ,kontinuierliche Kinematik" bezeichnet.
Bei Tieren ist dieses Prinzip weit verbreitet,
denken wir nur an die Formveranderungen
eines Regenwurms oder die vielfaltigen
Bewegungen eines Elefantenriissels [11.
Solche Systeme konnen weich und nach-
giebig sein, verfligen aber auch haufig tber
die Fahigkeit, sich an hohere Widerstande
anzupassen, indem sie sich, meist durch
Muskelkontraktion, mechanisch versteifen.
In Verbindung mit den kontinuierlichen Be-
wegungsformen sind gelenkfreie Mechanis-
men und Prinzipien fur die Ingenieurwissen-
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schaften auch deswegen interessant, weil
sie im Gegensatz zu den gelenkbasierten
Systemen oft einfacher gebaut sind und die
darauf beruhenden technischen Systeme
uber vielfaltige Bewegungsmaglichkeiten
verfugen, die sich an die jeweiligen Erfor-
dernisse kontinuierlich anpassen lassen.

Das dem Elefantenrissel zugrundeliegende
Prinzip des muskularen Hydrostaten ist nur
eines von mehreren Prinzipien der gelenk-
freien Bewegung. Unter Hydrostaten werden
in der Zoologie inkompressible - mit Flissig-
keit oder Muskulatur gefillte - Hohlraume
verstanden, die infolge von Druckverande-
rungen Bewegungs- und Steifigkeitsveran-
derungen herbeifiihren konnen. Auch die
menschliche Zunge ist ein solcher musku-
larer Hydrostat. Dort fihren die Anordnung
und Kontraktion einzelner Muskelgruppen
zu den vielfaltigsten Bewegungen. Elefan-
tenrissel und Zunge haben beide gemein-
sam, dass die Bewegungen oft sehr kom-
plex sind. Sie lassen sich nur sehr schwer in
Materialien mit kontrollierbaren und somit
funktionellen Eigenschaften in technischen



Losungen uberfihren. Computersimulati-
onen konnen dabei helfen, tiefere Einblicke
in die Funktionsweisen von Hydrostaten zu
erzielen. Der grofle Vorteil von Computer-
simulationen ist, dass viele verschiedene
Was-Wenn-Simulationen sehr einfach durch
die Veranderungen von Eingabeparame-
tern durchgefiihrt werden konnen. Aller-
dings muss man auch anmerken, dass es
nicht einfach ist, realitatsnahe Modelle von
muskularen Hydrostaten fir detaillierte Si-
mulationen zu entwickeln, denn dazu sind
genauere Kenntnisse der zugrunde liegen-
den Prinzipien notwendig. Diese werden im
Folgenden etwas genauer vorgestellt. Die
meisten gelenkfreien Bewegungen basie-
ren auf Muskelaktivierungen, die Bewe-
gungsmechanismen weisen allerdings hau-
fig passive Strukturen auf. Zunachst soll
jedoch ein kurzer Uberblick iiber vier bei
Einzellern und Tieren vorkommende Typen
von gelenkfreien Bewegungsmechanismen
gegeben werden.

12 [(A) Der WurzelfiiRer
Amoeba proteus bewegt
sich mit Hilfe von Scheinfif3-
chen [Pfeile] fort. MafBlinie:
0,2 mm. (B} Der Vorschub der
Scheinfifichen erfolgt unter
permanentem Abbau von Fila-
menten an ihrem Minus- und
nachfolgender Anlagerung

lin der Abbildung einge-
férbt] an ihrem Plus-Ende.
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711 Der Riissel des Ele-
fanten ist ein muskulérer
Hydrostat. Dieses gelenkfreie
Bewegungsprinzip wurde

von der Firma FESTO in die
Konstruktion eines kontinu-
ierlich beweglichen, tech-

nischen Greifarms (ibersetzt.

1. Amdboide Bewegung

Unter amoboider Bewegung versteht man
die kriechend-flieBende Fortbewegung, die
man bei einer Vielzahl von Zellen findet
wie zum Beispiel bei den zu den Einzel-
lern gehorenden WurzelfiiBern (Rhizopoda)
[TA12, aber auch bei menschlichen wei3en
Blutzellen (Leucozyten). Bei dieser Be-
wegung produziert die bewegliche Zelle
ScheinfiRichen (Pseudopodien), das sind
Oberflachenerweiterungen des gelartigen
auBeren Zellplasmas. Dieses enthalt ein
konzentriertes Netzwerk von Eiweififa-
serelementen. Wenn sich diese Filamente
unter der Zelloberflache an ihrer Spitze
verlangern und gleichzeitig an ihrer Basis
abgebaut werden, bewegt sich die Zelle
vorwarts [ 12B.
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Kontraktion der Ldngsmuskulatur

713 Prinzip und Beispiele
von hydrostatisch angetrie-
benen gelenkfreien Be-
wegungen. (A] Prinzip des
Hautmuskelschlauchs, bei
dem die Flussigkeit der Kér-
perhéhle als Gegendruck
zur Korperwand fungiert
(adaptive Steifigkeit), gleich-
zeitig aber auch entlang der
Langsachse verlagert werden
kann, um A'nderungen der
Kérperform zu ermdéglichen.
(B] Der Fadenwurm Pelodera

strongyloides besitzt aus-
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schlieBlich léngs verlaufende

Muskeln in seiner Kérper-
decke und ist daher nur zu
Schléngelbewegungen befé-
higt lerwachsenes Weibchen
und drei Jungtiere des ersten
Larvalstadium]. [C] Schema
der peristaltischen Bewe-
gung eines Regenwurmes.
Wellen von Verkiirzungen
und Verlangerungen von Kor-
persegmenten gleiten

von vorn nach hinten (ber
den Kérper hinweg. Dies ist

im Gegensatz zu den in (B)

Kontraktion der Ringmuskulatur

Cuticula
Epidermis

Ringmuskulatur

— Borsten [Setae)

Ldngsmuskulatur

gezeigten Fadenwiirmern
dadurch maglich, dass die
Kérperhohle in viele hinter-
einanderliegende Kammern
[Kompartimente] aufgeglie-
dert ist und sich oberhalb der
Schicht von Ldngsmuskeln
auch noch Ringmuskeln in

der Kérperwand befinden.



2. Bewegungen mittels Hydroskeletten

Wenn Muskeln an der Produktion von Be-
wegungen beteiligt sind, bendtigen sie
Gegenlager, normalerweise Skelette. Das
missen keine Knochen sein; Der stammes-
geschichtlich alteste Skeletttyp sind die hy-
drostatischen Skelette. |hr Prinzip besteht
darin, dass eine nach auf3en begrenzte zug-
und druckwiderstehende, faserverstarkte
und flissigkeitsgefillte Korperhiille unter
Druck gesetzt wird. Da die Muskeln in die
Korperwand integriert sind, spricht man
hier von einem Hautmuskelschlauch. Die
Flissigkeitshohle kann nicht komprimiert
werden. Wird sie durch die in die Korper-
wand integrierten Muskeln an einer Stelle
unter Druck gesetzt, Gibertragt sich dieser
hydraulisch auf andere Korperstellen. Dies
verursacht Anderungen der Kérperform,
die auch zur Fortbewegung genutzt wer-
den konnen. In der Regel kommen solche
Hydroskelette bei wirbellosen Tieren vor,
die weiche und nachgiebige Kérper besit-
zen, wie zum Beispiel Regenwirmer. Hier
sitzen die fur die Bewegung verantwort-
lichen Muskeln in der Korperwand und das
hydrostatische Skelett in Form der flissig-
keitsgeflllten Korperhohle Gbernimmt die
Rolle des skelettartigen Antagonisten [13.
Bionische Anwendungen finden beispiels-
weise Einzug in neue Antriebstechniken,
in weiche Roboter oder in Roboterteilen
(z.B. Roboterarmen, die eine grofe Bewe-
gungsfreiheit aufweisen missen). Soge-
nannte pneumatische kiinstliche Muskeln
sind aus druckdichten Gewebenetzen be-
stehende Schlauche. Wird der Innendruck
des Schlauchs erhoht, so kontrahiert er.
Durch unterschiedliche Anordnung der Ge-
webenetze konnen komplexe Verformungen
erzielt werden.

3. Muskulare Hydrostaten

Muskulare Hydrostaten sind zylinderahn-
liche Strukturen, die im Inneren vollkom-
men aus Muskeln (anstatt einer Flissigkeit)
aufgebaut sind, wobei die Muskelfasern in
unterschiedlichen Richtungen verlaufen
konnen. Solche Systeme sind selbststabi-
lisierend und dabei vollkommen beweglich.
Beispiele hierfir sind unsere Zunge, der
Elefantenrissel [ 11, die Kriechsohlen von
Weinbergschnecken oder die Tentakel der
Tintenfische. Wie bei den flissigkeitsbasier-
ten Hydroskeletten (Stichwort: Regenwurm)
konnen auch muskulare Hydrostaten ihr Vo-
lumen nicht verandern. Die Muskeln kon-
nen deshalb wechselseitig ein Widerlager
bilden, ohne dass hierfiir ein starres oder
flissigkeitsbasiertes Skelett erforderlich ist.
Muskulare Hydrostaten konnen eine beein-
druckende Vielfalt von Bewegungen aus-
fihren und gleichzeitig ihre Steifigkeit an
die mechanischen Erfordernisse anpassen.
Dieses Prinzip wird ebenfalls in dem Gebiet
der Soft-Robotik angewandt. Hier werden
jedoch statt der doch relativ starren Gewe-
benetze weiche Kunststoffe verwendet, so
dass beispielsweise chirurgische Anwen-
dungen im Korperinneren moglich sind.
Die Kombination verschiedener Kunststoffe
oder verschiedener Wandstarken lassen
komplexe Bewegungen (wie etwa die der
Tintenfisch-Tentakel) zu, wenn der Schlauch
aufgepumpt wird. So soll etwa die ,snake"-
(Schlangen-)Robotik-Mikrochirurgie es er-
moglichen, durch eine kleine Offnung eine
Operation an einer beliebigen Stelle des
Herzens durchzufiihren.

