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VORWORT 
Die vorliegende Dissertation wurde in kumulativer Form im Rahmen des 

Exzellenzclusters Living, Adaptive and Energy-autonomous Materials Systems (kurz 

livMatS) angefertigt, das durch Fördermittel der DFG finanziert wird. Die vorgestellte 

Arbeit ist dabei Teil des interdisziplinären Forschungsbereichs C, in dem 

Chemiker*innen, Werkstofftechniker*innen, Mechaniker*innen und Biologen*innen 

gemeinsam nach Mechanismen suchen, die in Zukunft zur Langlebigkeit von neuartigen, 

bioinspirierten Materialsystemen beitragen. Dabei ist es die Aufgabe der Biologinnen 

und Biologen passende Mechanismen der Schadensvermeidung, der Selbstreparatur 

und der Fehlertoleranz in pflanzlichen Systemen zu untersuchen und diese auf ihr 

Potential hinsichtlich der Steigerung von Langlebigkeit, Stabilität und 

Widerstandsfähigkeit von Materialsystemen zu prüfen. Zusätzlich sollen im Austausch 

mit den anderen Fachrichtungen Möglichkeiten zur Übertragung von den biologischen 

Vorbildern auf die technischen Materialsysteme herausgearbeitet und in ersten 

Demonstratoren realisierbar werden. 

Diese Arbeit behandelt die Analysen der Schadensvermeidung an der Europäischen 

Mistel (Viscum album) und ihrem Wirt, Selbstreparatur- und Abszissionsanalysen an 

ausgewählten Arten der Kakteen (Opuntia ficus-indica und Cylindropuntia bigelovii), 

sowie einen Artikel der das Themenfeld der pflanzen-inspirierten Schadenskontrolle 

bezüglich ihres Potentials zum Beitrag von langlebigen, bioinspirierten 

Materialsystemen im Zeitalters des Anthropozäns einordnet. In Kapitel I, dem Rahmen 

dieser Arbeit, werden die Ziele der Arbeit formuliert, der aktuelle Stand der Forschung 

in einer Einleitung beschrieben, die wichtigsten genutzten Methoden vorgestellt und die 

Hauptergebnisse präsentiert und diskutiert. Kapitel II, der Hauptteil dieser Arbeit, 

umfasst fünf wissenschaftliche Artikel und ein Manuskript, die im Rahmen dieser Arbeit 

im Peer-Review Verfahren publiziert wurden oder deren Einreichung bevorsteht. Zu 

jeder dieser Publikationen finden sich zudem Angaben zu dem von mir und den anderen 

Autor*innen daran geleisteten Anteil. Das letzte Kapitel III umfasst alle von mir im 

Zeitraum dieser Arbeit verfassten Publikationen, Konferenzbeiträge und Jahresberichte, 

sowie die (mit-)betreuten studentischen Abschlussarbeiten. 
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Part I 

FRAMEWORK OF THIS STUDY 
The framework of this study consists of six chapters. The first chapter comprises the 

objective of this work and an abstract in both German and English. The second chapter 

briefly introduces the concept of damage control and the biological background of the 

plant models investigated. The main methods used to collect the data are described in 

the third chapter. The fourth chapter presents and discusses the main results. This is 

followed by a conclusion and an outlook of the study. A list of the referenced literature 

is given in the last chapter of the framework. 
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1 OBJECTIVES AND ABSTRACT 

1.1 Objectives 

This work was conducted as part of the interdisciplinary project Living, Adaptive and 

Energy-autonomous Materials Systems (livMatS). The overall goal of this project is to 

develop life-like material systems inspired by nature. These systems will be able to 

absorb clean energy from their environment (research area A), adapt autonomously to 

the given environmental conditions (research area B), and have high longevity (research 

area C). In addition, they will be tested for their sustainability and social and ethical 

acceptance (research area D). The demonstrator team will then combine the results of 

the research areas with the aim of implementing them in 3D-printed demonstrators. 

The presented work is part of research area C and focuses on identifying suitable 

biological role-models for bioinspired approaches that will benefit the longevity of 

materials systems and on characterizing the underlying structural and mechanical 

mechanisms and properties. The links to research areas B and D will show the 

connections between the different fields of research as envisaged in the project. 

A crucial aspect for the longevity of materials systems is ‘damage control’. This includes 

a more efficient and sustainable use of material resources through concepts for 

proactive ‘damage prevention’ and through the development of concepts for the 

adequate handling of existing damage (‘damage management’). In the context of this 

work, the hemiparasitic European mistletoe (Viscum album) and its multifunctional and 

life-long connection to the host was identified as a suitable biological model for damage 

prevention analyses. The goal of the studies on the interface between the mistletoe and 

its host was to analyze the morphological, anatomical, and biomechanical adaptations 

during joint development and, at the same time, the competitive growth of the two 

species. The branches of two selected cacti species (Opuntia ficus-indica and 

Cylindropuntia bigelovii) were selected for damage management analysis. Comparative 

morphological, anatomical, and biomechanical analyses were performed on the self-

repair ability of the cacti after artificial wounding and on the abscission behavior of their 

lateral branches, both crucial concepts for dealing with damaged or no longer needed 

organs. 
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1.2 Zusammenfassung 

Die Europäische Mistel (Viscum album) ist der wohl bekannteste und auffälligste 

pflanzliche Parasit in Mitteleuropa. Als immergrüner Hemiparasit geht sie eine 

strukturelle und funktionelle Verbindung mit ihrem Wirt ein und nimmt mit Hilfe des 

Haustoriums Wasser und gelöste Salze auf. Trotz der Größe von über 2 Metern und der 

daraus resultierenden zusätzlichen Gewichts- und Windbelastung ist ein mechanisches 

Versagen der Anbindung bisher nicht beschrieben. Mikrotomografische Aufnahmen an 

Mistel-Wirtsproben ergaben, dass das Haustorium im Laufe des gemeinsamen und 

gleichzeitig konkurrierenden Wachstums mit dem Wirt (> 20 Jahre) einen Formwandel 

durchläuft, bei dem sich die vielen kleinen Senker der jungen Mistel allmählich zu einem 

großen Senker vereinigen. Zelluläre und biochemische Gradienten glätten den 

mechanischen Übergang vom verholzten Wirtsgewebe zum unverholzten inneren Teil 

des Haustoriums. Zugversuche zeigten, dass mit zunehmendem Alter der Mistel die 

Zugfestigkeit konstant bleibt, obwohl ihre Maximalkraft zunimmt. Die hohe 

Schadenstoleranz der Verbindung wird zudem durch die Redundanz mehrerer Senker 

begünstigt, die in den Kraft-Weg-Kurven durch Vor- und Nachversagen sichtbar sind. 

Opuntioideae sind die zweitgrößte Unterfamilie der Kakteen und bekannt für ihre 

charakteristische Wuchsform mit verketteten Ästen und ihre Fähigkeit, Wasser zu 

speichern. Vergleichende Selbstreparaturexperimente an Ästen von Opuntia ficus-

indica und Cylindropuntia bigelovii zeigten, dass nach einer Verletzung der Fokus auf der 

Vermeidung von Wasserverlusten durch die Bildung von Wundperiderm liegt. Aufgrund 

ihrer zerbrechlichen Anbindung fällt die mechanische Heilung jedoch sehr gering aus, 

und es gilt das Konzept "ausreichend ist gut genug". Analysen der Ast-Ast Verbindungen 

der beiden Arten und ihrer wichtigsten mechanischen Gewebe ergaben, dass die 

lateralen Äste von C. bigelovii leicht abfallen, was der vegetativen Vermehrung dient. 

Die Verzweigungen von O. ficus-indica werden bereits in frühen Stadien durch 

Wachstum, die Auflagerung von versteifendem Periderm und Gefäßbündeln mit 

deutlich höherer Steifigkeit und Reißfestigkeit stabilisiert, was ihr baumartiges 

Wachstum und ihre vorwiegend sexuelle Fortpflanzung begünstigt. Die Ergebnisse der 

vorliegenden Dissertation zeigen, dass die analysierten Pflanzenmodelle und ihre 

Konzepte zur Schadensvermeidung und -bewältigung perfekte Inspirationsquellen für 

bioinspirierte Materialsysteme mit hoher Langlebigkeit darstellen.   
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1.3 Abstract 

The European mistletoe (Viscum album) is probably the best-known and most 

conspicuous plant parasite in Central Europe. As an evergreen hemiparasite, it forms a 

structural and functional connection with its host, absorbing water and dissolved salts 

with the help of the haustorium. Despite its maximum size of more than 2 meters and 

the resulting additional weight and wind loads experienced by the host, the mechanical 

failure of the interface has never been described. Microtomographic scans of mistletoe-

host samples have revealed that the haustorium undergoes a structural change during 

the development of the joint and the simultaneous competitive growth with the host 

(> 20 years), with the several small sinkers of the young mistletoe gradually merging 

together to form a larger main sinker. Cellular and biochemical gradients smoothen the 

mechanical transition from the lignified host tissue to the un-lignified inner part of the 

haustorium. Tensile tests have shown that, with the increasing age of the mistletoe, the 

tensile strength remains constant, although its maximum force increases. The high 

damage tolerance of the connection is furthermore facilitated by the redundancy of the 

individual sinkers, as is visible in the force-displacement curves through pre- and post-

failure events. 

The Opuntioideae are the second largest subfamily of cacti and are known for their 

characteristic growth habit with interlinked branches and their ability to store water. 

Comparative morphological, anatomical, and biomechanical self-repair experiments on 

branches of Opuntia ficus-indica and Cylindropuntia bigelovii have shown that, after 

injury, the focus is on preventing water loss through the formation of wound periderm. 

However, because of its fragile attachment, mechanical healing turns out to be very low, 

and the concept of 'sufficient is good enough' applies. Analyses of the branch-branch 

junctions of the two species and their main mechanical tissues have revealed an 

abscission behavior of the lateral branches in C. bigelovii, a feature that serves 

vegetative propagation. The junctions of O. ficus-indica are stabilized at early stages by 

growth, the deposition of a stiffening periderm, and vascular bundles with markedly 

higher stiffness and strength, all favoring their tree-like growth and, primarily, sexual 

reproduction. The outcomes of the work presented in this dissertation demonstrate that 

the analyzed plant models and their concepts of damage avoidance and management 

provide an excellent basis for bioinspired materials systems with high longevity. 
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2 INTRODUCTION 

2.1 Damage control in plants 

Injury and damage are omnipresent risks for plant and animal life. Unlike most animals, 

however, plants have no ability to flee from potential threats, such as predators, rockfall, or 

severe weather events (e.g., storm, fire, snow). Because of their spatial constraints, great 

evolutionary pressure has been brought to bear on terrestrial plants regarding the 

development of mechanisms that can best protect them against damage and enable them 

adequately to cope with existing damage. Together with the size of the threats, from 

microbes and spores (BAKER et al., 1997) to mammals (BRYANT et al., 1991) and large rocks 

(WIECZOREK, 2002), the hierarchical levels of protective mechanisms, from phytochemicals 

(BEDNAREK & OSBOURN, 2009) to the transformation or shedding of entire organs (ADDICOTT, 

1982), also span multiple orders of magnitude. 

In addition to damage caused by biotic factors (DANGL & JONES, 2001; which will only play a 

minor role in this thesis), failures occur when mechanical stresses exceed the ultimate 

strength of the tissues involved. Such stresses do not necessarily originate from external 

forces; they also occur during growth processes that can lead to internal fissures (GRIL et al., 

2017). In order to reduce and deal with these stresses, plants have developed a wide variety 

of adaptations that we can divide into ‘damage prevention’ and ‘damage management’ 

concepts, both of which can be subsumed under the umbrella term of ‘damage control’ 

(Figure 1 and Article B). 

Damage caused by strong wind or other abiotic forces mostly occurs at sites with marked 

geometric transitions or tapers or at sites at which the mechanical properties of the tissues 

involved undergo an abrupt change (NIKLAS, 1992). Damage prevention includes mechanisms 

that smoothen these transitions at a structural or mechanical level (‘gradient structures’) 

and mechanisms that help the plant to acclimatize or adapt to changing environmental 

conditions (‘responsive structures’). However, if these measures are not sufficient, and if 

tissue damage occurs, damage management mechanisms can take effect that either repair 

structural damage (‘self-repair’) or discard the entire affected organ (‘abscission’) (Figure 1). 