23



4. Gleit-Stopp-Mechanismen

Ein prominentes Beispiel fir adaptive ge-
lenkfreie Strukturen sind die Gleit-Stopp-
Mechanismen bei Wimpern (Cilien) und Gei-
Beln (Flagellen) 4. Damit bewegen sich
zum Beispiel die einzelligen Pantoffeltier-
chen souveran durchs Wasser. Diese Art der
gelenkfreien Bewegungen gehort zu den al-
testen Bewegungsmechanismen tberhaupt.
Man findet sie bei Einzellern und Mehrzel-
lern (z.B. den Radertierchen), aber auch
bei Samenzellen, die mit ihren Geil3eln zur
Eizelle schwimmen. Zum Verstandnis der
Bewegung von Wimpern und Flagellen ist
letztlich die Betrachtung ihrer komplexen
Feinstruktur in einem Querschnitt erforder-
lich - was in diesem Rahmen zu weit fihrt.
Einfachere Gleit-Stopp-Mechanismen, die
wir untersucht haben, sind die stechend-
saugenden Mundwerkzeuge von Wanzen
oder die Eilegebohrer von Schlupfwespen
und Verwandten. Diese Strukturen verfiigen
Uber keinerlei Gelenke und werden Uber
Muskeln im Kopf bzw. Hinterleib gleichsam
ferngesteuert. Das in ihnen verwirklichte

Kupfer |

Eisen |
]
E—
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14 (A) Rasterelektronen-
mikroskopische Aufnahme
eines Pantoffeltierchens (Pa-
ramecium). Die Oberfléche
ist dicht mit Cilien besetzt.
[B] Vor-und Riicktrieb eines
Ciliums. Wéahrend der Vor-

Vorantrieb

wértsbewegung bleibt der
gesamte Schaft steif. Bei
der Rickwértsbewegung
Rickwiérts- verbiegt er sich an loka-

bewegung len Stellen geschmeidig.

Grundprinzip ist letztlich das gleiche wie
in den Wimpern und Flagellen.

Bei diesen Systemen sind zwei oder mehrere
stabformige elastische Fasern in Langsrich-
tung Uber ein Nut-und-Feder-System mit-
einander verfalzt. Die Fasern konnen dabei
in Langsrichtung gegeneinander verscho-
ben werden. Wird diese Langsverschiebung
jedoch durch eine mechanische Sperre er-
schwert oder sogar ganz behindert, kommt
es - je nach Steifigkeit der Materialien - zu
einer relativen Verbiegung beider Fasern
ahnlich dem Prinzip eines Bimetalls in der
Technik ["15. Bimetalle bestehen aus zwei
Schichten unterschiedlicher Metalle, die
miteinander verbunden sind. Der Streifen
biegt sich bei einer Temperaturanderung.
Ursache hierfir ist die unterschiedliche
Ausdehnung der beiden Metalle bei ver-
anderter Temperatur. Verwendung finden
Bimetalle daher als Thermometer oder
Temperaturschalter, etwa zur Steuerung
in Wasserkochern.

15 Bimetall-Prinzip. Ein
Metallstreifen, der aus zwei
Schichten unterschiedlicher
Metalle besteht, verformt
sich bei einer Temperatur-
dnderung, weil sich die bei-
den Metalle unterschied-

lich stark ausdehnen.



16 Das Prinzip des Gleit-

Stopps nutzen Insekten zur

Erzeugung von Biegebewe-
gungen dhnlich dem Mecha-
nismus eines Bimetalls.

[A] Die Raubwanze Rhodnius
prolixus bei der Blutaufnah-
me an einer andsthesier-
ten Ratte. Die nadelférmig
verldngerten Mundwerkzeu-

ge (Rahmen] werden dabei

vorgestreckt. (B] Einzelbild
einer Videosequenz, das

die gelenkfreie Biegebe-
wegung der in Léngsrich-
tung verfalzten Unterkiefer
[Maxillen] zeigt. (C) Die zum
Aufsuchen eines geeigneten
Blutgefélies erforderlichen
Biegebewegungen [gebo-
gene Pfeile] werden dadurch

erzeugt, dass sich der rechte

VVVYVYV

iMS
rMS

Unterkiefer [dunkel] relativ
zum linken (hell] in Léngs-
richtung verschiebt, dabei
aber von der mechanischen
Sperre (MS] zurtickgehal-
ten wird. Zusétzlich kann
der mechanische Wider-
stand des Umgebungsme-
diums (gestrichelte Pfeile]

die Auslenkung verstéarken.

Das Gleit-Stopp-Prinzip ist bei Insekten
beispielsweise in Form der nadelformig
verlangerten Mundwerkzeuge von Wanzen
verwirklicht. In Sidamerika vorkommende
blutsaugende Raubwanzen (Reduviidae, Un-
terfamilie Triatominae) setzen dieses Be-
wegungsprinzip beim Suchen von kleinen
Blutgefafien im Gewebe ein, nachdem sie
die Haut eines Wirtes (z.B. des Menschen)
mit ihren Mundwerkzeugen durchbohrt
haben ["16. Bei diesen Insekten sind die
beiden Unterkiefer (Maxillen) nadelférmig
verlangert und langs miteinander verfalzt.
Wird nun die Maxille der einen Seite relativ
zu der der anderen Seite in Langsrichtung
nach vorne geschoben, stof3t sie gegen eine
am Ende der Verfalzung ausgebildete me-
chanische Sperre. Je nachdem, welche der
beiden Maxillen nach vorne bewegt wurde,
bewegt sich das Maxillenbiindel in die eine
oder die andere Richtung.

Das gleiche Prinzip liegt den Eilegebohr-
ern (Ovipositoren) von parasitoiden Wespen
(z.B. Schlupf- und Erzwespen) zugrunde.
Diese legen ihre Eier in oder an anderen
Insekten(larven) ab, von denen sich der

eigene Nachwuchs spater ernahrt. Da die
Wirte oft verborgen in Pflanzengewebe le-
ben, missen die Wespenarten zuerst den
Wirt selbst aufspliren und dann noch einen
geeigneten Eiablageplatz auf der Oberfla-
che oder im Inneren des Wirts finden. Das
geschieht durch Suchbewegungen des Ei-
legebohrers [717. In diesem Fall konnen
sogar bis zu vier teilweise unabhangig von-
einander bewegliche Elemente (die Eilege-
scheiden oder Valven] miteinander verfalzt
sein. Je nachdem, welche dieser Elemente
(gegeneinander) verschoben werden, kann
es dadurch zu noch vielfaltigeren Biegebe-
wegungen kommen als bei den oben be-
schriebenen Mundwerkzeugen der blut-
saugenden Wanzen.
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Eilegebohrer /

717 Die Lagererzwespe gelenkfreien Bewegungen beiden unteren Eilege-
Lariophagus distinguendus des Eilegebohrers deutlich. scheiden [uE] uber eine

ist ein Parasitoid von Larven  (C] Querschnitt durch den Ei- Feder-Nut-Verbindung
mehrerer Kéferarten, wel- legebohrer. Die obere Eilege- [FNV] gekoppelt, was er-
che im Getreide leben und scheide (0E] besitzt zwei sich laubt, dass die Unterein-
dieses schadigen. [A-B] Ein asymmetrisch (berlappende heiten aneinander entlang-
Lagererzwespenweibchen Hélften, welche nur an der gleiten kénnen. Die unteren
legt ein Ei auf eine Larve Spitze zusammengewach- Eilegescheiden umschlie-
des Kornkéfers Sitophilus sen sind. Sie sind mit den Ben den Fikanal (Ek].

granarius; dabei werden die

18 Aus mehreren hochauf-
gelésten Computertomogra-
phie-Aufnahmen des Insekts
wird die Gesamtstruktur

zusammengesetzt, so dass

das Zusammenspiel aller
an der Bewegungserzeu- 4
gung beteiligten Elemente ‘
sichtbar wird (hier: Teil des -
Hinterleibes der Schlupf-

wespe Venturia canescens]. :
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719 Zerlequng des CT-
Bildes eines Eilegebohrers
der Schlupfwespe Venturia
canescens in die einzelnen
an der Bewegung beteiligten
Strukturen. Hierzu zdhlen
sowohl nach innen verla-
gerte Teile des Aulenske-
lettes als auch Muskeln.
Die Spitze des Eilegesta-
chels ist nicht abgebildet.

Platten des Aullienskeletts

Eilegestachel

Untersuchung der
Bewegungsprinzipien

Um die Bewegungsprinzipien der oben be-
schriebenen Stech- und Eilegeapparate bei
Insekten zu verstehen, erzeugen wir drei-
dimensionale Bilder der beteiligten Struk-
turen. Da Insekten sehr klein sind, wenden
wir sehr hochauflésende Methoden wie die
Synchrotron-Computertomographie (CT) an,
eine auch feinste Strukturen zeigende Ront-
gentechnik. Aufgrund der hohen Auflosung
kann nicht das ganze Insekt auf einmal auf-
genommen werden. Deshalb missen meh-
rere hochaufgeloste Computertomographie-
Aufnahmen verschiedener Teile des Insekts
zu einem Bild der gesamten Struktur zu-
sammengesetzt werden [ 18.

Auf dieser Grundlage erstellen wir drei-
dimensionale Modelle der untersuchten
Objekte. Die 3D-Bilder lassen sich dann
wieder in die einzelnen an der Bewegung
beteiligten Strukturen zerlegen ["19. Damit
konnen wir zum Beispiel einzelne Muskel-
strange untersuchen, um die zur Bewegung
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20 Erweiterung des Mo-
dells der Mundwerkzeuge
der Raubwanze Dipetaloga-
ster maxima. Die Mundwerk-
zeuge bestehen aus den bei-
den nadelformig verlanger-
ten und ineinander verfalzten
Unterkiefern, auch Maxillen

genannt [IM = linke Maxille,

fihrenden Mechanismen zu verstehen und
die Bewegung zu berechnen. So kann etwa
uber die Anzahl und den Durchmesser der
einzelnen Muskelfasern die Kraft der Mus-
kelpakete abgeschitzt werden. Uber die
Angriffspunkte der Muskeln an nach innen
verlagerten Platten des Aullenskelettes
der Insekten und an den zu bewegenden
Strukturen (z.B. der Eiablageapparat) kann
bestimmt werden, in welche Richtung der
Muskel zieht, wenn er kontrahiert.

Trotz der hohen Auflosung der Tomogra-
phieaufnahmen kénnen wir sehr kleine
Details nicht in den 3D-Datensatzen er-
kennen. Um eine noch genauere Untersu-
chung der Mechanismen zu ermoglichen,
werden Feinstrukturen wie etwa die Verfal-
zung der einzelnen Teile des Stechapparates
aus licht- und elektronenmikroskopischen
Bildern in die 3D-Modelle ibernommen
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Mundwerkzeuge werden
auch Maxillenbiindel (Mb)

genannt. Technische Modelle

Y
Spki" b‘/

S
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rM = rechte Maxille], welche
den Nahrungs- (Nk] und den
Speichelkanal (Spk] bilden.

Die ineinander verfalzten

pische Untersuchungen von
Querschnitten [A), die Struk-
turen im Detail zeigen, und
fluoreszenzmikroskopische
Aufnahmen (B), mit denen
sich mechanische Eigen-

schaften beurteilen lassen.

werden laufend verfeinert:

Dazu dienen lichtmikrosko-

["20A, um dann die resultierende Bewegung
simulieren zu konnen. Damit Gberprifen
wir, ob wir die angenommenen Verfalzungs-
strukturen und Materialeigenschaften auch
richtig interpretiert haben. Insbesondere die
Annahme von mechanischen Eigenschaften
auf der Mikrostruktur-Ebene ist eine grof3e
und oft (noch) uniiberwindbare Herausfor-
derung. Eine Moglichkeit, einen Einblick in
die mikrostrukturellen Eigenschaften des
Stechriissels zu bekommen, ist die Fluo-
reszenzmikroskopie ["20B. Daraus konnen
weichere und steifere Bereiche identifiziert
und in das Modell ibernommen werden. Mit
diesen Informationen konnen dann bereits
sehr detaillierte Simulationen der Bewe-
gungsablaufe erstellt werden.



29



Publication 9

Impressions from the special exhibition “Baubionik — Biologie befliigelt Architektur” of the State
Museum of Natural History (SMNS) in Stuttgart, exhibition area A03b “Gelenklos gliicklich”

Fig. 3. Flyer of the special exhibition “Baubionik — Biologie befliigelt Architektur” of the State Museum of Natural History (SMNS) in
Stuttgart, Germany.
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Publication 9

Gelenklose
Eilegestacheln
parasitoider
Wespen

‘Das Bewe-
gungsprinzip
des Eilege-
stachels

RastesElektrones
Autnshme des B3

Fig. 4. Some impressions of the area “Gelenklos gliicklich” (A03b) of the special exhibition “Baubionik — Biologie befliigelt Architektur” of
the State Museum of Natural History (SMNS) in Stuttgart, Germany. a Live Dipetalogaster maxima (Hemiptera: Reduviidae:
Triatominae) in a terrarium, various animals that are able to perform joint-free movements under a stereomicroscope, and display wall
with information concerning joint-free bending mechanisms and the mouthparts of hemipterans. b Video recordings of various animals

performing joint-free movements and display wall with information about the ovipositors of parasitoid hymenopterans.
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Publications 10 and 11

Betz O., Eggs B., Henn F., Birkhold A. and Réhrle O. (2019). Bewegung ohne Gelenke: (Wie) gehts das? In:
Knippers J., Schmid U. and Speck T. (eds.), Bionisch bauen: Von der Natur lernen (pp. 22-31). Basel,
Switzerland: Birkhduser Verlag GmbH. doi: 10.1515/9783035617870-005

(non-peer-reviewed book chapter; based on Publication 9?)

Betz O., Eggs B., Henn F., Birkhold A. and Rdhrle O. (2019). Movement without joints: (how) does it work?
In: Knippers J., Schmid U. and Speck T. (eds.), Biomimetics for Architecture: Learning from Nature (pp. 22—
31). Basel, Switzerland: Birkhauser Verlag GmbH. doi: 10.1515/9783035617917-005

(non-peer-reviewed book chapter; translation of Publication 10?)

Abstract

The ability to move actively gives unicellular organisms and animals the possibility to freely change
their location. This has many advantages with regard to the search for nutrition and mates, the
distribution of genes, and the avoidance of unfavorable environmental conditions. The wide range
of movements animals perform includes the fast gallop of horses, the skillfull clambering of
monkeys, and the impressive maneuvers of flies. Such movements require joints like those familiar
to us from arthropods (milipedes, spiders, crabs, and insects) and from vertebrates. However,

movement can also be accomplished in quite different ways!

Significance within the present thesis: Cf. Publication 9.

Methods used: high-speed videography, wide-field epifluorescence microscopy (WFM), ultramicrotomy,
light microscopy (LM), synchrotron X-ray phase-contrast microtomography (SR-uCT)

Own contribution: writing and preparing parts of the manuscript and figures; discussing the manuscript;
correspondence with the publisher

2 Publications 10 and 11 are based on the same text (Publication 9). Hence, they are treated as one here and only the English
translation (i.e. Publication 11) is included below.



Movement without joints:
(how) does it work?

Oliver Betz / Benjamin Eggs / Fabian Henn / Annette Birkhold / Oliver Réhrle

The ability to move actively gives unicellular organisms and animals the possibility

to freely change their location. This has many advantages with regard to the search

for nutrition and mates, the distribution of genes, and the avoidance of unfavorable

environmental conditions. The wide range of movements animals perform includes

the fast gallop of horses, the skillful clambering of monkeys, and the impressive

maneuvers of flies. Such movements require joints like those familiar to us from

arthropods [millipedes, spiders, crabs, and insects) and from vertebrates. How-

ever, movement can also be accomplished in quite different ways!

From a biological or engineering perspec-
tive, a joint is a movable connection be-
tween two or several (rigid) bodies (for
instance, bones) that defines their move-
ment in fixed directions in relation to each
other. From an evolutionary perspective,
however, genuine joints appeared relative-
ly late. Initially movement was achieved
without joints but by means of continuous-
ly changing the geometry of the structures
involved. In engineering, this principle is
known as “continuum kinematics.” In an-
imals this principle is common, examples
being the changes in shape exhibited by
earthworms or the wide range of move-
ments of an elephant’s trunk M11. Such
systems are typically soft to flexible, but
can often mechanically stiffen to become
more resistant. This is usually achieved
through the contraction of muscles. The
joint-free mechanisms and principles em-
ployed in continuous kinematics are of in-
terest to engineering not only because—
in contrast to joint-based systems—they
are often simpler. The technical systems
based on this feature are also capable of
achieving much more complex movements

22

and therefore are better suited to adapt
to external constraints and requirements.
The principle of the muscular hydrostat,
which also governs the complex move-
ments of an elephant’s trunk, is only one
of several joint-free movement principles.
In zoology, the term “hydrostat” refers to
incompressible compartments filled with
fluid or muscles that, due to a change in
pressure, induce a change in movement
and stiffness. For example, the human
tongue is another example of a muscu-
lar hydrostat. Within the tongue, the wide
variety of movements is a result of the ar-
rangement of various muscle groups and
its orchestrated activation. Acommon as-
pect of the elephant’s trunk and the tongue
is that their movements are often high-
ly complex and therefore require a high
level of control. It is difficult to transfer
the properties of these biological materi-
als to technical solutions with controlla-
ble and hence functional characteristics.
Computer simulations can help us gain
deeperinsights into the function of hydro-
stats. The big advantage of simulations
and computational model is that many dif-



ferent “what if” cases can be performed in
a very simple, controllable, and straight-
forward way by just changing the relevant
input parameters. However, realistic com-
putational models of muscular hydrostats
are not easy to develop, because this re-
quires in-depth knowledge of the under-
lying working principles. Below, we out-
line these principles in more detail. Most
joint-free movements are based on muscle
activation; however, the resulting move-
ment mechanisms are often governed by
the mechanical properties of the passive
structures. We provide here a short over-
view of four joint-free movement mecha-
nisms found in unicellular organisms and
animals.

12 (A) The rhizopod
Amoeba proteus moves
with the help of its false feet
(arrows). Scale bar: 0.2 mm.
(B] The false feet advance by
permanently removing fil-
aments at their minus end
and subsequently adding
filaments (shown colored in

the image) at their plus end.
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11 The trunk of the
elephant is a muscular
hydrostat. This joint-free
movement principle was
adopted for the construc-
tion of a continually mov-
able technical gripper by
the FESTO company.

Amoeboid movement

The term “amoeboid movement” refers
to the creeping/flowing form of move-
ment found in many kinds of cells (e.g., in
rhizopods) F12a, which belong to the uni-
cellular organisms, or in the white blood
cells of humans (leucocytes). In this move-
ment, the mobile cell produces pseudopo-
dia (false feet), which are extensions of the
surface of the gel-like exterior cell plas-
ma. This contains a concentrated network
of protein fiber elements. When these fil-
aments extend beneath the cell surface
and, at the same time, are foreshortened
at their base, the cell moves forward [ 12B.




C Direction of locomotion
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Contraction of longitudinal muscles

P

13 Principle and exam-
ples of hydrostatically driv-
en joint-free movements

(A] Principle of the dermal
muscular tunic, in which the
fluid of the body cavity func-
tions as a counter pressure to
the body wall (adaptive rigidi-
ty] while, at the same time, it
changes its position along the
longitudinal axis, facilitating
changes in the body shape.
(B] In its outer body layer, the
nematode Pelodera stron-

gyloides only has muscles
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in longitudinal direction; this

means that it is only capable
of performing snaking move-
ments [mature female and
three juveniles in the first
larval stage). (C] Schematic
of the peristaltic movement
of an earthworm. Waves of
shortening and lengthen-
ing body segments move
from the front to the rear of
the body. In contrast to the
nematodes shown in (B), this
is possible because of the
subdivision of the body cavity

Contraction of annular muscles

Cuticle
Epidermis

Annular muscles

___ Bristles (setae)

Longitudinal muscles

into a series of compart-
ments and because of the
presence of annular muscles
in the body wall above the

layer of longitudinal muscles.



Movement via hydroskeleton

When muscles are involved in the pro-
duction of movement, they need counter
bearings, normally skeletons. These do
not have to involve bones; phylogeneti-
cally, the oldest types of skeleton are hy-
drostatic skeletons. They are based on
the principle that a fiber-reinforced and
fluid-filled body wall that is limited to the
outside and resists tension and pressure
is itself pressurized. Because the mus-
cles are integrated in the body wall, this
system is termed a dermal muscular tu-
nic. In general, due to muscle contractions
and the fact that the fluid cavity cannot be
compressed, the pressure increases and
is hydraulically transferred to other ar-
eas of the body. This causes changes in
body shape, which can also be used for
locomotion. As a rule, such hydroskele-
tons are common in invertebrates with soft
and flexible bodies, such as earthworms.
Here, the muscles responsible for move-
ment are located in the body wall, and the
hydrostatic skeleton in the form of the flu-
id-filled body cavity takes on the role of the
skeletal antagonist M13.

These principles have been introduced
in biomimetic applications, for example
in new drive technologies and in soft ro-
bots or parts of robots (e.g., robot arms
that must have great freedom of move-
ment). So-called “pneumatic” artificial
muscles are hoses consisting of a pres-
sure-proof fabric mesh. By increasing the
internal pressure the pneumatic muscles
contract. Complex deformations can be
achieved through various arrangements
of the fabric mesh.

Muscular hydrostats

Muscular hydrostats are cylinder-like
structures that predominantly contain
muscle tissue (instead of a fluid); the
muscle fibers can be arranged in various
directions. Such systems are self-stabi-
lizing, yet completely mobile. Examples
include the human tongue, the elephant’s
trunk ™11, the muscular foot of the Roman
snail, or the tentacles of an octopus. Like
the fluid-based hydroskeletons, such as
that of the earthworm, muscular hydro-
stats cannot change their volume. There-
fore, the muscles can act as counter bear-
ings and do not necessarily require a rigid
or fluid-based skeleton. Muscular hydro-
stats can perform an impressive variety of
movements and, at the same time, adapt
their stiffness to the mechanical require-
ments.