A detailed description of the named concepts for damage control in plants and the way in 

which we can use them as the inspiration for sustainable solutions in the era of the 

Anthropocene are described in Article B. 
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2.1.1 Damage prevention in plants 

Based on the highly hierarchical structure of plants, various gradual transitions of geometries 

and mechanical properties of tissues have emerged during their evolution to prevent 

overcritical local stress concentrations. Functional gradients can be achieved by various 

chemical compositions and/or by structural characteristics such as the arrangement, 

distribution, or orientation of tissues (LIU et al., 2017). In addition, they can occur at 

interfaces of biological composites (STUDART et al., 2014) and, as in the case of bamboo 

(WEGST et al., 2015) and coconut (GRAUPNER et al., 2017; SCHMIER et al., 2020a; SCHMIER et al., 

2020b), encompass various hierarchical levels to increase the rigidity and strength of the 

material. Gradients at the levels of geometry, shape, size, and tissue arrangement are also 

found between the petiole and lamina of foliage leaves, providing a damage-resistant 

transition zone (LANGER et al., 2021). 

 
Figure 1: Damage control and the hierarchy of its subcategories damage prevention and damage 
management including selected examples from the plant kingdom described in the following 
chapters of this thesis. The concept is adapted from Article B, in which further details and examples 
of all categories can be found. 

A further concept enabling plants to avoid damage is to respond to changing environmental 

conditions. A distinction is made between the reconfiguration of plants organs as an 

immediate response to external stimuli (e.g. leaves under wind load; VOGEL, 1989; TELEWSKI, 

2021), the acclimatization to changing conditions during the life cycle of the plant 
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(e.g., within weeks to months in response to persistent or recurrent mechanical loading on 

organs; JAFFE, 1973; TELEWSKI & JAFFE, 1986; BADEL et al., 2015; LANGER et al., 2022), and the 

evolutionary adaptation within a population of plants over several generations through 

genetic recombination and selection (LAMBERS et al., 2008; LEIMU & FISCHER, 2008). 

2.1.2 Parasitic plants 

Plant parasites (from the Ancient Greek παρά (pará) meaning ‘from’ or ‘beside’, and σῖτος 

(sîtos) meaning ‘grain’ or ‘food’) are characterized by their structural and physiological 

connection to a host from which they draw water, dissolved salts, and, in some species, 

organic carbon (HEIDE-JØRGENSEN, 2008). Their ability to maintain this structural and 

physiological connection, while being constantly challenged to respond to changing 

conditions because of joint development and competitive growth with their host, makes 

them highly promising model organisms for damage prevention analyses. 

Parasitic plants comprise over 4,500 species distributed over about 290 genera and 20 

families and make up more than 1% of all flowering plants worldwide (WESTWOOD et al., 2010; 

NICKRENT, 2020; TEIXEIRA-COSTA & DAVIS, 2021), with their classification as parasites and their 

phylogeny being under constant debate during recent years (WESTWOOD et al., 2010; 

BROMHAM et al., 2013; NAUMANN et al., 2013; SU et al., 2015; TĚŠITEL, 2016; TWYFORD 2018).  

Parasitic plants do not represent a monophyletic group but have evolved independently in 

twelve lineages (NICKRENT, 2020; TEIXEIRA‑COSTA, 2021). They can be categorized by their 

photosynthetic ability to synthesize carbohydrates: More than 90% of plant parasites, the 

so-called ‘hemiparasites’, are photosynthetically active and rely only on water and dissolved 

salts from their host. This photoautotrophy is reflected by their (at least partially) green 

appearance because of the presence of chlorophyll. The other about 390 species, the so-

called ‘holoparasites’, do not have the ability to photosynthesize and deprive their host of 

additional organic carbon (HEIDE-JØRGENSEN, 2008). Another distinguishing feature is the 

parasitized host organ, with a distinction between branch and root parasites (HEIDE-

JØRGENSEN, 2008). Many root parasites, with their below-ground connections to the host and 

a reduced exophyte (the part of the parasite that grows outside the host; usually branches 

and flowers), are rarely visible to the common observer (MAUSETH & REZAEI, 2013; NIKOLOV 

et al., 2014; TEIXEIRA-COSTA et al., 2021). Branch parasites form their structural and functional 

connection with the host branch and, like the European mistletoe, can form a readily visible 
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part of our vegetation (WATSON, 2001; AUKEMA, 2003; TEIXEIRA‑COSTA, 2021; Figure 2). They 

are often mistaken for epiphytes or for climbing and strangler plants, which also grow on (or 

around) other plants to secure an edge in the competition for sunlight by gaining altitude, 

but which do not form a physiological connection with the plant providing them with support 

and are therefore not classified as parasites (ATHREYA, 1999; ZOTZ & HIETZ, 2001; ROWE 

et al., 2004). 

 
Figure 2: Trees heavily parasitized by the evergreen European mistletoe (Viscum album subsp. album) 
during winter time in southern Germany. 

Plant parasites come in a wide variety of growth forms, from small herbs to trees (HEIDE-

JØRGENSEN, 2008; TEIXEIRA-COSTA & DAVIS, 2021), but the feature that unites them all is the 

formation of a haustorium, an organ described by KUIJT (1969) as the ‘very essence of plant 

parasitism’. The haustorium initially attaches to the host by means of appendages providing 

mechanical anchorage (such as the adhesive disc of the European mistletoe) and penetrates 

the dermal host tissues with so-called sinkers, with cell-wall-degrading enzymes being 

involved in at least some species (NAGAR et al., 1984; LOSNER-GOSHEN et al., 1998; OUYANG 

et al., 2016). These sinkers initially consist of parenchymatous cells that partially 

differentiate into tracheary elements or other conductive cells in later stages, thereby 

establishing a vascular connection with the host (TEIXEIRA‑COSTA, 2021). During this process, 
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all parasites attach to the host xylem (forming a so-called xylem bridge), with only some 

developing an additional physiological connection to the host phloem, through which they 

can take up organic carbons (HEIDE-JØRGENSEN, 2008; TEIXEIRA‑COSTA, 2021). In addition to the 

tissues involved in the transfer of nutrients, the haustorium can produce tissues that spread 

the parasite throughout the bark or wood of the host (mistletoes form so-called cortical 

strands that expand through the host cortex and from which adventive shoots can emerge) 

(CONDON & KUIJT, 1994). Together, all of these tissues growing inside the host form the 

endophyte of the parasite. 

In addition to the functions of initial anchorage, the exchange of water, mineral salts, and 

genetic information (JOEL, 2013; YOSHIDA et al., 2016), and the spread within the host, the 

haustorium serves mechanically to anchor the parasite in the host tissue throughout its 

lifetime, making it a truly unique multifunctional organ (YOSHIDA et al., 2016). 

2.1.2.1 The European mistletoe (Viscum album) 

The genus Viscum belongs to the family of Santalaceae and comprises about 100 mistletoe 

species. Mistletoes are evergreen hemiparasites that grow on shrubs or trees and are mostly 

pollinated by insects (AUKEMA, 2003; STANTON et al., 2009). The most prominent and 

widespread mistletoe species in Central Europe is the European mistletoe (Viscum album), 

with its natural habitat extending to southwest Asia. Depending on the host species, four 

subspecies can be distinguished, with V. album subsp. album growing exclusively on 

dicotyledonous trees and being the most common subspecies in Germany (ZUBER, 2004). The 

other subspecies are abietis growing on Abies spp., V. album subsp. austriacum mainly 

parasitizing Pinus spp., and V. album subsp. creticum only growing on trees of Pinus 

halepensis subsp. Brutia on Crete.  

Plants of V. album are dioecious, and the adult female mistletoes produce white berries. 

These are eaten by birds such as the mistle thrush (Turdus viscivorus), which spread the seeds 

by excretion (BECKER, 1986; VARGA et al., 2014). With the help of the highly sticky viscin of the 

exocarp (ZUBER, 2004; HORBELT et al., 2019; HORBELT et al., 2022), the excreted seeds stick to 

branches and, over the next several months, form a holdfast that provides stability as the 

mistletoe penetrates the host (THODAY, 1951; HEIDE-JØRGENSEN, 2008; TEIXEIRA‑COSTA, 2021). 

During the first two years of development, the mistletoe grows primarily endophytically, 

with the exophyte later beginning to fork during the fourth year (NIERHAUS-WUNDERWALD & 
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LAWRENZ, 1997). The haustorium consists of parenchymatous cells in which bands of tracheids 

are embedded for the uptake and transfer of water and dissolved salts (SMITH & GLEDHILL, 

1983; TEIXEIRA‑COSTA, 2021; Figure 3). 

 
Figure 3: Schematic representation of the endophyte and exophyte of a European mistletoe (Viscum 
album) and its host (A; adapted from NIERHAUS-WUNDERWALD & LAWRENZ, 1997) and a photographed 
transverse section through a host branch (Aesculus flava) parasitized by V. album (B). The pith (p), 
wood (w), and bark (b) of the host are marked. In the mistletoe (tissues outlined in dashed lines), the 
upper exophyte (exo) grown from a seed transistions into the haustorium, which is divided into 
sinkers (examples are marked by asterisks) and cortical strands (examples are marked by arrows) that 
run through the host bark. The adventive shoot of the mistletoe on the right has emerged from a 
cortical strand. 

Plants of the European mistletoe can reach an age of up to 30 years, growing into visible 

green leafy spheres of more than two meter in diameter (HEIDE-JØRGENSEN, 2008). During this 

process, not only the exophyte grows, but also the endophyte and the connected host 

branch, which becomes visible by a marked hypertrophy around the connection site 

(Figure 3A; NIERHAUS-WUNDERWALD & LAWRENZ, 1997). Dozens of new mistletoes can grow on 

a single host tree per year, resulting in host trees parasitized by several hundred mistletoes 

(VALLAURI et al., 2002). In addition to mistletoes growing from germinating seeds, adventive 

shoots are present that grow from cortical strands. These extend from the penetration site 

of the mistletoe acropetally and basipetally through the cortex and bark of the host branch. 

For the host tree, severe mistletoe parasitization is not only accompanied by the depletion 

of water and nutrient salts, but also results in additional mechanical stresses from the 

mistletoe's weight and the wind loads caused by the large number of mistletoe leaves, even 

in seasons when the tree has shed all its own leaves. 
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Despite these mechanical stresses and the competition between the mistletoe and its host 

for the available space at and around the attachment site, failure of the mistletoe-host 

connection has to my best knowledge not yet been described in literature, nor has it been 

observed during my fieldwork. When failure occurs, the host branch always breaks off 

together with the mistletoe, indicating that the mistletoe-host connection is highly 

mechanically optimized and continuously able to adapt to the joint development and 

competitive growth over its entire lifetime. This makes the mistletoe-host interface an ideal 

model for damage prevention analyses in plants. 

Numerous publications can be found on the anatomy and morphology of mistletoes (see, 

amongst others, the literature cited above) and on the ecological and economic importance 

of parasitic infestations of crops (SCHOLES & PRESS, 2008; BELL & ADAMS, 2011; PARKER, 2012; 

CLARKE et al., 2019; WATSON et al., 2020). However, findings concerning their mechanics are 

scarce. Infestations of the dwarf mistletoe (Arceuthobium americanum) have been described 

as having effects on the mechanical properties of host wood (PIIRTO et al., 1974). Studies 

characterizing the mechanics of mistletoe-host connections (or other parasitic plants) have 

to my knowledge not yet been published. 

2.1.3 Damage management 

During its evolution, nature has developed various mechanisms to deal with the occurrence 

of damage. One ability that can be found in a wide range of plants is the structural and 

functional self-repair of wounds. Furthermore, some species shed dysfunctional or no longer 

needed organs (‘abscission’). 

2.1.3.1 Self-repair 

The repair processes that take place after a mechanical injury can be divided into an initial 

fast sealing of the wound, followed by a subsequent slower healing phase. The purpose of 

the sealing phase is to minimize water loss and to protect the wound from infection by 

pathogens (SPECK & SPECK, 2019). Physical responses that can act within seconds and minutes 

can cause the deformation of entire organs (SPECK et al., 2018; HESSE et al., 2020) or of their 

wounded parts (ANANDAN et al., 2018), can push cells into the damage-induced fissures 

(BUSCH et al., 2010), and/or can result in the release of plant saps (such as latex or mucilage) 

that cover the wound (ANANDAN et al., 2018). The purpose of the healing phase is structurally 

to repair the damage and to ensure the mechanical integrity of the injured structure through 
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more complex and time-consuming chemical activities (e.g., latex coagulation; BAUER & SPECK, 

2012; or local lignin synthesis around the wound; PAUL-VICTOR et al., 2017) and growth 

processes (formation of a boundary layer or wound periderm; COUTANT, 1918; ANANDAN et al., 

2018; SPECK et al., 2020). 