This principle is also often applied in the
field of soft robotics. However, instead of
the relatively rigid fabric mesh, soft plas-
tics are used in this case, enabling the de-
velopment of highly specialized surgical
tools for interventions inside the body. The
combination of various plastics or diverse
wall thicknesses makes complex move-
ments possible when the hose is pumped
up. For example, the aim of snake robotic
microsurgery is to carry out surgical inter-
ventions at any place in the heart through
a small opening.
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Slide-lock mechanisms

Prominent examples of adaptive joint-free
structures are the slide-lock mechanisms
of cilia and flagellal™14. The unicellular
Paramecium, for example, uses this mech-
anism to move through water freely. This
type of joint-free movement is associated
with one of the oldest movement mech-
anisms. It can be found in both uni- and
multicellular organisms (such as rotifers)
and in sperm cells, which swim towards
the egg cell using their flagella. To under-
stand the movement of cilia and flagella,
we need to observe their complex and min-
ute structure in cross-section, an aspect
that leads us too far away from our main
interest in this review. Simpler slide-lock
mechanisms we have investigated include
the piercing/sucking proboscises of bugs
and the ovipositors of parasitoid wasps.
These structures do not have any inherent
joints and function via remote control (i.e.,
by means of using muscles in the head or
abdomen). Ultimately, the basic working
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™14 (A) Scanning electron
micrograph of a Paramecium
The surface is densely cov-
ered with cilia. [B) Forward
I \ S and backward movement
Forward movement of a cilium. During the for-
ward movement, the entire

shaft remains stiff. During

\ the backward movement,
) it bends and becomes
Backward supple in certain areas.

movement

principles employed in these structures
are the same as those in cilia and flagella.
In such structures, two or several rod-
shaped elastic fibers are linked to each
other in longitudinal direction with the
help of a tongue-and-groove system.
These fibers can be moved in relation to
each other longitudinally. However, if lon-
gitudinal sliding is inhibited or even ful-
ly prevented by a mechanical block, the
result is—depending on the stiffness of
the materials—a relative bending of both
fibers. This is similar to the ideas behind
bimetals [ 15. Bimetals consist of two lay-
ers of different interconnected metals.
Changes in temperature, for example, can
lead to the bending of the bimetal strip.
The reason for bending is due to the fact
that the metals are temperature sensitive
and each of the metals reacts different-
ly to temperature changes. Bimetals are
therefore commonly used as thermome-
ters or temperature switches (e.g., to con-
trol the heat in water boilers).

715 Bimetal principle. A
metal strip consisting of two
layers of different metals
changes shape when exposed
to temperature changes
because the two metals

expand at different rates.



16 The principle of slide-

lock is used by insects to
perform bending movements
similar to the bimetal mech-
anism. [A) The assassin bug
Rhodnius prolixus sucking
blood from an anesthetized
rat. In this process, the nee-
dle-like extended proboscis

[frame] is extended forward.

(B) Individual image of a
video sequence showing the
Joint-free bending move-
ment of the maxillae, which
are connected along their
length with the help of a
tongue-and-groove system.
(C) The bending movements
needed for finding a suit-

able blood vessel [green

bent arrows] are generated
by the right (light] maxilla
moving relative to the left
[dark] maxilla in longitudinal
direction but are restrained
by the mechanical block.

In addition, the mechanical
resistance of the surround-
ing medium (red arrows] can

reinforce the deflection.

In insects, the slide-lock principle can be
found, for example, in the needle-like ex-
tended proboscises of bugs. Blood-suck-
ing assassin bugs native to South America
(Reduviidae, subfamily Triatominae) use
this movement principle when searching
for small blood vessels in tissue after they
have pierced the skin of the host (e.g., a
human being) with their proboscises M1e.
In these insects, the two maxillae are ex-
tended like needles and interlocked with
the help of a tongue-and-groove system.
When one of the maxillae is moved for-
ward longitudinally relative to the other, it
is subjected at one point to a mechanical
block that exists at the end of the tongue-
and-groove system. The maxillary bundle
moves in one or the other direction de-
pending on which of the two maxillae was
moved. In this context, the surrounding
medium also plays an important role as
the beveled tips of the maxillae are divert-
ed by it. Because of the asymmetrical forc-
es acting on the tip, the movement of the
maxillae relative to each other often also

leads to an offset resulting in the bending
of the entire bundle.

The same principle is employed in the ovi-
positors of parasitoid wasps (e.g., ichneu-
monid and chalcid wasps). These wasps
lay their eggs in or on other insects (usu-
ally during larval or egg stages), upon
which the hatched parasitoid larvae lat-
er feed. Because the hosts often live hid-
denin plant tissue, these wasps must first
find the host and then locate a suitable
place for depositing the eggs, either on
the surface of the host or inside it. This is
achieved through search movements of
the ovipositor17. In this case, up to four
elements can be involved, some of which
are independently movable (the valves or
valvulae), are connected with each oth-
er with the help of a tongue-and-groove
system. Depending on which of these el-
ements are shifted (against each other],
more diverse bending movements can
be achieved, compared to the above-de-
scribed proboscises of the blood-sucking
bugs.
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717 The pteromalid wasp,
Lariophagus distinguendus,
is a parasitoid of the larvae
of several beetle species
that live in cereal, caus-

ing damage. (A-B] A female
pteromalid wasp deposits

an egg on a larva of the corn

weevil Sitophilus granarius;

18 The complete structure
comprises several high-res-
olution computer tomog-
raphy images of the insect,
so that the interaction of all
elements involved in generat-
ing the movement becomes
visible (here, part of the ab-
domen of the ichneumonid

wasp Venturia canescens/.

28

the joint-free movements of
the ovipositor can be clear-
ly seen. [C] Cross-section
through the ovipositor. The
upper valve [uv] comprises
two asymmetrically overlap-
ping halves, which are grown
together at the tip only. They

are joined to the two lower

valves (lv] via a tongue-and-
groove connection [tgc),
which makes it possible for
the lower units to slide along
each other. The lower valves

enclose the egg canal [ec).




[719 Breakdown of the CT

image of an ovipositor of the

I Plates of the exoskeleton

ichneumonid wasp Venturia Muscles

canescens into the individu-
al structures involved in the
movement. These include the
parts of the exoskeleton that -
have been relocated inside w
and the muscles. The tip of

the ovipositor is not shown.

Investigation of the
movement principles

In order to understand the movement prin-
ciples of the proboscises and ovipositors of
insects, we have generated three-dimen-
sional images of the structures involved.
Since most insects are minute, we em-
ployed extremely high-resolution imag-
ing techniques such as synchrotron com-
¢ o 0 puter tomography (CT), which is an X-ray
technology that can reveal even very small
structures. Because of the high resolu-
tion, it is not possible to X-ray the whole
insectin one take. This means that several
high-resolution computer tomography im-
ages of different parts of the insect have
to be stitched together to form an image
of the entire structure M 18s.
On that basis we have produced three-di-
mensional models of the objects investi-
gated. The 3D images or the models can
also be taken apart to isolate the individ-
ual structures involved in the movement
[T19. This method has allowed us to in-
vestigate, amongst other things, the in-
dividual muscle strands responsible for
movement. Moreover, the models can be
used within simulations to increase our
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understanding of the mechanisms leading
to movement and to predict movements.
By using the number and diameter of the
individual muscle fibers it is also possi-
ble to estimate the strength of the mus-
cle packs. Studies of the points of attach-
ment of the muscles on the plates of the
insects’ exoskeleton (sometimes relocat-
ed to the inside] and on the structures to
be moved (such as the ovipositor], enable
the determination of the direction of the
muscle forces and hence the direction in
which the muscle pulls when it contracts.
Unfortunately, in spite of the extremely
high resolution of the synchrotron CT im-
ages, the imaging has its limitations. We
cannot detect the smallest details in the
3D data sets. Thus, for investigations of the
small-scale mechanisms in even greater
detail, for example, the connecting rabbet
(or groove) between the different parts of
the proboscis, we employed light- and elec-
tron-microscopical imagesl 204 in order to
build models from these structures and
to simulate the influence of these small-
scale mechanisms on the resulting move-
ment. In this way we can check whether
we have correctly interpreted the material
properties and the assumed tongue-and-
groove structures. Making assumptions
with respect to mechanical properties at
the microstructure level is a big and of-
ten (still) insurmountable challenge. One
possible way of gaining more insights into
the microstructural properties of the pro-
boscis is to use fluorescence microscopy
["208. This imaging method can be used to
identify softer and more rigid areas, and to
adopt them to build realistic computational
models (structuralinformation necessary).
With this information it is then possible to
produce highly detailed simulations of the
movement processes.
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20 Extension of the model
of the proboscis of the as-
sassin bug Dipetalogaster
maxima. The proboscis con-
sists of the two needle-like
extended and connected
maxillae (lm = left maxil-

la, rm = right maxilla] that

form the food channel [fc)

and the salivary channel (sc).

The maxillae connected with
each other via a tongue-
and-groove system are also
called the maxillary bundle
[mb]. Technical models are

continually being refined;

stiff

flexible

this is accomplished using
light-microscopy investi-
gations of cross-sections

[A] that show structures in
detail, and by means of fluo-
rescence microscopy images
[B] that can be used to as-

sess mechanical properties.
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within this amber are presented.
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Introduction

Dryinidae (Hymenoptera, Chrysidoidea) are parasitoids of Auchenorrhyncha (Hemip-
tera) (Olmi 1984; Guglielmino et al. 2013). This family is present in all continents,
except for Antarctica, and comprises about 1900 species (Olmi et al. 2021a).

Eighty fossil species of Dryinidae have been described, among which the following six
have been recorded from upper Eocene Rovno amber (Ukraine; 35-38 Ma) (Martynova
et al. 2019; Perkovsky et al. 2020; Olmi et al. 2022): Bocchinae: Bocchus schmalbauseni
Perkovsky, Olmi, Vasilenko, Capradossi & Guglielmino, 2020; Dryininae: Dryinus
Jjanzeni Olmi, 2000, D. reifi Olmi & Bechly, 2001, D. wunderlichi Olmi & Bechly, 2001;
Apodryininae: Rovnodryinus khomychi Olmi, Guglielmino, Vasilenko & Perkovsky, 2022;
Palacoanteoninae: Palaeoanteon janzeni Olmi, 2000. In contrast, Baltic and Scandinavian
amber (coeval of Rovno amber) are known to include 21 and two species of Dryinidae
(Martynova et al. 2019; Olmi et al. 2021b), respectively. All known specimens from
Ukraine have been collected in the Varash district of the Rovno region (which includes
the former Vladimirets and Zarechnoye districts) and most of the important new taxa
described from Rovno amber during the last few years (Matalin et al. 2021; Perkovsky
and Nel 2021; Tshernyshev and Perkovsky 2021; and references therein).

Recently, we received two pieces of Rovno amber: one from a site in the Volyn
region adjacent to the Varash district and the second most probably from the Varash
district. They included specimens of Dryinidae that proved to belong to a new species,
which we describe below.

Materials and methods

Terms

The description follows the morphological terminology of Olmi et al. (2019). All
measurements reported are relative, except for the total length (head to metasomal tip,
without antennae and sting). Antennal proportions refer to the lengths of the relevant
segments as proportions of each other, with the values rounded to the nearest whole
number. The following abbreviations are used: POL, distance between the inner edges
of the two lateral ocelli; OL, shortest distance between the edge of a lateral ocellus and
the median ocellus; OOL, distance from the outer edge of a lateral ocellus to the com-
pound eye; OPL, distance from the posterior edge of a lateral ocellus to the occipital
carina; TL, distance from the posterior edge of the eye to the occipital carina.