Different equations are used to quantify the mechanical healing efficiency of the respective 

variables, incorporating either their values in unwounded and healed states (LUCAS et al., 

2016; SPECK et al., 2020) or, additionally, directly after (artificial) wounding (DIESENDRUCK et al., 

2015; COHADES et al., 2018). 

2.1.3.2 Abscission 

Abscission is a three-part process of the shedding of plant organs that might be damaged or 

no longer functional. It includes (i) the resorption of some of the nutrients still present in the 

organ, (ii) the detachment of the organ within a distinct abscission zone and sometimes with 

the assistance of enzymatic cell wall degradation (SEXTON & ROBERTS, 1982), and (iii) the 

suberin and/or lignin reinforcement of cells to form a protective layer around the abscission 

site (Figure 4; ADDICOTT, 1982; SHTEIN et al., 2019). This protection can develop before and/or 

after the shedding of the organ. 

 
Figure 4: Drawing of a typical leaf abscission site. The protective layer that seals the resulting wound 
emerges from the adjacent periderm layers. Adapted from ADDICOTT, 1982. 
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2.1.4 Opuntioideae 

The cactus family (Cactaceae) is united by their succulent growth forms and anatomical, 

physiological, and reproductive adaptations to survive with little or only seasonally available 

water (REBMAN & PINKAVA, 2001; NOBEL, 2002). It includes more than 1700 species 

(CHRISTENHUSZ & BYNG, 2016), with the Opuntioideae forming the second largest subfamily 

(after the Cacteae). The distinctive feature of the Opuntioideae is their growth habit with 

chained branches and distinct constrictions at the junctions. Anatomically, they are 

characterized by xerophytic adaptations, such as a multilayered hypodermis, a branch 

geometry that allows rapid water storage, and the abundant presence of oxalate crystals and 

mucilage glands (BENSON, 1982; GIBSON & NOBEL, 1986; NOBEL, 2002). 

The shape of their branches was the naming characteristic for two of the most important 

subfamilies: The Cylindropuntieae with their almost cylindrical branches and the Opuntieae 

(also referred to as Platyopuntias) with flat branches that have an approximately oval cross-

section (MAUSETH, 2006). During evolution, various reproductive strategies have evolved 

within the Opuntioideae. In many species, such as in Opuntia ficus-indica (Figure 5A; BOBICH 

& NOBEL, 2001a), also known as the ‘prickly pear’ with fruits that have become increasingly 

popular as edibles in Europe, reproduction is mainly sexual through flowers, fruits, and seeds 

(BARBA et al., 2020). However, some species, especially but not exclusively within the 

Cylindropuntieae, reproduce mainly asexually (BOBICH & NOBEL, 2001b; REBMAN & PINKAVA, 

2001). In these species, new offshoots grow by vegetative propagation from fallen branches. 

A high rooting and establishment rate of shed branches is also found for some species that 

are known for their primarily sexual reproduction, indicating that mixed reproduction modes 

exist (EVANS et al., 2004). In species with particularly pronounced vegetative reproduction, 

such as Cylindropuntia bigelovii, also known as the ‘jumping cholla’ because their branches 

abscise under slight mechanical impacts and give passing ramblers the impression that they 

actively jump, several hundreds of small offshoots can be found in the vicinity of larger plants 

(Figure 5B; BOBICH & NOBEL, 2001b). Some vegetatively propagating species have so-called 

propagules with barbed spines that can become entangled in the fur of passing mammals 

and be carried away before falling off and growing into a new plant, enabling propagation 

over lager distances (GIBSON & NOBEL, 1986; CROFTS & ANDERSON, 2018). 
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Figure 5: Experimental plant of Opuntia ficus-indica including purple fruits (A; adapted from 
Manuscript A) and a wild plant of Cylindropuntia bigelovii with several detached branches rooted as 
clonal offshoots in its close vicinity (B; adapted from REBMAN & PINKAVA, 2001). 

The various propagation modes of the Opuntioideae are accompanied by the general 

advantages and disadvantages of sexual and asexual reproduction. Sexual reproduction 

leads to greater variability in the resulting seedlings via recombination of genetic material, 

allowing the species to adapt to changing environmental conditions. Asexual reproduction 

produces clones that do not involve recombination of genetic material but require less 

energy (YANG & KIM, 2016). Additionally, the propagation modes are closely related to the 

mechanical behavior of their branch-branch junctions, because lateral branches can serve as 

offshoots or are required to bear flowers and fruits (Figure 5). 

2.1.4.1 Branch-branch junctions of Opuntioideae 

Mechanical analyses of branch-stem junctions of columnar cacti and supporting finite 

element analysis of their ramification models have shown that these transition zones are not 

a region of mechanical weakness (SCHWAGER et al., 2013). In contrast, NOBEL & MEYER (1991) 

have performed bending tests with fixed and non-fixed branch-branch junctions of O. ficus-

indica and revealed that these are, indeed, distinct mechanical weak points. However, 

comparative field analyses have shown that marked mechanical differences, even between 

closely related species, of these junctions are present within the Opuntieae. Much higher 

forces were required, for example, to deflect and break off lateral branches of O. ficus-indica 

(40 to 100 N for failure) compared with those of O. occidentalis, a hybrid daughter species 

that reproduces mainly vegetatively (5 to 15 N for failure; BOBICH & NOBEL, 2001a). 

Comparable bending tests have been carried out on various species of Cylindropuntieae, 
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revealing that those species in which vegetative propagation plays a greater role tend to 

have less rigid junctions that fail under lower forces (2 to 8 N in C. bigelovii; BOBICH & NOBEL, 

2001b). In these bending tests, the forces required for the deflection and failure of the 

respective junctions were quantified; however, calculations of the geometry-independent 

mechanical variables (such as strength or elastic modulus) were not possible because of the 

complex geometry and the rather low length-to-diameter ratios of the samples (which 

should at least be at about 20 for valid calculations; NIKLAS, 1992).  

2.1.4.2 Self-repair in Opuntioideae 

The aerial organs of most Opuntioideae are protected from infestation by herbivores and 

from water loss by a waxy cuticle, an epidermis, and a multilayered hypodermis with thick 

cell walls (NOBEL, 2002). If these tissues are injured, cacti, like most other plants, do not heal 

by direct replacement. Instead, the wound meristem grows peridermal wound tissues to 

repair them, providing protection initially by the formation of water-impermeable suberin 

and, in later stages, by the lignification of the cell walls (BLOCH, 1941; GINZBERG, 2008). More 

than a century ago, COUTANT (1918) schematically outlined the anatomical healing processes 

for artificially injured branches of Opuntia versicolor and O. discata, showing the way in 

which the wound tissue sealed the fissure and adopted a protective function of the 

epidermis and hypodermis (Figure 6).  

 
Figure 6: Drawing of a transverse section through an artificially wounded Opuntia versicolor branch 
after 31 days of healing. Dead cells remain inside the wound, while a suberized and lignified 
protective layer has developed from the underlying wound meristem. Adapted from COUTANT, 1918. 
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In addition to the lack of detailed analyses at a cellular level, there are, to the best of my 

knowledge, no studies on the restoration of the mechanical integrity of injured branches of 

Opuntioideae after injuries. 

2.1.5  Damage control in plants as a source of inspiration 

The Cambridge dictionary defines ‘longevity’ not only as ‘living for a long time’, but also as 

‘remaining […] useful for a long time’ (CAMBRIDGE UNIVERSITY PRESS, 2022). During the more 

than 400 million years of the evolution of land plants (MORRIS et al., 2018), various 

mechanisms of damage control have evolved to maintain the plants’ functionality for as long 

as possible (‘damage prevention’) or to recover it after damage (‘damage management’), 

thus ensuring their survival and competitiveness. The concepts behind some of these 

mechanisms have been used as biomimetic inspiration to increase the longevity of technical 

applications. Damage prevention by bio-inspired gradient structures has been used, for 

example, by HORN et al. (2019) to modify the internal structure of concrete at various 

hierarchical levels (porosity, arrangement of reinforcing fibers), resulting in material and 

energy savings of up to 40%. Damage management concepts from nature have also made 

their way into technical applications: The self-repair mechanism of the Dutchman’s pipe vine 

(Aristolochia macrophylla), in which parenchymatous cells squeeze into lesioned tissue in 

order to seal it (BUSCH et al., 2010), served as the model for a bioinspired self-sealing 

polyurethane foam with a repair efficiency of 99.8% at 1 bar overpressure (RAMPF 

et al., 2013). 

Bioinspired material systems are not per se sustainable but have great potential for material 

and energy efficiency (SPECK et al., 2017). They can thus contribute to sustainably designed 

material for use in our current human-dominated epoch of the ‘Anthropocene’ and, thereby, 

to the achievement of the climate targets of the 2030 Agenda and its Sustainable 

Development Goal (‘SDG’; UNITED NATIONS, 2016) (Article B). The aim of this thesis has been 

to analyze the two presented plant systems, namely the mistletoe-host connection and the 

cacti branches with their junctions, in order to create profound knowledge of their 

underlying damage control mechanisms. This knowledge can be abstracted in follow-up 

projects, translated into an engineering language, and transferred into technical materials 

systems with enhanced longevity properties. 
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3 MATERIAL AND METHODS 

The following section lists the materials and methods used in the articles and the manuscript 

presented in Part II. To avoid duplicate listings and to facilitate a comparison of the 

methods, the order is based on the mode of analysis and is then differentiated between 

experimental plants. 

3.1 Plant material 

3.1.1 Mistletoe-host samples 

All 130 mistletoe samples were all harvested from a single host tree (Aesculus flava SOL.) in 

the Botanic Garden of the University of Freiburg (Germany) between May and August 2020. 

The age of the mistletoe was estimated based on the number of branchings (one branching 

per year is formed from the age of four; Figure 7A). The sex of the dioecious mistletoe was 

determined by the type of flower and the presence of berries on the plant. This distinction 

was not yet apparent in some plants that were six years old or younger, and so they were 

classified as ‘juvenile’. 

3.1.2 Cacti samples 

All experimental cactus plants of Opuntia ficus-indica (L.) MILL. and Cylindropuntia bigelovii 

(ENGELM.) F.M. KNUTH were purchased from Kakteenland Steinfeld (Germany) and assigned 

with an accession number (O. ficus-indica: 5400-01; C. bigelovii: 5400-02). Plants were 

cultivated under controlled conditions in a phytochamber (12/12 h dark/night cycle; day 

conditions: 30% RH and 30 °C; night condition: 50% RH and 20 °C) at the Botanic Garden of 

the University of Freiburg for at least six months prior to sampling. The exception was one 

large plant of C. bigelovii that was used for junction tensile tests and that grew in a 

greenhouse of the Botanic Garden (natural day-night rhythm; RH: 52.3 ± 13.1%; 

temperature: 18.8 ± 8.5 °C; both mean values ± standard deviation). All plants were in a well-

watered condition at the times of the experiments. Because of frequent hybridization, 

polyploidy, and associated taxonomic difficulties in the genus Opuntia (MAJURE et al., 2012; 

GUERRERO et al., 2019), our experimental Opuntia plants were genetically sequenced and 

confirmed as species O. ficus-indica (sequencing details can be found in Article D). 
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3.1.2.1 Artificial wounding of cacti branches 

For the anatomical and morphological self-repair analyses of the lateral cactus branches, 

artificial circumferential wounding was applied with a scalpel. The position of the wound was 

at 50% of the branch length for all anatomical analysis and the mechanical tests on O. ficus-

indica and at 25% (measured from the junction) for the mechanical analysis of C. bigelovii. 

Based on preliminary experiments quantifying the tissue proportions of branch cross-

sections, a relative depth of cut of 10% of branch diameter was chosen for C. bigelovii and 

15-20% for O. ficus-indica. These cuts were intended to injure the dermal tissue (epidermis 

and hypodermis) and most of the cortex parenchyma but to leave the vascular bundles and 

pith intact. 

3.2 Morphometric analyses 

3.2.1 Mistletoe-host connection 

For the morphometric analysis of the mistletoe-host attachment site and the quantification 

of hypertrophy in this region, the diameter of the host branch was measured acropetally 

(dacro) and basipetally (dbasi) to the hypertrophic region and directly at the mistletoe 

attachment (dmax; twice each with orthogonal offsets). The lengths of the hypertrophic 

region (lhyp) and the thickness of the basal mistletoe branch were also measured (dmist) 

(Figure 7B). All measurements were conducted using a digital caliper (Mitutoyo Absolute 

Digimatic, measuring accuracy: ±0.03 mm, Kawasaki, Japan). 