The term “disc of metapectal-propodeal complex” is used here in the sense of Kawada et
al. (2015) and Lanes et al. (2020). It corresponds to the term “dorsal surface of propodeum”
sensu Olmi (1984) and Olmi et al. (2019). The term “propodeal declivity” sezsu Kawada et
al. (2015), used here, corresponds to the term “posterior surface of propodeum” sezsu Olmi
(1984) and Olmi et al. (2019). The names of veins of the fore wing are here used in the
sense of Azevedo et al. (2018) and Lanes et al. (2020). The “stigmal vein” (sezsze Olmi 1984
and Olmi et al. 2019) is named here the “second radial cross & radial sector (2r-rs&Rs)”.



New species of Bocchus from Rovno amber 259

The term “ADOs” (= Antennal Dorsal Organs) is used here in the sense of Riolo et
al. (2016). It corresponds to the term “rhinaria” sensu Olmi (1984). According to Riolo
etal. (2016), ADOs are sensory structures that might mediate the antennal responses
to vibratory stimuli. As far as we know, they are usually present in the antennae of
dryinid females attacking Fulgoromorpha (Perkovsky et al. 2019).

Specimens

The specimens studied in this paper have been deposited in the following collections:

Specimen 1: Schmalhausen Institute of Zoology (SIZK), National Academy of Sci-
ences of Ukraine, Kiev, Ukraine.
Specimen 2: State Museum of Natural History Stuttgart (SMNS), Stuttgart, Germany.

Stereomicroscopy

The multifocal photos were taken using a mirrorless Sony Alpha 6100 camera (Sony
Group Corporation, Tokyo, Japan), with Canon bellows and three-way revolver for
optical microscopy (Canon Inc., Tokyo, Japan). The following objectives were used:
LOMO 3.7 x 0.11 (LOMO, St. Petersburg, Russia) for magnifications from 20 to
50x; Zeiss Semiplan 6.3 x 0.11 (Carl Zeiss GmbH, Jena, Germany) for magnifica-
tions from 50 to 100x. The motorized focus was managed by a Cognisys stackshot
controller (Cognisys Inc., Traverse City, MI, USA). Captured images were merged into
a single in-focus image by using ZereneStacker™ version 1.04 (Zerene Systems LLC,
Richland, WA, USA). Images were processed with GIMP version 2.10.30 (https://

www.gimp.org).

Synchrotron X-ray phase-contrast microtomography (SR-puCT) and image
processing

Synchrotron X-ray microtomography (SR-uCT) (Betz et al. 2007) was performed at
the UFO-I station of the Imaging Cluster at the KIT light source of Karlsruhe Institute
of Technology (KIT, Karlsruhe, Germany) by using a parallel polychromatic X-ray
beam produced by a 1.5 T bending magnet. Specimen 2 was glued onto a plastic pin
and mounted onto the goniometer head of the sample stage for tomography. The beam
was spectrally filtered with 0.5 mm aluminium with a spectrum peak around 15 keV
and a full-width at half maximum bandwidth of about 10 keV. A fast indirect detector
system was employed, consisting of a 13 pm LSO:Tb scintillator (Cecilia et al. 2011),
diffraction limited optical microscope (Optique Peter) (Douissard et al. 2012) and a
12bit pco.dimax high-speed camera with a resolution of 2016 x 2016 pixels; 3000
projections were recorded at 70 frames per seconds and an optical magnification of
10x, resulting in an effective detector pixel size of 1.22 pm. Two separate overlapping
image stacks were acquired because the specimen was larger than the field of view.
Therefore, the sample was repositioned in between the imaging procedure, resulting in
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a certain overlap of two consecutive images. The control system concert (Vogelgesang
et al. 2016) was used for automated data acquisition and online reconstruction of
tomographic slices for data quality assurance. Execution of the pipelines, including
online tomographic reconstruction, was performed by the UFO framework (Vogelge-
sang et al. 2012). Final tomographic reconstruction was carried out with zofi (Faragd
et al. 2022).

The two resulting tomograms were registered and calibrated with Fiji (Schinde-
lin et al. 2012) (https://imagej.net/Fiji) and further imported to the plugin TrakEM2
(Cardona et al. 2012) for stitching and cropping. Subsequently, the resulting image
stack was imported to Amira version 6.0 (FEI Company, Hillsboro, OR, USA) to pre-
segment the various cuticular and internal structures in the software’s segmentation
editor by manually labelling every 50* virtual slice. These labels served as an input for
automated segmentation by using the Biomedical Image Segmentation App ‘Biome-
disa’ (Losel et al. 2020) (hteps://biomedisa.org). After some minor manual corrections
to the segmentation results of the ‘Biomedisa’ output by using Amira, we converted
them into polygon meshes. We thereby applied some minor smoothing and polygon
reduction to create the final 3D model (surface mesh).

Results

Bocchus rex sp. nov.
https://zoobank.org/C24153EA-53FD-40CD-96FB-08BEA582D2BE

Type material. Holotype (= specimen 1; Fig. 1): f#, in SIZK: UkRAINE: Les-1, speci-
men in upper Eocene Rovno amber, collected in Lisove amber mine in Volyn Region
of W Ukraine, 9 km east of Manevichi (the former Manevichi district, now Kamen-
Kashirsky district). Horizon: Priabonian (35-38 Ma). Paratype (= specimen 2; Figs
2, 3): 1f#, in SMNS: UKR-1, specimen in Rovno amber (unknown locality).

Diagnosis. Macropterous female of Bocchus (Figs 1a—d, 2a—c) with OOL more
than three times as long as OPL (Fig. 1b); epicnemium concealed (Fig. 1d); notauli
incomplete, reaching about 0.75x length of mesoscutum (Figs 1b, 2¢); fore wing with
one dark transverse band (Figs 1a, 2¢); petiole distinctly visible (Fig. 1a); enlarged claw
(Figs le, f, 2d, 4a) with one long row of small teeth, in addition to one lamella; pro-
tarsomere 5 (Figs le, f, 2d, 4a) with distal apex broad and dark pigmented, with one
preapical lamella and inner band, without bristles on inner margin.

Description of the female (Figs 1-4a). Fully winged (Figs 1a—d, 2a—c); length
2.8-3.2 mm (holotype 3.2 mm). Holotype ferruginous-black; paratype black.
Antenna clavate (Fig. 1a, b), without ADOs; antennomeres in following proportions:
9:6:6:5:5:4.5:4.5:4.5:4.5:6; antennomere 9 slightly longer than broad (4.5:3). Head
dull, completely granulate, not reticulate rugose; frontal line complete; occipital
carina complete; POL = 3; OL = 2; OOL = 5; OPL = 6.5; TL = 6; greatest breadth
of lateral ocellus shorter than POL (2:3). Mandible quadridentate, with one
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1 mm

1 mm 1 mm

0.2 mm

Figure 1. Stereomicroscopical images of Bocchus rex sp. nov., female, holotype (= specimen 1) a, b habi-
tus, dorsal view ¢ habitus, lateral view d habitus, ventrolateral view e fore leg f chela.

smaller intermediate tooth (Fig. 1d). Mesosoma longer than head (18:7), shorter
than metasoma (18:23). Pronotum crossed by strong transverse impression, with
sculpture not distinct, laterally with some longitudinal keels; pronotal tubercle
reaching tegula. Mesoscutum dull, granulate. Notauli incomplete, reaching about
0.80x length of mesoscutum (Figs 1b, 2¢). Sculpture of mesoscutellum and
metanotum not distinctly visible. Epicnemium concealed (Fig. 1d). Metapectal-
propodeal complex not distinctly visible. Fore wing with one dark broad transverse
band (Figs 1a, 2¢); distal part of 2r-rs&Rs vein much longer than proximal part
(17:5). Petiole very long, much shorter than rest of metasoma (4:19). Proleg ratio:
12 (procoxa): 10 (protrochanter): 24 (profemur): 17 (protibia): 13 (protarsomere
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1): 2 (protarsomere 2): 3 (protarsomere 3): 7 (protarsomere 4): 11 (protarsomere
5). Enlarged claw (Figs le, f, 2d, 4a) with one long row of small teeth (number not
distinct) + one lamella. Protarsomere 5 (Figs le, f, 2d, 4a) with distal apex broad
and dark pigmented, with one preapical lamella and inner band, without bristles
on inner margin. Rudimentary claw present, although hardly visible. Mesoleg ratio:
9 (mesocoxa): 4 (mesotrochanter): 19 (mesofemur): 21 (mesotibia): 30 (tarsus).
Metaleg ratio: 10 (metacoxa): 6 (metatrochanter): 27 (metafemur): 30 (metatibia):
25 (tarsus). Tibial spurs 1, 2, 1.

Male. Unknown.

Hosts. Unknown.

Etymology. Bocchus was the name of two kings of Mauretania (the first being
father-in-law to the Numidian King Jugurtha) and rex is an appropriate epithet of this
nice species with its regal look.

State of preservation of paratype (= specimen 2). The head and thorax are
well preserved but each have a fissure dorsally (Fig. 3¢, ). The metasoma has been
completely crushed (Figs 2c, 3a, c, e, g, Suppl. material 1: Video S1). Its size and
form can be roughly estimated from the cavity formed in the amber. However,

1 mm 0.1 mm

Figure 2. Stereomicroscopical images of Bocchus rex sp. nov., female, paratype (= specimen 2) a, b habi-
tus, ventral view ¢ habitus, dorsal view d chela.
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cavities are also present laterally between the head and the thorax (Figs 2a—c, 3a, c,
e, g, 1, Suppl. material 1: Video S1). Unfortunately, the resolution of the SR-pCT
scan was too low to 3D-reconstruct the chelae in great detail. In the head, the
partially preserved optical ganglion complex, presumably the optic lobes (= me-
dullae), is clearly visible (Fig. 3b, d, f, h, j, Suppl. material 1: Video S1). It is the
second report of optic lobe preservation for Rovno amber arthropods (cf. fig. 1 of
Sukhomlyn et al. 2022). Other internal structures are partially preserved; however,
it is unclear whether they belong to the optical system or different brain regions,
or are partially preserved muscles of the mouthparts (Fig. 3b, d, f, h, j, Suppl.
material 1: Video S1). In addition, many muscles in the thorax, the legs and, oc-
casionally, in the metasoma are still preserved (Fig. 3b, d, f, h, j, Suppl. material 1:
Video S1). However, as the depicted set of muscles is by no means complete and
plays no role in species identification, it will not be discussed further here.

Remarks. After the description of Bocchus rex sp. nov., the key published by Perko-
vsky et al. (2020) can be modified as follows.

Key to the Cretaceous and Paleogene species of the genus Bocchus
Ashmead, 1893

Female:

1 Petiole very short, almost absent (cf. fig. 4 of Perkovsky et al. 2020) .............
................................... B. cenomanianus Olmi, Rasnitsyn & Guglielmino
- Petiole distinctly visible, one sixth to one ninth of rest of metasoma (cf. fig. 1

of Perkovsky et al. 2020; Fig. 1) ...ccccvvvvveiiuiiiiiiiicciiineeeccceeeeeee 2
2 Enlarged claw with teeth present only in the distal half of the inner margin
(Fig. 4C) couviiiiiccccccc s

B. schmalbauseni Perkovsky, Olmi, Vasilenko, Capradossi & Guglielmino
- Enlarged claw with teeth distributed along the entire inner margin (Figs 2d,
TR o) TSP 3
3 Head with OOL about 62% of OPL; notauli complete, posteriorly separated
(cf. fig. 9 of Perkovsky et al. 2020); protarsomere 5 with distal apex slender
and not pigmented, with two bristles on inner margin (Fig. 4b) ...................
.................................................................... B. primaevus Martins & Melo
- Head with OOL about 77% of OPL (Fig. 1b); notauli incomplete, reaching
about 0.80x length of mesoscutum (Figs 1b, 2c); protarsomere 5 with distal
apex broad and dark pigmented, without bristles on inner margin (Fig. 4a)..
.............................................................................................. B. rex sp. nov.

Male:

Unknown.
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Figure 3. Segmented 3D model of Bocchus rex sp. nov., female, paratype (= specimen 2) based on SR-
uCT data (perspective view; cf. Suppl. material 1: Video S1; parts of the left antenna and the tarsus of the
right hind leg are outside of the dataset) a, b ventral view ¢, d dorsal view e, f dorsolateral view g, h lateral
view i, j frontal view. The cuticular elements in a, ¢, e, g, i are depicted in various shades of brown, whereas
the cavity of the wasp in the amber is shown as being semi-transparent. The partially preserved optical
ganglion complex is shown in blue, the potential brain regions or head muscles in purple, and the muscles
(in the thorax, the legs and the metasoma) in red, whereas the cuticular elements in b, d, £, h, j are semi-

transparent and the cavity in the amber is omitted.
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0.1 mm e/

Figure 4. Schematic drawings of chelae of species of Bocchus known from amber a Bocchus rex sp.
nov. b B. primaevus Martins & Melo (from Perkovsky et al. 2020) ¢ B. schmalhauseni Perkovsky, Olmi,
Vasilenko, Capradossi & Guglielmino (from Perkovsky et al. 2020). Abbreviations: e, enlarged claw;

t, protarsomere 5.

Discussion

The above-described new species is attributed to the genus Bocchus (Hymenoptera,
Dryinidae, Bocchinae) because of the following characters: ocelli present; epicnemium
concealed; protarsus chelate; chela with rudimentary claw.

The genus Bocchus includes 103 species present in all zoogeographical regions,
except for Antarctica (Perkovsky et al. 2020). The hosts of Bocchus are Tropiduchidae
and Caliscelidae (Hemiptera, Auchenorrhyncha) (Guglielmino et al. 2013). These two
families of planthoppers are only known from the Cenozoic (Perkovsky et al. 2020).

Fossil species of Bocchus are known from the Cenozoic (i.e. from Baltic and Rovno
amber) as follows: B. primaevus Martins & Melo, 2019 (2021) from upper Eocene
Baltic amber, Priabonian, 35-38 Ma; B. schmalbauseni Perkovsky, Olmi, Vasilenko,
Capradossi & Guglielmino, 2020 and B. rex sp. nov. from Rovno amber, coeval of
Baltic amber. Probably the hosts of the above three species were Tropiduchidae, as
they are known from both Baltic and Rovno amber (Perkovsky and Bogdasarov 2009;
Perkovsky et al. 2020; Olmi et al. 2022). The oldest tropiduchid is known from the
lower Eocene of the Green River Formation (CO, USA) (Shcherbakov 2006). Fossil
Caliscelidae are also known from the Cenozoic, but only from Dominican amber
(Burdigalian, lower Miocene; 16-20 Ma) (Bourgoin et al. 2015).

A fourth species has been attributed to the genus Bocchus: B. cenomanianus Olmi,
Rasnitsyn & Guglielmino, 2010. It is a compression fossil in extremely bad condition
from Obeschchayushchiy, Magadan region, Russian Federation (Santonian-Campanian,
Upper Cretaceous, 72—-85 Ma). However, its attribution to Bocchus is doubtful, because
Caliscelidae and Tropiduchidae are not known from the Cretaceous (Perkovsky et al.
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2020). Of course, the host at the Obeschchayushchiy site might well have belonged to
other families of planthoppers. However, according to Perkovsky et al. (2020), angio-
sperms (hosts of extant Caliscelidae and Tropiduchidae) were extremely rare at that site.
On the other hand, no evidence exists for possible Bocchus hosts feeding on gymnosperms
or ancient ferns predominant at the Obeschchayushchiy site (Nadein and Perkovsky
2018; Perkovsky et al. 2020). Hence, B. cenomanianus might have been misidentified.

The new Bocchus described here is the first hymenopteran and seventh named fossil
arthropod from the Volyn Region, Ukraine (Martynov et al. 2021; Telnov et al. 2021;
Legalov et al. 2022). The discovery of B. rex is indicative of the richness of Bocchus spe-
cies in Rovno amber in comparison with Baltic amber: two species (29% of all dryinid
species) in Rovno amber versus one (4.8% of all dryinid species) in Baltic amber. In
addition, one specimen from Varash district could not be determined to the species
level. This difference might be related to the climate of the Rovno amber forest being
warmer than that of the Baltic amber forest (Kupryjanowicz et al. 2022; Yamamoto et
al. 2022; and references therein), especially since their potential hosts (i.e. Tropiduchi-
dae) are mainly tropical and subtropical (Bourgoin 2020).

To date, Bocchus is the most common genus of Dryinidae in Rovno amber fauna and
Bocchinae is the dominant subfamily (44.4% of specimens versus 33.3% for Dryinus and
Dryininae) at the specimen level. This is unusual, as Dryininae strongly dominate not only
in Baltic amber, but also in Kachin (33 Dryininae species according to Olmi et al. 2022)
and Dominican (ten Dryininae species versus one belonging to Bocchinae; Martynova et
al. 2019; Martins and Melo 2020) ambers, both at the specimen and species levels.

The biology of Bocchus species is poorly known so far. The species with known bi-
ology live in open environments. An even more important reason for the abundance of
Bocchus is that open environments were more common in the Priabonian Ukraine than
in the Baltic amber forest (Lyubarsky and Perkovsky 2012; Perkovsky 2013; Lyubarsky
and Perkovsky 2019; Dietrich and Perkovsky 2020).

A comparison with the extant Bocchus species shows that their body shape is
similar to the species known from European Eocene amber. The chela of B. rex and
B. schmalhauseni follows the same general scheme as in the extant species. The only
difference can be observed in the chela of B. primaevus and is attributable to the
anomalous long and slender protarsomere 5 (Fig. 4b). A similar type of protarsomere 5
has not been found in any extant or fossil species of Bocchus. However, the significance
of this anomalous chela remains unknown.
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Supplementary material |

Video S1

Authors: Massimo Olmi, Benjamin Eggs, Leonardo Capradossi, Thomas van de Kamp,

Evgeny E. Perkovsky, Adalgisa Guglielmino, Dmitry V. Vasilenko

Data type: video file (mp4)

Explanation note: Animation of the rotating segmented 3D model of Bocchus rex sp.
nov., female, paratype (= specimen 2) based on SR-pCT data (perspective view;
cf. Fig. 3; parts of the left antenna and the tarsus of the right hind leg are outside
of the dataset). The cuticular elements are depicted in various shades of brown,
whereas the cavity of the wasp in the amber is shown as being semi-transparent. The
partially preserved optical ganglion complex is shown in blue, the potential brain
regions or head muscles in purple, and the muscles in red.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.92.87084.suppl1
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Additional files (supplementary material): video file (snapshot displayed here); file available online at
https://jhr.pensoft.net/article/87084/

Supplementary material 1 — Video S1: Animation of the rotating segmented 3D model of Bocchus rex sp. nov., female, paratype
(= specimen 2) based on SR-uCT data (perspective view; cf. Fig. 3; parts of the left antenna and the tarsus of the right hind leg are
outside of the dataset). The cuticular elements are depicted in various shades of brown, whereas the cavity of the wasp in the amber is
shown as being semi-transparent. The partially preserved optical ganglion complex is shown in blue, the potential brain regions or head

muscles in purple, and the muscles in red. (mp4)
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Conclusions

This thesis provides an overview of the various joint-free steering mechanisms of rod-shaped structures in
invertebrates in the form of literature reviews (see Publications 8-11) with a focus on the slide-lock

mechanisms (sensu Betz et al. 2016).

Various mechanisms have been described or postulated for the joint-free steering movements of rod-shaped
multi-element structures in insects, such as the terebrae of hymenopterans or the piercing-sucking
mouthparts of hemipterans. Basically, two different types of bending mechanisms can be distinguished:

passive and active bending mechanisms.

The observed passive bending results from the interplay between the surrounding substrate and the
relative movements of the individual elements of a multi-element probe. The relative position of the individual
elements, which typically feature geometrically asymmetric bevelled apices, create various degrees of
geometric asymmetry of the apex as a whole. Consequently, the asymmetric substrate reaction forces acting
on the apex push it away from a straight path during protraction (Fig. 3a), leading to a passive bending of the
probe (Cerkvenik et al. 2017, 2018; cf. “offset steering” sensu Frasson et al. 2012).

The observed active bending occurs when the bending movements originate form the relative movements
of the individual elements of a multi-element probe. Several different mechanisms have been described
hitherto; e.g. pre-apical ‘stop regions’ that increase friction if the individual elements are pro- or retracted
(Fig. 3b; cf. Quicke et al. 1995; cf. slide-lock working principle according to Betz et al. 2016), largely
longitudinally divided elements (cf. Quicke 2015), ‘preloaded’ elements (Fig. 3d; sensu Pollard 1969), or
elements with multi-arched regions of various material composition (Fig. 3c; cf. Quicke 1991) (see below for

detailed explanations).

Theoretically, passive and active bending mechanisms can act simultaneously or sequentially within the
same structure.

The possession of basic knowledge about the various bending and steering mechanisms (passive vs active
bending mechanisms, efc.) is important for the recognition and comprehension of the morphological
evolutionary adaptations found in the organisms under study and for the cognisance of any mechanisms that

are not yet described.

The main focus of this thesis has been the various case studies of the structure and function of the ovipositor
of parasitoid hymenopterans (Publications 1-6) and the mouthparts of triatomine heteropterans (Publication
7). These integrative studies combining morphological descriptions and biomechanical analyses with
behavioural observations in vivo are central for identifying the working principles (sensu Drack et al. 2018) of

joint-free steering and thus for the development and design of biomimetic products.