 
Figure 7: Examples of determinations of misteltoe age in years via the number of branchings (A) and 
the measured morphological variables of mistletoe and hypertrophic region of the host branch (B). 
Adapted from Article C. 
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3.2.2 Branch-branch junctions of cacti 

Twelve lateral branches each, without leaves and periderm formation at the branch surface, 

and the attached junctions of O. ficus-indica and C. bigelovii were morphometrically 

analyzed. Based on images, the cross-sectional area of the junction and the branches at their 

widest point [mm²], the ratio between these values [/], the length of the major axis a [mm] 

(longest axis passing through the centroid) and minor axis b [mm] (normal to the major axis 

through the centroid), and the axial second moment of area with regard to these axes 

(Imajor-axis and Iminor-axis [mm4]) were measured using the software Fiji (ImageJ version 1.53c; 

SCHINDELIN et al., 2012). From these data, the respective torsional constant K [mm4] was 

calculated for an elliptically approximated cross section (for the junctions of both species 

and the branches of O. ficus-indica):  

𝐾𝑒𝑙𝑙𝑖𝑝𝑠𝑒 [𝑚𝑚4] =  
𝜋 ∗ 𝑎3 ∗ 𝑏3

𝑎2 + 𝑏2
 

 

or a round approximated cross section (for the branches of C. bigelovii): 

𝐾𝑐𝑖𝑟𝑐𝑙𝑒 [𝑚𝑚4] =  
𝜋 ∗ 𝑟4

2
 

with r [mm] calculated as the radius of the measured cross-sectional area. 

3.3 3D imaging techniques 

Three different techniques were used for 3D imaging of the plant samples, with one 

technique capable of imaging the surface of the samples (3D scanner) and two techniques 

also imaging the location of internal tissues (µCT and MRI). 

3.3.1 Mistletoe-host connection 

3.3.1.1 X-ray microtomography (µCT) 

Three-dimensional visualizations of the mistletoe tissues inside the host branch were 

acquired at three different ages of the mistletoe (4, 8, and 17 years) by using X-ray 

microtomography (µCT). The youngest sample was scanned with a Bruker scanner (SKYSCAN 

1272, Bruker Corporation, Billerica, MA, United States) and a resolution of 10 µm. Because 

of the larger test chamber required, the two older samples were scanned with a Nikon 

scanner (XT H 160, Nikon, Chiyoda, Japan) and a resolution of 86 µm. Detailed scan and 

reconstruction settings can be found in Article C. 
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The high spatial resolution of the scan of the young mistletoe allowed tissue segmentation 

based on the reconstructed µCT gray-scale images. However, reference images of the cross 

sections were required because of the small density differences (and associated brightness 

values of the µCT images) between the mistletoe tissues and the bark of the host branch. For 

this purpose, after being scanned, the sample was sawed into cross sections (with respect to 

the host branch), and an image was taken every 1 mm with a stereomicroscope (SZX9, 

Olympus K. K., Shinjuku, Tokyo, Japan). Mistletoe tissue appeared greenish on these images 

and could be easily distinguished from brownish host wood and bark, allowing these images 

to be used as a reference for parts that were difficult to segment. Segmentation of mistletoe 

and host tissues was performed using Avizo software (version 2020.2, Thermo Fisher 

Scientific, Waltham, MA, United States). 

3.3.2 Cacti branches 

3.3.2.1 3D scanner 

The external geometry of the lateral and sub-lateral cacti branches and their connecting 

junction was captured using a portable 3D scanner (Artec Spider). The accompanying 

software (Artec Studio 12 Professional, version 12.1.6.16, both Algona GmbH, Stuttgart, 

Germany) was used to merge multiple individual scans for better resolution, to fill possible 

holes, to compress the resulting finite element (FE) models to a maximum of 10,000 nodes, 

and to save them as STL files. Based on the resulting models, 3D-printed clamp attachments 

with perfect form fit were fabricated for bending and tensile tests (see chapter 3.5.2.1). 

3.3.2.2 Magnetic resonance imaging (MRI) 

Preliminary experiments showed that µCT scans of the cactus junctions did not provide 

meaningful images because of the high content of oxalate crystals (outshining all other 

tissues; PIERANTONI et al., 2019) and the very low density differences (and thus gray-value 

differences in µCT images) between the vascular bundles and parenchyma in C. bigelovii.  

Magnetic resonance imaging (MRI) was therefore used for 3D tissue visualization of the 

cactus branches and their junctions. One overview scan and one surface coil scan (smaller 

measurement volume with higher spatial resolution) of the lateral branches and their 

junctions were conducted for each of the two cactus species. Scans with a small animal 

scanner (Biospec 94/2, Bruker, Billerica, MA, USA) resulted in a resolution between 67 and 
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160 µm and were acquired with a FLASH sequence. A detailed listing of the scan settings can 

be found in Article D. Based on the MRI gray-scale data, semiautomated segmentation of 

dermal tissues (consisting of epidermis and hypodermis), vascular bundles, and, if present, 

periderm tissue was performed for each scan using Avizo software. 

3.4 Anatomical analysis 

Techniques for 3D imaging (µCT and MRI) of plant structures provide a spatial overview of 

the location of the tissues involved. However, their resolution is not sufficient for 

(sub-)cellular imaging or for the detection of specific biopolymers (such as lignin). Light 

microscopic analysis of stained sections (fresh or embedded samples) provided these 

insights. 

3.4.1 Mistletoe-host connection 

For anatomical analysis, small blocks with edge lengths of about 10-15 mm, consisting of the 

mistletoe haustorium and its host wood, were sawed to size. These were embedded in 

polyethylene glycol and sections of about 10 µm thickness were cut using a rotary microtome 

(HistoCore BIOCUT, Leica Biosystems GmbH, Nussloch, Germany) and stained with toluidine 

blue (stains lignified cells blue-green and non-lignified cells red-purple) or acridine orange 

(stains lignified cells light yellow/orange and non-lignified cells brown/red). As a lignin 

detection method, additional sections were prepared by hand and stained with 

phloroglucinol and hydrochloric acid (stains lignified cells red; all other cells remain 

unstained). The sections were analyzed and captured by using various light microscopes. 

Detailed staining procedures and instrument specifications can be found in Article C. 

3.4.2 Cacti branches 

For the anatomical analyses of the self-repair experiments on the cactus branches, tangential 

cross-sections with a thickness of about 75 µm of unwounded, freshly wounded, and 

repaired (after 10 repair intervals ranging between 5 hours to 31 days) samples were cut 

using a cryostat (MEV, SLEE medical GmbH, Mainz, Germany). After the samples had been 

bleached with a 50% bleach solution (Eau du Javel, Floreal Haagen GmbH, Wadgassen, 

Germany), they were stained with a combination of safranin O and astra blue (staining 

woody cell walls red and cellulose walls blue) or for lignin detection with phloroglucinol and 

hydrochloric acid and then analyzed and captured using various light microscopes. 
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The same protocol, but without the phloroglucinol stains, was used to obtain microscopic 

sections of the junctions of O. ficus-indica. In addition to longitudinal sections, transverse 

serial cuttings were prepared through junction samples. For the anatomical analysis of 

C. bigelovii junctions, none of the standard methods could be used because of the very high 

mucilage content of the samples and the large mechanical difference between the 

hypodermis and adjacent parenchyma. Instead, the samples were embedded in 

hydroxyethyl methacrylate and polyethylene glycol distearate. Tangential sections of 3 µm 

thickness were prepared using a rotary microtome (RM 2065, Leica, Wetzlar, Germany). 

A detailed description of the embedding, cutting, and staining techniques, together with the 

microscopes and imaging software used, can be found in Article A for the self-repair analyses 

and in Article D for the junction analyses. 

3.5 Biomechanical testing 

3.5.1 Mistletoe-host connection 

Of all the collected mistletoe-host samples, 70 samples with the most suitable growth form 

were selected for mechanical analysis. 39 were tested as ‘intact samples’ (Figure 8A). 

Because the other 31 samples were too large for the clamping device, a slice (transverse 

section of the host branch) of 5-8 mm thickness was cut out of the center of the mistletoe-

host attachment (‘sliced samples’) (Figure 8B). 

 
Figure 8: Schematic representation of the tensile tests on the mistletoe-host connection. The 
misteltoe (green) was fixed in the upper clamps and the host branch (brown) was fixed in the lower 
clamps. The tests were performed on intact samples (A) and cut sliced samples through the 
attachment zone (B). The additional spacers in (A) minimized the stresses caused by clamping around 
the misteltoe-host interface. Adapted from Article E. 
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3.5.1.1 Tensile tests 

Regardless of their preparation, all samples were clamped in the universal testing machine 

(Inspekt Retrofit, Hegewald & Peschke, Nossen, Germany; equipped with a 10 kN load cell) 

in such a way that only mistletoe tissue was fixed in the upper clamps, and only host tissue 

was fixed in the lower clamps. The tensile direction was aligned as orthogonally as possible 

on the mistletoe outgrow of the host. For the intact samples, the host branch was sawed to 

a length between 6 and 14 cm, and the basal mistletoe branch was trimmed to a length 

between 2 and 5 cm. 3D-printed spacers (RGD450 as printing material; printed with Objet260 

Connex3, Stratasys, Eden Prairie, MI, USA) were attached between the outer ends of the host 

branch and the clamps to minimize stresses attributable to clamping at the mistletoe-host 

interface (Figure 8A). The tensile speed was set to 1 mm/s, and the test ended after complete 

failure of the sample. Force and displacement values were recorded at 50 Hz. 

Additionally, fourteen plain wood samples (nine tested parallel to host grain, and five tested 

normal to wood grain) from uninfected branches of the host tree A. flava were sawed to a 

dog-bone shape and were subjected to tensile testing for failure. 

3.5.1.2 Fracture surface quantification 

After failure of the samples, one of the two resulting fracture surfaces was scanned by digital 

microscopy (Smartzoom 5 and corresponding Zen2.6 pro software, both Carl Zeiss AG, 

Oberkochen, Germany) at a resolution between 0.007 and 0.002 mm. The resulting 3D model 

was imported into Meshlab software (version v2020.07; CIGNONI et al., 2008) in order to trim 

the surface free from surrounding noise and to quantify the surface area (Figure 9). In 

addition to this rough surface (Ar [mm²]), the corresponding flat surface (Ac [mm²]) was 

measured by removing the height dimension of the data (resulting in a flat projection of the 

3D surface). The roughness R [/] of the fracture surface was calculated as: 

𝑅 =  
𝐴𝑟

𝐴𝑐
 

Between mechanical testing and fracture surface analysis, samples were either stored moist 

and cool for a maximum of five days or remoistened by brief immersion in water prior to 

scanning. Comparative preliminary tests showed that the median error for rewetting was 

0.3% (interquartile range: 6.6%), and so the data from both groups were pooled. 
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Figure 9: Fracture surface measurement of a sliced sample by using digital microscopy. The generated 
3D scan (A) was converted into a mesh file (B). The cropped surface (C) was measured after removal 
of the ambient noise (red dots outside gray area). This enabled a roughness calculation of the fracture 
surface. Adapted from Article E. 

3.5.1.3 Mechanical variables 

Based on the force-displacement curves, the maximum force Fmax [N] and axial rigidity k [N] 

(which, in comparison with the axial stiffness, is not normalized to the initial length di of the 

sample) were calculated using the following formula: 

𝑘 =  E ∗  
𝐴

𝑑𝑖
 

with Young’s modulus E, cross-sectional area A, and E ∗ A determined as the slope of the 

linear elastic range of the force-displacement curve (before the main peak). Tensile strength 

σmax was calculated using the following equation: 

𝜎𝑚𝑎𝑥  =  
𝐹𝑚𝑎𝑥

𝐴
 

The work of fracture W [Nm] was calculated via the integral under the force-displacement 

curve. The fracture energy Ef [J/m²] was calculated by normalizing over the fracture area: 

𝐸𝑓  =  
𝑊

𝐴
 

Tensile strength and fracture energy were normalized over both the rough (Ar) fracture area 

and the corresponding (Ac) fracture area. The sample strain values were calculated over the 

initial sample length di and were used to determine the sample strain at failure 𝜀𝑓 [%] values 

(as strain at maximum stress). 

Detailed information on the tensile tests, the fracture area measurements, and the 

calculation of the mechanical properties of the mistletoe-host connections are presented in 

Article E. 
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3.5.2 Cacti branches 

Repeated bending tests were performed on the branches of the two selected cactus species 

to quantify their self-repair efficiency. Tensile tests were used to characterize the most 

mechanically important tissues (dermal tissue and vascular bundles) and the branch-branch 

junctions. 

3.5.2.1 3D-printed clamp attachments 

Tensile tests on biological samples are often susceptible to slipping artifacts, as mechanical 

damage to individual tissues or the entire sample can occur if the samples are clamped too 

tightly. In addition, the geometry is not standardized according to DIN or ISO form standards. 

Likewise, during (two-point) bending tests, both the fixation of the samples and the 

application of the force in a reproducible manner can be challenging. For the repeated 

bending tests and for the tensile tests on the branch junctions of the cacti, we used 

individually customized, 3D-printed clamp attachments to minimize slipping events by 

providing the optimal form fit between sample and clamps (Figure 10).  

 
Figure 10: Printed clamp attachments based on 3D scanned cactus branch models. The lateral and 
sub-lateral branches (A) were 3D scanned (B), the mesh was simplified (C&D), and the clamp 
attachments were designed as negative imprints (E&G). The resulting attachments were printed and 
mounted between the branch and clamp during tensile (F) and bending (H) tests. The red dashed line 
in (G) indicates the location of the artificial wound, and the blue line is normal to the junction plant. 
Adapted from Article A and Manuscript A. 
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For this purpose, the lateral and sub-lateral branches on the experimental plant were initially 

3D scanned (Figure 10A; chapter 3.2.2.1). Raw clamp models were constructed in CAD 

software, and the cactus models were imported (Figure 10B-E). The raw models were 

positioned on the geometry according to the test requirements (at defined distances from 

the artificial wound for bending tests and at defined distances from the branch junction for 

tensile tests; Figure 10G). The branch geometry was subtracted from the blanks, creating a 

cavity in the clamps. The resulting clamps with negative imprints were, for each sample, 

3D-printed from a polylactic acid filament (Premium PLA, Formfutura BV, Nijmegen, 

Netherlands) by using an extrusion 3D printer (Pro2Plus, Raise 3D Technologies, Inc., Irvine, 

CA, USA) and attached between the clamp and the sample during the mechanical tests 

(Figure 10F&H). 

3.5.2.2 Repeated bending tests 

The ability of cactus branches to restore their mechanical properties by self-repair processes 

was investigated by means of repeated two-point bending tests on the same branches 

attached to the experimental plant. Fourteen lateral branches each of O. ficus-indica (divided 

between two plants) and C. bigelovii (divided between three plants) were tested in an 

unwounded state, a freshly wounded state (within 15 minutes after artificial wounding), and 

after a healing period of 21 days. The lateral branch-branch junction and parts of the lateral 

branch (up to 10 mm basal to the wound site) were fixed with 3D-printed clamps, and collars 

that had likewise been 3D-printed were attached 60 mm apical to the wound 

(Figure 10 G&H). Each collar was subsequently connected to a universal testing machine 

with a Kevlar thread. An interposed pulley enabled the vertical movement of the universal 

testing machine (Inspekt mini, Hegewald & Peschke Meß- und Prüftechnik GmbH, Nossen, 

Germany) to be converted into a horizontal bending force. During the experiments, 

experimental plants were positioned with the base-apex axis of the tested branches aligned 

parallel to the ground. For O. ficus-indica branches and their oval cross sections, forces were 

applied normal to the flat cladode surface.  

Tensile speed was set to 1 mm/s with a total displacement of 10 mm. Force and displacement 

data were recorded at 50 Hz. From these data, the work W [N*mm] (as an integral under the 

force-displacement curve) required and the bending stiffness EI [N*mm²] of the branch were 

calculated. Since a biphasic behavior of the samples was found, the latter was calculated for 
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a first linear range (from 3.0 to 4.25 mm deflection) and a second linear range (from 6.5 to 

9.5 mm deflection) according to the following formula: 

𝐸𝐼 =  
𝐿3

3 ∗  𝑏
 

with L being the length of the cantilever (60 mm for all samples) and b the slope of the 

respective linear interval in the force-displacement diagram. 

To determine the effect of wounding on the mechanical properties of a sample, the 

wounding effect (WE) was calculated using the following equation: 

𝑊𝐸[%] =  
𝑢𝑛𝑤𝑜𝑢𝑛𝑑𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑤𝑜𝑢𝑛𝑑𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑢𝑛𝑤𝑜𝑢𝑛𝑑𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
∗ 100% 

in which the respective values of work or bending stiffness in the unwounded (uv) and 

wounded state (wv) were inserted. For the wounded values, the values were inserted either 

immediately after wounding (wv0) or after the 21-day repair phase (wv21). The healing effect 

of the 21-day repair phase (HE21) was calculated as the difference of the resulting wounding 

effects (WE0 and WE21): 

𝐻𝐸21 [%] =  𝑊𝐸0 − 𝑊𝐸21 =  
𝐻𝐸21 − 𝐻𝐸0

𝑢𝑣
∗ 100 

3.5.2.3 Tissue tensile tests 

The strength-determining cactus branch tissues, i.e., the dermal tissue (consisting of 

epidermis and multilayered hypodermis and, in older branches, a periderm coverage) and 

the vascular bundles, were mechanically characterized by isolating them from the branches 

and testing them under tensile loading to failure by using a microtensile testing machine. 

Twelve samples each of dermal tissue without periderm support and vascular bundles from 

the lateral branches of both cacti species were examined. For O. ficus-indica, additional tests 

were carried out to determine whether the orientation of the sample on the branch 

(longitudinal or transverse with regard to the main axis of the branch) had an influence on 

their mechanical properties (this was not possible for C. bigelovii because of the numerous 

tubercles on the branches), and the way in which peridermal coverage alters the mechanical 

properties of the dermal tissue (older branches with complete periderm coverage were not 

present on the experimental plants of C. bigelovii and therefore could not be tested). For the 

vascular bundles of O. ficus-indica, a distinction was made depending on whether these were 

taken from lateral branches (‘young samples’) or from basal branches that were completely 
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covered with periderm (‘older samples’). All tissue samples were carefully removed using a 

scalpel. 

Prior to tensile testing, the diameter or thickness of the samples (or a severed end section) 

was measured using stereo microscopic or light microscopic images, and their cross-

sectional area (assuming a round cross-section for the vascular bundle samples and a 

rectangular cross-section for the dermal tissue samples) was calculated. The samples were 

glued to small metal plates, with a few seconds being allowed for the glue to dry (for the 

vascular bundle samples of O. ficus-indica, the glue took longer to dry, and the sample was 

kept moist during this time with the aid of a custom-built humidifier), and then mounted 

onto holders of a micro-tensile stage equipped with a 10 N or a 50 N load cell. The initial 

spacing of the plates was measured before the sample was tensile-loaded at 0.5 mm/s until 

failure, with the force and displacement being recorded at 100 Hz. The elastic modulus E 

[MPa], the tensile strength σmax [MPa], the strain at failure εmax [%], and the fracture energy 

Gf [mJ/mm²] were calculated from the recorded data and the respective cross-sectional 

areas. A detailed protocol for the diameter measurement, the processing of the force-

displacement data, additional relative water content measurements, and the calculation of 

the mechanical variables can be found in Article D. 

3.5.2.4 Junction tensile tests 

The mechanical properties of the lateral branch-branch junctions of the cacti were analyzed 

using tensile tests to failure. For this purpose, 14 junctions with young lateral branches (with 

leaves still attached to the branch; divided between two plants) and 14 with older lateral 

branches (without leaves at the branches and with visible periderm formation at the 

junction; divided between two plants) of O. ficus-indica and 15 lateral junctions of C. bigelovii 

(all without leaves; coming from one plant) were taken from the experimental plants and 

tested within the next 20 minutes. The lateral and sub-lateral branches (Figure 10A) were 

cut to fit into the clamps of the universal testing machine (Inspekt mini, Hegewald & Peschke 

Meß- und Prüftechnik GmbH, Nossen, Germany; equipped with a 1 kN load cell for 

experiments on O. ficus-indica and a 100 N load cell for experiments on C. bigelovii), with an 

initial jaw spacing of 30 mm. The junctions were positioned centrally, with the tensile force 

acting normal to their cross-section. The spines were carefully removed before testing, and 

all cut surfaces were sealed using Parafilm® (Bemis, Neenah, WI, USA). 
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Tensile speed was set to 1 mm/s, and force and displacement data were recorded at 50 Hz. 

After sample failure, the lateral branches were weighed (Kern 440-45N, Kern & Sohn GmbH, 

Balingen-Frommern, Germany; reproducibility: 0.1 g), and the fracture surfaces were 

photographed and manually measured using Fiji software. In addition, the location of failure 

(through the junction, branch, or both) and the characteristics of the failure site (smooth, 

fibrous, or cup and cone) were differentiated. From the recorded data, tensile 

stiffness  k [N/m], effective tensile modulus 𝐸̅ [N/m² = Pa], maximum force Fmax [N], tensile 

strength 𝜎𝑚𝑎𝑥 [N/m² = Pa], work of fracture W [Nm], fracture energy Gf [N/m], and strain at 

failure 𝜀𝑓 [%] were calculated for all three groups. Linear correlation analyses (Pearson's ρ) 

were used to examine the relationship between the mechanical variables and the mass of 

the lateral branch as an approximation of their age. A detailed protocol for the processing of 

the force-displacement data and the calculation of the mechanical variables can be found in 

Manuscript A. 

3.5.3 Local strain analyses 

Two-dimensional digital image correlation (2D DIC) was applied to measure local surface 

strains during the tensile loading of the sliced mistletoe-host samples and the cacti branch 

junctions. For this purpose, a stochastic speckle pattern was sprayed onto the surface of the 

samples to increase brightness contrast (Figure 11). 

 
Figure 11: Sample preparation with a stochastic speckle pattern for digital image correlation analysis. 
(A) Sliced mistletoe-host sample with mistletoe tissue marked in green, and three points (open circle 
at sinker base; asterisk at mistletoe-host interface; filled circle at sinker tip) marked for detailed 
analysis. (B) Branch junction sample of O. ficus-indica. The points for detailed analysis of the cactus 
junction are shown as red dots with a white center. Adapted from Article E and Manuscript A. 
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During tensile testing, the samples were filmed frontally by a camera at 50 to 90 fps. The 

resulting image series was loaded into DIC software, and an image in the undeformed state 

was defined as the reference (Figure 12A). The DIC algorithms subdivided this image into 

small squares (so-called ‘subsets’; indicated as red squares in Figure 12).  

 
Figure 12: General principle of digital image correlation (DIC) algorithms. From the imported image 
stack, one image is defined as the reference image (A), and all other images are analyzed as 
deformation images (B). The surface of the sample to be analyzed (in the example shown with a 
sprayed random speckle pattern to increase contrast) is divided into small subsets (red squares). The 
position of the subsets in the deformed images is determined by correlation analysis of the gray-
value patterns of the reference image. The resulting displacement vectors (an example of one subset 
is shown in the right panel of Figure 12; light red square in the left images) of the various subsets and 
their ratio to each other can be used to calculate the displacement and strain pattern of the 
respective image. Adapted from PAN et al., 2009.  

Correlation analysis of the gray-value patterns of these subsets allows the latter to be 

tracked across the stack of deformed images (Figure 12B). Local strains can be derived from 

the relative displacement between neighboring subsets. In addition to the strain 

measurements of the entire surface, detailed analyses can be performed of individual 

selected points (Figure 11) or sections through the surface. Detailed specifications of the 

cameras and the selected DIC settings can be found in Article E for the mistletoe-host 

connection and in Manuscript A for the cactus junctions. 
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3.6 Statistics 

For the mistletoe analyses, statistical tests were used to perform correlation analyses of the 

various morphometric (Article C) and biomechanical (Article E) variables with sex and age of 

the mistletoes. In addition, statistical analyses were used to test for significant differences 

between the analyzed mistletoe groups (intact and sliced samples) and the host wood. 

For the cactus analyses, statistical analyses were used to test whether the data from the 

same experimental groups distributed among several plants could be pooled (Article A, 

Article D, and Manuscript A). Furthermore, statistical tests were performed to test for 

significant differences between the various analyzed groups. In Article A, statistical tests 

were used to test whether the mechanical healing effect (HE21) differed significantly from 0. 