Joint-free steering movements of the terebrae of parasitoid hymenopterans

Despite many descriptive studies on the comparative morphology of the hymenopteran terebra (e.g.
Snodgrass 1933, Oeser 1961, Quicke et al. 1994, Le Ralec et al. 1996), detailed in-depth morphological
descriptions and mechanical analyses of the musculoskeletal ovipositor system are rare, especially for the

completely understudied and often minute parasitoid wasps, i.a. members of Ichneumonoidea, Chalcidoidea

or Cynipoidea. In addition, only a few studies have been published on the mechanisms of terebra steering,

most of them focusing on ichneumonoid species (Quicke 1991, Quicke et al. 1995, Cerkvenik et al. 2017).

Various passive and active terebra steering mechanisms have been proposed.

Passive bending mechanisms:

A well studied example of passive

bending are the movements of the

terebra  of the fruit-fly parasitoid
Diachasmimorpha longicaudata
(ASHMEAD, 1905) (Braconidae). The

relative position of the individual valvulae

featuring  geometrically = asymmetric
bevelled apices creates various degrees
of geometric asymmetry of the terebra
apex. Consequently, the asymmetric
substrate reaction forces acting on the
apex push it away from a straight path
(Fig. 3a), leading to a passive bending of

the terebra (Cerkvenik et al. 2017).

Active bending mechanisms:

Parasitoid hymenopterans can move
their valvulae in relation to each other
longitudinally. However, if relative sliding
is restrained or even fully prevented in
some way by structural modifications

(e.g. at the interfaces of the valvulae),

al b W d ﬁl
1 )

Fig. 3. Hypothesised steering mechanisms in 2D (full arrows
represent push forces, empty arrows pull forces, grey arrows tensile
forces and small black arrows compression forces). a Bevel shape
of a probe leads to bending because of asymmetrical tip forces.
b Restriction in inter-element displacement causes bending
attributable to tensile and compression forces. ¢ Arched probes
bend as a result of differential material composition of their
segments. d Pre-tension of individual elements leads to inwards
curving upon protraction. From Cerkvenik et al. 2017, with kind
permission of the authors. Abbreviations: F:: friction along the shaft;

Fip: tip forces

then joint-free bending movements result as a result of elastic deformations of the single elements.

Various forms of this so-called slide-lock mechanism (according to Betz et al. 2016) have been

postulated in parasitoids:

* In several species of the Braconidae, pre-apical ‘stop regions’ of the rhachis (e.g. swollen

regions located centrally within a corresponding widened part of the aulax at rest) increase



friction if the 1st valvulae are retracted or extended, thereby building tension and
compression and thus causing the terebra to curve because of the bending moment
distribution (Fig. 3b; Quicke et al. 1995).

* In the braconid subfamily Doryctinae, a retraction of the 1st valvulae causes the thinned
outer walls of the aulaces to restrain the rhachis, which possesses ancillary teeth,
consequentially resulting in a ventrad bending movement of the terebra (Quicke et al. 1995).

* In several ichneumonid species, a largely longitudinally divided 2nd valvula, which is fused
only at the apex, might allow the terebra to be bend left or right when one half of the 2nd
valvula is retracted (Quicke 2015).

* In species of the Aulacidae and Gasteruptidae, abrupt terminal stops of the aulaces or
protuberances in the ventrolateral side of the 2nd valvula interact with the rhachises of the
corresponding bosses of the 1st valvulae whenever they are protracted, thus causing an
active dorsal bending of the terebra (Quicke and Fitton 1995).

* In the braconid genus Zaglyptogastra, the distal part of the terebra is formed into multi-arched and
unevenly sclerotized regions, with the internodular arched sections being more heavily sclerotized
than the thinner nodes and, thus, the protrusion of the 1st valvulae causes a flattening out of the

nodal regions and a ventral flexing of the terebra (Fig. 3c; Quicke 1991).

The wide variety of parasitoid hymenopterans have evolved many different terebra steering mechanisms,
sometimes even within the same family, such as in the Braconidae. The slide-lock mechanisms (Fig. 3b) can
also be developed in various ways, as described above.

Most of these parasitoid wasps are able to bend their terebra both dorso—ventrally and laterally, since
multilateral steering can be achieved by the interplay of at least three elements (Cerkvenik et al. 2018) or by

rotational movement occurring simultaneously with the bending movement (cf. Publication 5).

New contributions of the present thesis (regarding joint-free steering): Terebra bending movements of
parasitoid hymenopterans and of the movements of the individual valvulae (pro- and retraction, bending,
rotation) have rarely been recorded in vivo. Furthermore, all of the studies on the mechanisms of terebra
steering mentioned above have solely focused on the cuticular elements of the ovipositor and have
completely neglected the ovipositor musculature.

In our study on the terebra steering of the pteromalid Lariophagus distinguendus (Publication 5), we
combined behavioural analyses of the oviposition behaviour with thorough morphological investigations
(including material properties) of the entire musculoskeletal ovipositor system. Thus, we were able to identify
the morphological modifications of the terebra and functional modifications of certain muscles allowing
L. distinguendus and presumably also other chalcidoid wasps actively to steer their terebra in various
directions. We presented the first holistic functional model of the actuation and the underlying mechanisms of
terebra bending and rotation (but also all other ovipositor movements) (Fig. 4; cf. Fig. 7 of Publication 5). The

terebra of L. distinguendus and other chalcidoids features a longitudinally split valvula with overlapping



asymmetric halves that are fused only at the
apex. The function of the anterior and the
posterior 2nd valvifer-2nd valvula muscles of
L. distinguendus (and presumably in chalcidoid
wasps in general) are adapted in their function.
(1) In the active probing position, they enable the
wasps to pull the base of each of the halves of
the 2nd valvula dorsad, thus enabling lateral
bending of the terebra. (2) These muscles can
also rotate the 2nd valvula and therefore the
whole terebra at the basal articulation, allowing
the bending movements to become effective in
various directions. This terebra steering
mechanism, i.e. a specific version of the slide-
lock mechanisms unique to chalcidoid wasps, is
new to science. In contrast to the previously

described mechanisms (see above), it allows the

1st wvalvulae to be pro- or retracted
simultaneously  with  bending movements,
regardless of the bending state. These

hypotheses were confirmed by in vivo

observations. A freely steerable terebra
increases the chance of contacting a potential
host within a concealed cavity, as is often the
case in chalcidoid wasps. The ability to steer the
terebra can thus be considered a key innovation
in the evolution of the hyperdiverse Chalcidoidea

(Publication 5).

Fig. 4. Functional model of the mechanisms of terebra bending and
rotation of Lariophagus distinguendus. Acting (input) forces are
visualized by solid red arrows and resulting (output) movements by
solid black arrows (a lateral view; b dorsal view, schematic drawing
of wasps in lateral view). During oviposition, the terebra is anchored
at the puncture site in the substrate. A contraction of one of the
paired m-a-2vf-2vv (Fry.a-2vi-2w) in the active probing position pulls
the corresponding bulb and thus one half of the longitudinally split
and asymmetrically overlapping 2nd valvula dorsad along its

longitudinal axis (arrow 1) because of the orientation of the muscle
and the resulting direction of the force vector. Since the halves of
the 2nd valvula are fused at the apex, this movement causes the
distal part of the terebra (i.e. the part inside the cavity of the
substrate) to bend to the left or right (arrow 2). A contraction of one
of the m-p-2vf-2vwv (Frp-av-ow) Presumably causes the 2nd valvula
and thus the whole terebra to rotate back and forth at the basal
articulation along its longitudinal axis to a certain degree (arrow 3).

Adapted from Eggs et al. 2023 (Publication 5). Abbreviations: 1vv:
1st valvua; 2vv: 2nd valvula; ba: basal articulation; F: force; m-a-
2vf-2vv: anterior 2nd vlavifer-2nd valvula muscle; m-p-2vf-2vv:

posterior 2nd vlavifer-2nd valvula muscle; trb: terebra

We have also recorded the bending movements of the unusual coiled terebra of the figitid wasp Leptopilina

heterotoma in vivo and investigated the passive bending mechanisms that it uses to reach its host in plant

substrates (Publication 6; Csader et al. in prep.).

New contributions of the present thesis (miscellaneous): We have presented the first quantitative

analysis of the mechanics and kinematics of the musculoskeletal ovipositor system of any hymenopteran,

namely the ichneumonid Venturia canescens, including leverages and muscle forces (Publication 1).

We have also found three paired ovipositor muscles in the pteromalid L. distinguendus, muscles that have

not been previously described in chalcidoids: the 1st valvifer-genital membrane muscle, the ventral 2nd

valvifer-venom gland reservoir muscle and the T9-genital membrane muscle. These findings highlight the



importance of thorough morphological (re-)investigations with modern state-of-the-art techniques and the
need to study a wide range of organisms rather than solely focusing on a handful of well-known study
organisms.

The dorsal and the ventral 2nd valvifer-venom gland reservoir muscles found in the chalcidoids
L. distinuendus (Pteromalidae) (Publication 5) and Microterys flavus (Encyrtidae) (Kraft et al. in prep.) and in
the cynipoid L. heterotoma (Figitidae) (Csader et al. in prep.) presumably support the discharge of the venom
gland reservoir and probably of the secretions of the Dufour’s gland. However, these muscles are absent in
the two ichneumonoid taxa that we have studied, namely V. canescens (Ichneumonidae) (Publication 1, 2)
and Habrobracon hebetor (Braconidae) (Publication 3). We consider that the valvilli inside the egg canal,
which are completely absent in chalcidoid wasps (Quicke et al. 1992), support a controlled discharge of
venom and oviposition fluids in ichneumonoids.

In addition to their modified terebra used to parasitize hosts living concealed in substrates (Publication 5),
chalcidoid wasps possess highly modified mandibles; i.e. a secondary reversal to monocondylic mandibles
(reduction of the posterior condyle accompanied by modified musculature with functional separation), which
allow emerging wasps to bite through hard substrates by precise cutting movements (Publication 4). Several
evolutionary novelties and morphological adaptations linked with the use of hosts that live concealed within a
substrate have appeared in Chalcidoidea. We have described adaptations in the ovipositor system (for
entering the substrate to find a potential host) (Publication 5) and in the mandibles (for leaving the substrate
when hatching) (Publication 4) that presumably have been strong drivers of diversification in the
Chalcidoidea.

Following modern concepts of designating morphological structures in a standardized way, we have applied
(Publications 1-6) and supplemented (Publication 5) the Hymenoptera Anatomy Ontology (HAO; Yoder et al.
2010, Seltmann et al. 2012, Hymenoptera Anatomy Consortium 2022; http://glossary.hymao.org) and list

their definitions and all the synonyms found in the literature (210 terms relevant of the hymenopteran
ovipositor system and 513 synonyms; Publication 5) to facilitate future reading and to enable comparisons of
findings of different studies dealing with the ovipositor of Hymenoptera.