For the selection of the appropriate statistical tests in each study, the data of the individual 

groups were tested for their normal distribution and their variance homogeneity. All 

statistical analyses were performed using GNU R (version 3.2.3 to 4.1.2). Detailed 

information concerning the statistical tests, post-hoc tests, significance levels, and the 

packages used can be found in the respective article or manuscript.
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4 SUMMARY OF RESULTS AND DISCUSSION 

4.1 Mistletoe-host connection 

In order to analyze the underlying structures of the life-long damage-resistant mistletoe-host 

connection, interfaces were morphometrically characterized at several ages of the mistletoe 

and visualized at tissue and cellular levels. The results can be found in the following chapter 

and in Article C. The mechanical characterization of the connection under tensile loading, 

likewise taking into account the age of the mistletoe, are summarized in chapter 4.1.2 and 

in Article E. 

4.1.1 Morphology and anatomy of the mistletoe inside the host 

The 130 mistletoes analyzed ranged from 3 to 21 years, with 15 juvenile plants (3 to 6 years), 

88 female plants (6 to 19 years), and 27 male plants (6 to 21 years). The female bias of 76.5% 

was within the range for V. album measured by BARLOW et al. (1978) in Europe (72.9 to 76.5%) 

and by SHOWLER (1974) per seedling experiments (67.3%). The female bias in mistletoes is 

assumed to be determined by genetic factors rather than environmental influences (WIENS 

et al., 1996). The extent of the host branch hypertrophy did not correlate with mistletoe age 

and had a median value of 42% (IQR: 38%), but could be as high as 242% for thin host 

branches (an overview of all analyzed morphological variables and their correlation with 

mistletoe age can be found Table 1 in Article C). 

The µCT scan of the 4-year-old mistletoe with tissue segmentation revealed that the 

endophyte had spread more than 5 cm along the host branch at this young age (Figure 13D). 

The number of wedge-shaped sinkers was greatest (five) near the penetration site, and they 

extended furthest toward the pith of the host branch. Acropetally and basipetally, the 

number of individual sinkers and their respective sizes successively decreased (compare 

upper and lower box in Figure 13). This allows the mistletoe not only to prime the outgrowth 

of adventive shoots in the early stages, but above all to enlarge the interface with its host in 

order to take up sufficient amounts of water and dissolved nutrient salts (YOSHIDA et al., 2016; 

TEIXEIRA-COSTA, 2021) and to ensure mechanical anchorage. 

The performance of µCT data segmentation supported with stereomicroscopic images of the 

cross sections (Figure 13A&B) allowed the segmentation of the entire endophyte (sinkers 

and cortical strands) of the mistletoe with a single sample and scan (Figure 13C&D). This had 
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the advantage that no contrast agents were needed to highlight individual tissues, a step 

that would have required multiple samples and scans to adequately visualize all tissues 

(TEIXEIRA-COSTA & CECCANTINI, 2016). The stacking of stained microscopic sections provides 

cellular resolution of the endophyte but can only be performed on small samples (several 

millimeters) and is destructive and time costly (HESSE et al., 2019; MASUMOTO et al., 2021). 

 
Figure 13: Tissue segmentation (C) of the µCT scan (A) of a 4-year-old European mistletoe and its host 
branch supported by steromicroscopic images (B). Mistletoe tissues are colored green, host bark 
brown, pith gray, and wood red (C). In the model (D), the truncated exophyte (exo) and endophyte 
(endo) are labeled. For (A-C), two exemplary transverse sections through the host branch are 
presented, located apical to the mistletoe penetration site (dotted lines, upper block) and directly 
through it (dashed lines; lower block). Adapted from Article C. 

During the joint, but also competitive growth of the mistletoe and its host, several thin 

sinkers of the young mistletoe (Figure 14A&B) continuously merged into a large main sinker 

(Figure 14C-F). At the same time, this main sinker grew basally and apically of the 

penetration site, resulting in a cone shape (Figure 14E&F). 

The large main sinker can presumably mechanically withstand the growth of the host and 

the resulting internal stresses better than the individual thin sinkers. This acclimatization 

within the mistletoe’s lifetime prevents the loss of the physiological and mechanical 

connection between mistletoe and host, which would lead to the death of the mistletoe. 

A clear dividing line between the mistletoe and host was apparent on a cellular level at all 

ages (Figure 15A-D). However, no breakdown of cell-walls, as described by SMITH & GLEDHILL 

(1983), was observed.  Vascular elements ran within the mistletoe sinker and diverged from 

this point to form physiological connections (see the perforation plates in Figure 15C) with 

the host at their interface. 
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Figure 14: Comparative µCT analyses of a young (4 years; A&B), middle-aged (8 years; C&D), and old 
(17 years; E&F) European mistletoe, with the sinker (s) and exophyte (exo) labeled. A tangential 
section and the transverse section through the penetration site (with the mistletoe tissue marked in 
green) are presented for each sample. Adapted from Article C. 

Thickened cell walls (Figure 15B) and lignin inclusions (Figure 15E&F) were frequent near this 

interface. These gradually diminished toward the middle of the sinker, which consisted 

predominantly of less rigid parenchyma cells. This led to a gradual transition of the 

mechanical properties of the two species. In addition, misoriented host cells had fused into 

swirls near some interfaces, indicating the competition and resulting stresses for available 

space during joint and competitive growth (Figure 15D). 

 
Figure 15: Light microscopic images of the interface (dotted line in F) between the European 
mistletoe (m) and its host (h), stained with acridine orange (A&C), toluidine blue (B&D), and 
phloroglucinol (E&F). The asterisks in (C) mark the perforation plates of the mistletoe vessel elements 
through which most of the water uptake is accomplished. Adapted from Article C. 
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4.1.2 Biomechanics of the mistletoe-host connection 

The mechanical properties of the mistletoe-host connection were characterized by tensile 

tests to failure on intact samples or sliced samples from the attachment site. Of the 70 tested 

samples, 33 failed between the clamps, and in the other 37 samples, failure ran at least 

partially along the clamps. In all but two samples (with failure exclusively through mistletoe 

branch), failure ran at least partially along the interface between the host and mistletoe.  

A single force peak with a subsequent force drop was found for the force-displacement 

curves of the sliced samples (Figure 16B), whereas pre- and post-failure events were 

observed for most of the intact samples (Figure 16A). These were presumably caused by the 

successive failure of individual sinkers. This redundancy of the sinkers, especially in young 

mistletoes, implies that a partial physiological and structural loss is tolerated to preserve the 

(multi-)functionality of the overall system. A similar benign failure can be found for the 

successive (pre-)failure events of the adhesive pads of Boston ivy (STEINBRECHER et al., 2010; 

ROWE & SPECK, 2015). In order to analyze the behavior of the interface of single sinkers and 

the entire system under tensile load, in situ tensile tests with simultaneous 3D imaging could 

be performed in follow-up experiments. 

 
Figure 16: Examples of force-displacement curves of intact (A) and sliced (B) mistletoe host samples 
under tensile loading. The slope of the linear part of the main peak (red dashed line) and the integral 
of the curve (blue; the intact sample pre- (light blue) and post-failure (dark blue) regions are 
distinguished) are marked. Adapted from Article E. 

The rough fracture area Ar, corresponding fracture area Ac, maximum force Fmax, and work 

of fracture W showed a positive correlation with the age of the mistletoe for at least one of 

the sub-groups (divided by intact and sliced samples, and by failure at the interface or at the 

clamp). This can be explained by the mere growth of mistletoe and the resulting increase in 
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the size of the attachment site with the host. The roughness R, tensile strength 𝜎𝑚𝑎𝑥 , 

fracture energy Ef, and strain at failure 𝜀𝑓 were not age-dependent (all correlation p-values 

> 0.05), which indicates that the failure-resistant connection between mistletoe and host is 

established at a young age and does not diminish over the course of joint growth.  

The median roughness of the failure surface of the mistletoe-host samples was significantly 

larger by 22% to 55% compared with that of the host wood samples tested along the same 

fiber orientation. Because of the high dependence on the spatial resolution of the 

measurement device, the comparability of the roughness values is, however, limited to 

samples measured with the same equipment and settings (compare e.g., MOREL et al., 1998; 

BÜHRIG-POLACZEK et al., 2016).  

The values of tensile strength of the mistletoe-host connections calculated on the rough 

fracture surface were about a factor of three (for sliced samples) to a factor of five (for intact 

samples) lower than those for the host wood samples, with significant differences also being 

observed between the two mistletoe groups (Figure 17A). No significant difference between 

the intact and sliced samples was found for fracture energy calculated on the rough fracture 

surface. Median values for the mistletoe samples were about 50% lower compared with 

those for the host wood samples (Figure 17B). The diminished difference between the three 

groups for fracture energy compared with tensile strength can be explained by the pre- and 

post-failure events of the intact samples; these prolong the stress-strain curves and thus 

enlarge the area under the curve (Figure 16). This illustrates how important the various 

sinkers and their redundancy are for the structural integrity of the entire mistletoe-host 

junction, particularly at a young age of the mistletoe. 

 
Figure 17: Boxplots of tensile strength σmax (A) and failure energy Ef (B) (both normalized on rough 
fracture area Ar) under tensile load of intact (N = 39) and sliced (N = 31) mistletoe-host samples and 
of host wood samples tested normal to grain (N = 9). Similar small letters indicate groups without 
significant differences. 
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Scatterplots of the age-dependent variables can be found in Figure 6 of Article E, a detailed 

overview of all analyzed age-independent mechanical variables in Table 1 of Article E, and 

detailed statistics in Supplement Tables S1 & S2 of Article E. 

The energy required to propagate a crack depends on the relative extent of the non-linear 

range of the force-displacement curve to the total curve. The larger that this proportion is, 

the more energy is required for crack propagation, and the larger is the resulting fracture 

area of the samples (resulting in a larger roughness), e.g., attributable to torn-out fibers 

(NIKLAS, 1992; BEISMANN et al., 2000). This effect is visible in the force-displacement curves of 

the intact sample with larger non-linear parts (Figure 16) and in the increased roughness for 

the intact samples (Table 1 in Article E). 

The local strain analyses revealed that the largest strains occur under tensile loading along 

the mistletoe-host interface (Figure 18). Strain values of about 30% led to crack initiation 

along the mistletoe-host interface (in some samples, slightly shifted toward the inner part of 

the sinker) (asterisk in Figure 18C).  

 
Figure 18: Local surface strain analysis by using digital image correlation (DIC) of a sliced mistletoe-
host sample under tensile load. (A) A sprayed speckle pattern was applied to increase surface 
contrast in unloaded stage. The mistletoe sinkers of the sample are colored in transparent green. 
Three points were selected for detailed analysis: open circle at the sinker base, asterisk at the 
mistletoe-host interface, and filled circle at the tip of the sinker. (B) The strain pattern shortly after 
the crack developed (at 2.8% global strain). (C) shows the local strains of the three single points 
marked in (A&B) over the entire tensile test. Adapted from Article E. 

The fracture propagated either along the interface or, depending on the angle of the 

interface to the load, additionally through the host wood and/or the mistletoe sinker (See 
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Figure 8 in Article E for DIC analysis of additional samples). If the sinker tip remained in the 

host wood, local strains did not decrease to zero after failure, indicating plastic deformations 

within the tissue (filled circles in Figure 18C). Almost no strains occurred inside the main 

sinker (open circles in Figure 18C). The results show that the interface between mistletoe 

and host is subject to the largest strains under tensile load, making the gradual transition of 

lignification and cells with thickened cell walls (Figure 15) at this site particularly important, 

and that redundancy of individual sinkers, especially in young mistletoe, can play an 

important role in preventing complete failure of the connection. 

4.2 Damage management in cacti 

The results of the morphological, anatomical, and biomechanical self-repair analyses of the 

cactus branches are presented in the following chapter and in Article A. The comparative 

analyses of the abscission (and stiffening) of the branch-branch junctions are divided into a 

study of their morphology and anatomy (Chapter 4.2.2.1 and Article D) and a study of the 

biomechanical properties of the entire junction and the tissues involved (Chapter 4.2.2.2, 

Article D, and Manuscript A). 

4.2.1 Self-repair of cacti branches 

Macroscopic observations of the cactus branches after artificial ring injury revealed that the 

wound edges of O. ficus-indica initially remained in contact before a slight rolling in became 

visible after a few days. However, this movement was less pronounced than in Delosperma 

cooperi (KONRAD et al., 2013) or in succulent plants with cylindrical organs (ANANDAN et al., 

2018) in which tensile pre-stresses of the outer tissue layers lead to almost complete closure 

of the wound after longitudinal wounding. After one week, a wound gap became visible, 

together with the occurrence of the death of surrounding cell layers (white discoloration). In 

C. bigelovii, the wound gap was visible immediately after wounding and widened over the 

next few weeks, with dead tissue being present around the wound (Figure 1 in Article A). 

The anatomical analyses revealed that the ring incision severed the epidermis, the 

underlying hypodermis, and large portions of the cortex parenchyma (Figure 19A&D). In 

both species, the formation of a suberized layer of parenchyma cells around the wound 

occurred after about three days (Figure 19B&E; also regularly found in abscission zones; 

ADDICOTT, 1982). Over the next days and weeks, a wound periderm grew that completely 
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closed the wounds, with a rather fragile connection to the underlying (partially newly 

formed) parenchyma (Figure 19C&F). Sealing by oozing mucilage was not observed in any of 

the analyzed samples. 

 
Figure 19: Anatomical overview of the repair processes of Opuntia ficus-indica (A-C) and 
Cylindropuntia bigelovii (D-F) branches. Tangential sections stained with tolouidine blue immediately 
after artificial wounding (A&D), and a healing period of 3 days (B&E) and 21 days (C&F). The wounding 
extends through the dermal tissue (d; consisting of epidermis and hypodermis) and portions of the 
parenchymal tissue (p) in which large mucilage cells or channels (m) are frequently found. Cellulose-
containing cell walls are stained blue, lingo-suberinized cell walls are stained red. In the first few days 
after wounding, a suberin layer (sc) seals the wound, before a multilayer wound periderm (wp) forms 
after 2-3 weeks. During section preparation, the periderm often detached from the underlying newly 
formed parenchyma (black arrows). All scale bars equal 500 µm. Adapted from Article A. 

The wounding effect W0 after artificial ring incision for all three mechanical analyzed 

variables (bending stiffness of the first and second range and work) ranged between 18.4% 

and 26.4% for O. ficus-indica and between 21.1% and 36.2% for C. bigelovii. After a healing 

period of 21 days, C. bigelovii showed significant positive healing effects HE21 only for the 

bending stiffness of the second linear range (between 8.7% and 9.5%). No significant positive 

healing effects were observed for O. ficus-indica, and for one of the two plants studied, the 

values of the healing effect of all three variables were found to be significantly negative 

(between -19.0% and -31.2%). This further decrease in mechanical performance during the 

healing phase can be explained by the death of tissues and by the periderm, which seals the 

wound but is mechanically only weakly attached to the surrounding tissue (arrows in 

Figure 19C&F). 
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NOBEL & MEYER (1991) showed, with their bending tests on O. ficus-indica, that the stiffness 

of the branches is at least twice as high as that of the junctions. The presented mechanical 

values suggest the difference in stiffness between the branch and junction is even larger for 

C. bigelovii (Chapter 4.2.2.2; Article D, and Manuscript A). Thus, even if the mechanical 

properties were reduced between 18 and 36%, the branches would still not be the most 

fragile part of the plant. A rapid and complete sealing to minimize water loss and to avoid 

pathogen attack seems to be of greater ecological benefit to the plant than complete 

regeneration of its mechanical properties, so that the principle of ‘sufficient is good enough’ 

applies. 

4.2.2 Abscission of cacti branches 

4.2.2.1 Morphology and Anatomy of cacti junctions 

No significant difference was found between the maximum cross-sectional area of lateral 

branches of O. ficus-indica and C. bigelovii. However, the area of lateral junction (by 62.3%) 

and the area ratio (by 78.9%) of O. ficus-indica were significantly larger than those of 

C. bigelovii (Table 1). The marked tapering of the lateral branches to an area of about 4% and 

7% at the junction illustrates that these are the clear morphological weak points of the 

analyzed Opuntioideae. The lower absolute and relative values of the junction area make 

this particularly evident for C. bigelovii. More detailed morphometric analyses of the 

branches and junctions, including the axial second moment of area and torsion constant, can 

be found in Table 1 of Article D. 

Table 1: Morphometric data of junction area, maximum branch cross-sectional area, and the ratio of 
the two values for Opuntia ficus-indica and Cylindropuntia bigelovii. The mechanical values are given 
as the median (interquartile range). If a normal distribution and equal variances were obtained, then 
the Welch two-sample t-test (a) was used for statistical analysis; otherwise, the Wilcoxon rank sum 
test (b) was used. Adapted from Article D. 

 O. ficus-indica C. bigelovii   Statistical difference    
p-value 

Sample size N 12 12  

Junction area 25.0 15.4  
0.0068 a 

[mm²] (15.1) (7.2)  

Maximum branch area 382.1 395.6  
0.4713 a 

[mm²] (138.0) (103.4)  

Area ratio 0.068 0.038  
0.0011 b 

[/] (0.040) (0.012)   
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The 3D visualizations of the outer shape of the cacti branches using MRI reflected those 

features visible to the naked eye: flat branches with slight curvatures at the areoles for 

O. ficus-indica and cylindrical branches with undulating areoles for C. bigelovii 

(Figure 20A&C), both capable of a volume increase through water uptake with a constant 

surface area (MAUSETH, 2006). The course of the vascular bundles in both species was net-

like in the branch, with a distinction between the main bundles and secondary bundles in 

O. ficus-indica and individual bundles emerging from the net to supply the areoles in 

C. bigelovii. Within the branch-branch junctions, the vascular bundles of both species 

converged to form an almost enclosed circle, which reverted, apical of the junction, to the 

net-like structure (Figure 20B&D). In the junctions of O. ficus-indica, a ring-shaped collar 

consisting of peridermal tissue covered large parts of the epidermis. In one of the segmented 

samples, the periderm coverage extended over parts of the lateral branch near the junction 

(Figure 20A). No periderm accumulation was found in the analyzed junctions of C. bigelovii.  

The periderm deposition reduces the gas exchange and photosynthetic activity of green 

branches. Therefore, it is crucial for the survival of the plant that this is a gradual process 

that does not cover the surface of all young branches (NOBEL, 2002). In the older stages, a 

successive accumulation of periderm layers, spreading from the junctions over the branch 

surfaces, contributes to the increasing demand for structural stability. 

 
Figure 20: Segmented magnetic resonance scans of lateral branches and junctions of Opuntia ficus-
indica (A&B) and Cylindropuntia bigelovii (C&D). The epidermis is depicted in transparent green, with 
the vascular bundles in blue, in (D) distinguishing whether they pass through the junction (light blue) 
or terminate in a dormant bud (dark blue); the periderm is shown in orange. All scale bars equal 1 cm. 
Adapted from Article D. 
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Light microscopic images of stained sections through the junctions revealed that the 

periderm overlay in O. ficus-indica consisted of densely packed phellem cells, a single 

meristematic phellogen layer, and multiple layers of thin-walled phelloderm (Figure 21B). 

The parenchyma tissue of both species gradually changed from wide-lumen cells in the 

branches to small-lumen cells with thickened cell walls in the junction (Figure 21A&C). This 

transition to the small-lumened parenchyma cells resembles the abscission zones, although 

these usually consist of only a few cell layers (ADDICOTT, 1982). Together with the ability to 

form a wound periderm to seal exposed tissues (Chapter 4.2.1; ‘protective layer’), one can 

assume an abscission of the (lateral) branches in the two examined cacti species, even 

though a hormonal influence plays no or only a minor role in the mechanically controlled 

shedding of the branches (biochemical studies on this were not part of the present work). 

 
Figure 21: Stained light microscopic sections through the junctions of Opuntia ficus-indica (A) and 
C. bigelovii (B), with a detailed view of the periderm tissue of O. ficus-indica (C). Branch parenchyma 
(pa) with thin cell walls converts to small-volumed parenchyma with thickened cell walls (sp) at the 
junction site. Vascular bundles (vb) run embedded in the parenchyma, with wide band tracheids (wb) 
being found mainly in C. bigelovii. The dermal tissue (d), consisting of an epidermis (e) and 
hypodermis (h), of O. ficus-indica at the junction is covered by a periderm (pe) consisting of phellem 
(ph), a single layer of meristematic phellogen (pg), and phelloderm (pd). Trichomes (tm) and glochids 
(g) grow in the notch of the junctions. A dormant bud (db) and mucilage cells (m) are present in the 
sample of C. bigelovii. Scale bars equal 2 mm in (A&B) and 100 µm in (C). Adapted from Article D. 

Because of the extremely high mucilage content in the samples and the large mechanical 

differences between the dermal tissue and large-lumen parenchyma, fully intact sections of 

C. bigelovii were difficult to prepare, despite various embedding and cutting techniques 

having been tried.  
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A detailed histological illustration of the junctions and tissues involved, and a transverse 

serial section through a junction of O. ficus-indica, revealing the outgrowth of a lateral 

branch from an areole and the resulting periderm growth, can be found in Figures 5-7 of 

Article D. 

4.2.2.2 Mechanics of cacti junctions 

The tensile tests of the individual tissues showed that a peridermal coverage on the dermal 

tissue (epidermis and hypodermis) of O. ficus-indica, although only increasing its thickness 

by about 20%, increased its median strength by about threefold, exceeding that of the 

dermal tissue of C. bigelovii by about 50%. The resulting stiffening is indicated by a reduction 

in the deformation at break median from 17.2 to 4.5%, and the simultaneous approximately 

tenfold increase in the elastic modulus (median values from 44.1 to 464.0 MPa; in good 

agreement with the values for the dermal tissue of the climbing cactus Selenicereus setaceus 

obtained by BASTOLA et al. (2021)). A continuous periderm layer was not found in C. bigelovii, 

either in the junction or in more basal branches of the experimental plants, indicating that 

the stiffening of the junctions occurs delayed at much later stages in this species. 

Even larger differences were found between the mechanical properties of the vascular 

bundles of O. ficus-indica (where no significant differences were found between the young 

and the older samples) and those of C. bigelovii: median tensile stiffness was about 200 times 

higher, median tensile strength was about 25 times higher, and median fracture energy was 

higher by a factor of over 15 in O. ficus-indica. In contrast, the fibers of C. bigelovii failed at 

about five times higher strain values (Table 2). Additional mechanical variables of the tissues, 

a comparison between the longitudinally and transversely collected samples in O. ficus-

indica, and the statistical analysis of the data can be found in Article D. 

 

The young junctions of O. ficus-indica and those of C. bigelovii did not differ significantly in 

their cross-sectional area and the mass of the lateral branch and thus represented readily 

comparable groups. However, the median maximum force (51.2 N to 14.4 N) and the median 

tensile stiffness (19.0 N/mm to 15.8 N/mm) were significantly higher in the young branches 

of O. ficus-indica, although these were, in turn, by a factor of three lower than those of the 

old branches (153.0 N and 40.4 N/mm). For all three groups, a medium to strong positive 
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linear correlation (Pearson's ρ > 0.5) of maximum force and tensile stiffness with lateral 

branch mass was found (Table 1&2 and Figure 7 of Manuscript A).  

Table 2: Mechanical data of the dermal tissue (for Opuntia ficus-indica cut in a longitudinal branch 
direction), the vascular bundles, and the entire branch-branch junction of young and older O. ficus-
indicas samples and Cylindropuntia bigelovii samples. The mechanical values are given as median 
(interquartile range). For values marked with an asterisk, the data of the two test plants differ 
significantly but are presented pooled for better clarity. A detailed overview of the presented and 
further mechanical variables, including statistical analysis, can be found in Article D for single tissues 
and in Manuscript A for entire junctions. 