The integrative and comprehensive studies presented in this thesis combining behavioural analyses of the
oviposition behaviour with in-depth morphological and biomechanical analyses of the ovipositor system

(Publications 1, 5) might become reference works for the study of the hymenopteran ovipositor in the future.


http://glossary.hymao.org/

Conclusions

Joint-free steering movements of the maxillary bundles of triatomine heteropterans

Many studies have

been published
concerning the
(comparative)

morphology of the
mouthparts of the

haematophagous
kissing bugs
(Reduviidae:
Triatominae) (e.g.

Barth 1952, Geigy
and Kraus 1952,
Cobben 1978, Rakitov
2019) and their
feeding processes
(e.g. Barth 1953,
Kraus 1957,
Lavoipierre et al.
1959), even though
the majority focuses
on Rhodhnius prolixus,
one of the main
vectors of Chagas
disease (Lent and
Wygodzinsky 1979).
However, little s
known about the
manner in which the
animals are able
actively to steer their
mouthparts (a pair of
maxillae flanked by a
pair of mandibles) for
the efficient
localization of blood

vessels.
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Fig. 5. Mechanisms involved in the bending of the maxillary bundle of triatomine bugs. a Movements
of the maxillary bundle in tissue (i.e. a solid substrate) result from the interaction between substrate
and the alternate movements of the maxillae (black arrows). The bevelled tip is pushed away from its
straight path (grey arrows) because of asymmetrical forces acting on the variable geometrical
asymmetry of the apex (white arrows) (passive bending). b In liquids, whenever the right maxilla is
protracted to a certain extent (black arrow), its path is blocked by the mechanical interaction of the
abutments, resulting in a strong bending of the apex of the maxillary bundle to the left (active
bending). Once the mechanical resistance is surmounted, the left maxillary apex changes into its
‘splayed out’ condition (grey arrow), forming the opening of the food channel. From Tull et al. 2020
(Publication 7). Abbreviations: Ima/rma: left/right maxillary abutment; maxL/maxR: left/right maxilla
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New contributions of the present thesis (regarding joint-free steering): We analysed the morphological
structure of the stylets and the feeding process of four different species of Triatominae, namely
Dipetalogaster maxima, Rhodnius prolixus, Triatoma infestans and Panstrongylus megistus (Publication 7).
We recorded and described the steering movements of the maxillary bundle in vivo in both liquids and
tissue-like substrates. Furthermore, we clearly distinguished between steering movements when searching
for a blood vessel and those movements occurring when the distal end of the food channel opens. In agar
(simulating the host tissue), we have found that the triatomine bugs are able to steer their maxillary bundle to
the left and right. The animals can alter the geometry of the apex of the maxillary bundle by continuously pro-
or retracting the individual maxillae. The protruding maxilla is not pushed into the tissue in a straight path,
because the asymmetrically bevelled apex is deflected as a result of the asymmetrical forces exerted by the
surrounding substrate (i.e. passive bending mechanisms). If one maxilla is protracted alone, it curves
inwards and the other maxilla follows (Fig. Sb, cf. Fig. 9b of Publication 7). In liquids, however, the maxillary
bundle is only bent at the apical part and prior to the opening of the distal end of the food channel. These
movements presumably result from the mechanical interaction of the apical right and left maxillary abutment
(slide-lock mechanism, i.e. an active bending mechanism; Fig. 5a, cf. Fig. 9a of Publication 7). This
demonstrates that both passive and active bending mechanisms not only can occur in the same system, but

can also be actuated by the same set of muscles.



Joint-free steering movements of acicular cuticular structures in insects and their potential for

biomimetic research

Both the terebrae of parasitoid hymenopterans and the maxillary bundles of triatomine heteropterans were
examined in this thesis as examples for rod-like acicular cuticular structures in insects, with specific
reference to their joint-free and target-oriented bending movements and their underlying mechanisms and
actuation.

Both these structures consist of two or more sub-elements, which are connected by a tongue-and-groove
mechanism that allows them to slide longitudinally against each other. Various passive and/or active bending
mechanisms enable these rod-like structures to be bent reversibly because of elastic body deformations (see
above). The bending stiffness of the elements depends on their geometry, i.e. their cross-sectional shape,
and their material composition (Publication 8; Cerkvenik et al. 2018). A slender probe is more flexible than a
wide structure of the same material and length, because of its smaller second moment of area (Cerkvenik et
al. 2018). Long slender multi-element structures presumably enable precise volumetric steering through a
substrate with a very low net external pushing force, preventing buckling during substrate penetration
(Cerkvenik et al. 2018, cf. ‘push-pull’ mechanism; Vincent and King 1995, Wen et al. 2023). Shared
functional demands, such as buckling avoidance and reaching targets deep within solid substrates without
visual information, have presumably led to an evolutionary convergence of slender multi-element probing

structures in these different insect taxa.

Both the terebrae of parasitoid hymenopterans and the maxillary bundle of triatomine heteropterans are
potentially interesting for biomimetic research and might serve as suitable biological concept generators
(Publications 8-11).

Biomimetics can be defined as follows: ‘biomimetics combines the disciplines of biology and technology with
the goal of solving technical problems through the abstraction, transfer and application of knowledge gained
from biological models’ (VDI 6220 2012). The concepts of ‘function’ and ‘working principle’ (usually termed
working mechanisms in the publications presented above) are the core elements in biomimetic knowledge
transfer. In the form-function-relationship, the working principle must be considered as the connector
between form and function (Drack et al. 2018). Many approaches can be used to infer both functions (“What
has to be done?”) and working principles (“How?”), i.a. morphological investigations, behavioural analyses,
material surveys, simulations, and inferences based on analogies (see Duncker 1992). Detailed and
thorough case studies (such as Publications 1-7) are thus crucial eliciting function and working principles
and thus the development of biomimetic products (Drack et al. 2018) (the conceptual levels used for both the

terebra and the maxillary bundle and their technical application are shown in Table 1 below).



Table 1. Conceptual levels of engineering design used for two biological examples and their technical application (cf. Drack et al. 2018).

(formalized)

rotate) the terebra

Level Display format Biological sample 1: Biological sample 2: Biomimetic application:
Terebra of Lariophagus Maxillary bundle of Minimally invasive, steerable
distinguendus (Pteromalidae) | Dipetalogaster maxima needle for soft tissue surgery

(Reduviidae: Triatominae) developed by Leibinger et al.
2016

Task Verbal description | Assessment of a potential Search for a blood vessel Reach targets in soft tissues
host, precise egg laying etc. with minimal disruption

Function Verbal description | To steer (i.e. bend and To steer (i.e. bend and To steer (i.e. bend and

rotate) the maxillary bundle

rotate) the needle

Working principle

Physical
(biological) effect
and geometry

(Adapted) slide-lock
mechanisms, active bending
mechanisms

| asymmetrical apices (cf.
' | “offset steering” sensu
i | Frasson et al. 2012)

(cf. Eggs et al. 2023)

Passive bending

mechanisms attributable to

asymmetric substrate
reaction forces on the

s

st sutistrate =)

T —

[}
(From Tull et al. 2020)

Passive bending mechanism
attributable to controlled tip
deflection

centre axis

(From Leibinger et al. 2016)

Construction

Imaging / detailed
drawing

Actual structures of the
valvulae involved,

i.e. the longitudinally split and
asymmetrically overlapping
halves of the 2nd valvula that
are fused at the apex and the
functional adaptations of the
associated muscles

(cf. Eggs et al. 2023)

Actual structures of the
maxillae involved

i.e. the asymmetrically
bevelled apices of the two
interlocked maxillae

(Image: Tatjana Tull)

Actual structure of the four-
part needle prototype

200 mm

0D 4 mm

+— 4 nitinol wires
(From Leibinger et al. 2016)

Overarching
system

General
arrangement
picture / drawing

QOvipositor apparatus

(cf. Eggs et al. 2023)

Feeding apparatus

&
(Image: Fabian Henn)

Set-up for needle actuation

(From Libinger et al. 2016)

Images from Tull et al. 2020 (Publication 7) and Leibinger et al. 2016, with kind permission of the authors, and adapted from Eggs et al.

2023 (Publication 5). Abbreviations: 1vv: 1st valvua; 2vv: 2nd valvula; au: aulax; ba: basal articulation; F: force; Ima/rma, Imp/rmp:

left/right maxillary abutment; m-a-2vf-2vv: anterior 2nd valvifer-2nd valvula muscle; m-p-2vf-2vv: posterior 2nd valvifer-2nd valvula

muscle; maxL/maxR: left/right maxilla; trb: terebra; OD: outer diameter



The rod-like, acicular cuticular structures capable of joint-free and target-oriented bending movements as
studied here, ie. terebrae of parasitoid hymenopterans and the maxillary bundles of triatomine
heteropterans, might represent suitable biological concept generators for the design and development of
slender miniaturized needle-like probing tools. Biomimetic prototypes based on the hymenopteran terebra
comprise various prototypes of actively actuated steerable needle-like probes for minimally disruptive
insertion (e.g. Young Ko et al. 2011, Frasson et al. 2012, Leibinger et al. 2016, Scali et al. 2018, 2019, de
Kater et al. 2021, Bloemberg et al. 2022) that might be beneficial for minimally invasive surgery.

For architecture, however, the biomimetic potential of these structures is probably much lower (see
Publication 8), since slender structures are more flexible than a wider ones of the same material and length,
because of their smaller second moment of area (Cerkvenik et al. 2018). Moreover, all acicular structures
under study in the work presented in this thesis comprise of two or more elements that are connected by a
tongue-and-groove mechanism. Although the scale-like sculptures at the contact surfaces of the elements,
which presumably reduce frictional forces by minimizing contact areas, friction is a major problem for the up-
scaling of multi-element structures. Thus, acicular cuticular structures in insects are most likely unsuitable

biological concept generators for most large-scale projects, such as those in architecture.



Outlook

Further (comparative) integrative and thorough studies on slender multi-element cuticular structures in
insects are needed (1) to investigate their eco-evolutionary significance and reveal the way in which morpho-
physiological, behavioural, ecological and life history traits have interacted during their evolution; and (2) to

determine their mode of function and working principles in order to develop new biomimetic products.

In addition to the ability to bend without the need of joints conventionally used in engineering, another feature
makes the multi-element cuticular structures examined in this thesis exciting biological concept generators,
namely the ability to drill without torque and with low axial forces (cf. Nakajima and Schwarz 2014). The so-
called ‘push-pull’ mechanism (cf. Vincent and King 1995, Cerkvenik et al. 2018, Wen et al. 2023; also briefly
explained in the paragraph ‘Penetration of the substrate’ of Publication 5) allows certain wasp species to drill
through substrates presumably with material removal (and not just material displacement), completely
without torque and with an extremely low axial force required.

Moreover, a combination of substrate penetration by the ‘push-pull’ mechanism with controlled bending
movements of the probe would be of interest for drilling n-angled holes with a curved drill path. Such
multifunctional systems certainly have a high innovation and application potential, especially in medical

technology, e.g. for developing tools for minimally invasive surgery.
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