Sample 
Tissue or organ 
tested 

Sample 
size 

Elastic  
modulus 

Tensile 
strength 

Fracture 
energy  

Deformation 
at break 

N [MPa] [MPa] [mJ/mm²] [%] 

Opuntia ficus-
indica (young) 

dermal tissue  12 44.1 (13.7) 4.1 (0.86) 11.9 (2.7) 17.2 (3.41) 

vascular bundle 12 1233.8 (1061.8) 56.2 (56.5) 36.2 (48.8) 10.9 (7.4) 

junction 14 45.5 (20.6) 3.8 (0.6) 18.2 (10.8) 25.0 (5.6) 

Opuntia ficus-
indica (older) 

dermal tissue  
(periderm coverage) 

12 464.0 (179.5) *11.4 (3.7) 4.8 (4.1) 4.5 (2.3) 

vascular bundle 12 1674.0 (384.5) 55.1 (35.8) 41.9 (63.0) *9.7  (6.0) 

junction 14 23.7 (11.1) 2.7 (0.5) 19.9 (8.8) 28.2 (8.5) 

Cylindropuntia 
bigelovii 

dermal tissue  12 *54.5 (37.8) *7.2 (4.1) 3.3 (1.8) 19.5 (8.8) 

vascular bundle 12 7.4 (2.9) 2.1 (1.3) 2.3 (1.6) *53.4 (28.4) 

junction 15 15.8 (6.2) 1.4 (0.2) 4.1 (2.0) 12.6 (4.7) 

 

After normalization of the data, the values for elastic modulus and tensile strength were 

highest for the young junctions of O. ficus-indica, intermediate for the older junctions of 

O. ficus-indica, and lowest for C. bigelovii. However, we found no significant difference in 

fracture energy between the young and older samples of O. ficus-indica, which can be 

explained by an elongated stress-strain curve for the older samples. The lowest fracture 

energy values were found for C. bigelovii. Similarly, no significant differences were found for 

the deformation at break values between the two groups of O. ficus-indica, each being about 

twice as high as the median values for C. bigelovii (Table 2). 

Since the tensile modulus of the epidermis markedly increases through periderm formation 

but the (effective) tensile modulus of the older junctions of O. ficus-indica is only about half 

that of the younger junctions, an allometry of the involved tissues during growth can be 

assumed (NIKLAS, 1994; SHINGLETON, 2010; KAMINSKI et al., 2017). This means that the relative 
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cross-sectional proportion of non-lignified parenchyma increases, whereas the relative 

proportion of the dermal tissue (and assumingly the vascular bundles) decreases. Thus, in 

addition to the (absolute) stiffening of the lateral junctions of O. ficus-indica, there is an 

increase in water storage capacity resulting from the increase in parenchyma cells. 

Local surface strains of all three species showed the highest values around the junction, 

resulting in losses of pattern detection of the digital image correlation in this region. In the 

two samples of O. ficus-indica, but not in the sample of C. bigelovii, strain of about 5 to 8% 

was found in the branch surfaces, which shows that the branches are more involved in taking 

up tensile forces than is the case in C. bigelovii (Figure 22A-C).The junction strain value 

increased about equally with the sample strain for the samples of the three groups, but failed 

already at about 70% for the sample of C. bigelovii, while the samples of O. ficus-indica failed 

at 180% (young junction) and 220% (older junction). All samples showed a sudden failure 

(steep increase of junction strain values after failure), which in the older junction of O. ficus-

indica was preceded by a pre-failure event (visible by the kink at the end of the gray curve) 

(Figure 22D and Figure 8 of Manuscript A with additional section analysis). 

 
Figure 22: Local surface strains of lateral junctions of a young (A) and an older (B) Opuntia ficus-indica 
sample and of a Cylindropuntia bigelovii sample (C) under tensile load (at about half sample strain to 
failure). The strain scale in (A) applies to all three samples and indicates the value of the major strain. 
(D) shows the junction strains (calculated from the distance between the two points at the junction) 
over the strain of the entire sample, with the red curve relating to the young and the orange curve 
to the older sample of O. ficus-indica and the gray curve to the sample of C. bigelovii. The dotted 
colored lines indicate the respective axis intercept. Adapted from Manuscript A. 
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Comparison of the failure site and surface revealed a change from predominant failure 

directly at the junction with smooth fracture surface in young samples of O. ficus-indica to 

an increasing proportion of failure through the branches with fibrous fracture sites in the 

older samples. In C. bigelvii, most samples failed at the junction, with parts of a branch pulled 

out, resulting in a cup and cone fracture surface (Table 3). The proportions of the three 

sections (elastic, plastic, and failure) of the entire stress-strain curve also differed between 

the three groups: while plastic deformation predominated in the young junctions of O. ficus-

indica, failure accounted for the largest proportion in the older junctions (which accounted 

for only about 4% in the young samples). For C. bigelovii, the plastic portion also accounts 

for the largest proportion (Table 3). 

Table 3: Failure characteristics of the lateral branch-branch junction of Opuntia ficus-indica (young 
and older samples) and Cylindropuntia bigelovii under tensile loading. The relative proportion of the 
fracture site (and the resulting fracture surface), the total strain to failure, and the relative proportion 
of the elastic, plastic, and failure ranges thereof are presented. The highest value of each group is 
indicated in bold. Adapted from Manuscript A. 

 
Sample 

Opuntia ficus-indica Opuntia ficus-indica Cylindropuntia 
bigelovii 

 young older 

 Sample size N 14 14 15 

Proportion of 
fracture site 
(& surface) 

junction (smooth) 93% 22% 20% 

junction & branch 
(cup & cone) 

7% 14% 80% 

branch (rough) / 64% / 

 Total strain [/] 0.25 0.48 0.18 

Proportion of 
total strain 

Elastic range  20.2% 11.7% 17.1% 

Plastic range 74.5% 44.8% 49.0% 

Fracture range 4.4% 47.2% 27.5% 

 

Because of the relatively complex geometry of the junctions and the intergrowth of its 

tissues, it is not possible to simply sum up the mechanical properties (and their relative 

contribution to the overall structure) of the tissues involved (compare Article D), in order to 

obtain the mechanical properties of the overall junction. Figure 9 provides a schematic 

overview of the junction tissues and the effect of the notch on the mechanical behavior of 

the junction. Not all tissues are equally stressed under tensional loading and a stress gradient 
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is generated within the junctions, because their diameter is smaller compared to that of the 

adjacent branches (Figure 9A). Figure 9B shows that a transverse compression of the 

junctions occurs in addition to the longitudinal stretching of the sample (according to their 

Poisson’s ratio; purple arrows). A periderm support around the notch (gray area) counteracts 

these effects (pink arrows), and thus reduces the forces acting on the junction. This can 

explain why the proportion of samples that fail through the branch and not at the junction 

increases for the older junctions of O. ficus-indica. Another illustration of this effect is 

provided by the local strain analyses, where lower strain values were found around the older 

junction of O. ficus-indica compared to the apical and basal part of the adjacent branches 

(Figure 22 B). The sketched arrangement of the main tissues in Figure 9C shows that the 

epidermis first unfolds under tensile loading, whereas the net-like vascular bundles can take 

up forces immediately (although it should be noted that, depending on the angle and 

direction of growth, these must first align themselves along the forces applied). This 

illustrates that an unambiguous assignment of the tissues and their contribution to the 

uptake of stresses during the course of tensile loading up to failure is not given. 

 
Figure 23: Schematic representation of the junctions of the three cactus groups studied, each 
illustrating a different aspect of the notch effect. In (A), the model of a young lateral branch junction 
of Opuntia ficus-indica shows a stress gradient (red arrows) caused by the diameter at the junction 
being smaller than the diameter in the branch at which the tensile forces act. In (B), the model of an 
older junction of O. ficus-indica shows the effect of stiffening by the periderm support. The junction 
shows transverse contraction (according to Poisson's ratio; purple arrows) together with longitudinal 
elongation. At the same time, however, the gray marked parts are not (or at least less) stretched due 
to the stiffening, generating an outward transverse force that prevents transverse stretching in this 
area (after ‘Kerbwirkung’ by Ralf Pfeifer, licensed under CC BY-SA 3.0, available under 
https://commons.wikimedia.org/wiki/File:Kerbwirkung.svg). In (C), the model of a junction of 
Cylindropuntia bigelovii reveals the basic structure and distribution of the five tissue layers. Under 
tensile loads, the epidermis initially unfolds in the notch area and the network of vascular bundles 
stretches and takes up the initial forces. Adapted from Manuscript A. 
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In summary, although the mechanical properties of the young lateral junctions of O. ficus-

indica are higher than those of the junctions of C. bigelovii, they fail at rather low forces and 

their lateral branches can also serve as offshoots for vegetative propagation (EVANS et al., 

2004). However, already in a young stage, the plant allocates a large amount of resources to 

the lateral branches (e.g., growth and water storage). This is accompanied by earlier growth 

and structural strengthening of the junction compared those of C. bigelovii, making them 

less susceptible to mechanical failure. An overview of the morphometric, morphological, 

anatomical, and biomechanical characteristics of the two cactus species, with particular 

respect to their lateral branch-branch junctions, is presented in Figure 4. 

Table 4: Overview of the similarities and dissimilarities comparing various features of Opuntia 
ficus-indica and Cylindropuntia bigelovii with focus on their (lateral) branch-branch junctions.  
Adapted from Article D and Manuscript A. 

  Opuntia ficus-indica Cylindropuntia bigelovii 

Life-form 

Growth-form 
stem succulent 

tree-like shrubby 

Main propagation  sexual via fruits/seeds vegetative via shed offshoots 

(lateral) branch 

junction stability 

fragile in young lateral junctions and 

stable in older junctions 
fragile (abscission) 

Similarities 

Morphometry 
distinct cross-sectional taper towards the junctions with comparable junction area  

(for young lateral junctions of O. ficus-indica) 

Morphology net-like arrangement of vascular bundles that close together circularly within the junctions 

Anatomy 

changes of tissue characteristics from the branches to the junctions:  

lumen of parenchyma changes from large to small  

and the amount of wide-band tracheids changes to a smaller number    

Mechanical  

properties 

comparable stiffness of the dermal tissues (without periderm coverage); 

comparable effective tensile modulus between junctions of C. bigelovii and older junctions of O. ficus-indica  

Dissimilarities 

Morphometry C. bigelovii: significantly lower absolute and relative junction cross-sectional areas  

Morphology O. ficus-indica: periderm formation around lateral junctions  

Anatomy O. ficus-indica: periderm formed as wound tissue by outgrowing areoles  

Mechanical  

properties 

O. ficus-indica: periderm stiffens dermal tissue by a factor of about 10 

O. ficus-indica: strength and stiffness of vascular fibres are higher by a factor of about 25 and 200 

O. ficus-indica: effective tensile modulus (only for young junctions), maximum force, tensile strength, 

fracture energy, and strain at fracture of junctions are significantly higher  
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A comparison of the force-displacement curves of different failure modes, detailed 

correlation analyses of the mechanical variables with the apical branch mass, and finite 

element (FE) simulations of the elastic behavior of the junctions based on multi-material 

shell models and the mechanical properties of the analyzed tissue can be found in 

Manuscript A. 
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5 CONCLUSION AND OUTLOOK 

The aim of the work presented in this dissertation thesis has been to analyze biological 

functional principles for damage control. In this context, not only the (long-lasting) bonding, 

but also the debonding of (e.g., no longer functional) plant organs play a crucial role. During 

evolution, various concepts have evolved in this regard, three of which have been analyzed 

in this work by morphological, anatomical, and biomechanical methods. (i) The European 

mistletoe (Viscum album), with its structural and functional connection to the host tree, has 

proved to be a very suitable plant model for damage prevention analyses. Cellular and 

biochemical gradients at the interface, redundant anchorage through several sinkers in 

young mistletoes, and the continuous adaptation during joint development and competitive 

growth with the host are characteristics of mistletoe damage prevention making mechanical 

failure practically impossible in nature. (ii) Opuntia ficus-indica exhibits initially fragile lateral 

branch-branch junctions that are stabilized at young stages by growth and periderm 

deposition, allowing the plant to adapt its abscission concept depending on the resources 

invested in the organ. (iii) The branch-branch junctions of Cylindropuntia bigelovii exhibit 

fragile behavior because of the small size of the junction and the low mechanical properties 

of the tissues involved, allowing branch abscission to contribute to vegetative plant 

propagation. 

Another key aspect of damage control is the ability to self-repair injured tissues. The 

branches of the two selected cactus species revealed good structural self-repair abilities to 

avoid water loss and infection by pathogens, both of which are crucial requirements for their 

xeromorphic lifestyles. The restoration of mechanical integrity was not observed, suggesting 

the principle that ‘sufficient is good enough’. 

The aim of follow-up projects will be the abstraction of the investigated functional principles 

of damage prevention and damage management strategies by means of simulation 

approaches, and their translation into a shared technical language. Modern 3D-printing 

methods will help to transform the observed mechanisms into technical multi-material 

demonstrators. The adaptive and damage-resistant connection between mistletoe and its 

host could, for example, serve as a model for bioinspired connection techniques with 

redundancy strategies and adaptive gradient structures along the interface of multi-material 

systems with the potential for great longevity.
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