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Abstract

Abstract

Viscin is a term used for an adhesive mucilaginous tissue covering the seeds of most mis-
tletoe species which plays a crucial role in the seed dissemination of this hemiparasitic
plant. The dissemination usually occurs with the help of birds which feed on the mistletoe
berries. During feeding or the subsequent defecation the adhesive seeds are deposited onto
a potential host tree where the seed can successfully germinate. This work deals with the
analysis of structure-function-relationships of berries from the European mistletoe (Viscum
album L.) with a specific focus on the viscin tissue. The viscin of some V. album L. sub-
species shows the remarkable ability to form long adhesive fibers of more than a meter in
length as well as the formation of adhesive films, both supporting a successful seed-host
attachment. This work aims to get a better understanding of this film and fiber formation
process and to investigate viscin as a potential role model for the development of new bio-
inspired materials.

At first the berries of two closely related subspecies of V. album L. will be investigated,
one growing exclusively on conifers, the other one on deciduous trees, where only the latter
shows the characteristic formation of adhesive fibers. With the help of histological investi-
gations and mechanical examination of different tissue types within the berry it could be
shown, that the capacity for fiber formation can be localized to a specific tissue type found
exclusively in the tissue of the subspecies growing on deciduous trees, which was com-
pletely absent in the other subspecies. Microscopic investigations showed that this tissue
mainly consists of elongated so-called viscin cells densely packed into bundles or clusters.
The cell walls of these cells consist of cellulose fibrils with an unusual orientation — per-
pendicular to the cell long axis — which are embedded into a non-cellulosic matrix. These
cells can be mechanically drawn into micron sized filaments which co-align in parallel in
the drawing direction to form the macroscopic viscin fibers.

In the second section the rapid fiber formation process is investigated in more detail. To
follow this highly dynamic process we developed protocols and drawing devices for con-
trolled manual and semi-automated fiber drawing which allowed us to investigate the struc-
tural changes in the transition zone between native viscin cell bundle and the emerging
fiber. Applying synchrotron based X-ray diffraction and in situ polarized light microscopy
we could show, that cellulose microfibrils inside the viscin cell walls undergo a dramatic
reorganization upon mechanical load and align almost perfectly along the drawing direc-
tion. Micro-mechanical investigations under controlled climatic conditions showed an im-
pressive tensile stiffness (~14 GPa) of dried viscin fibers and also revealed that the stiffness
highly depends on the fiber moisture content. Indeed, the fibers revealed a 35x reduction in
stiffness between the dry (0% relative humidity) and the wet state (90% relative humidity).
An in-depth structural examination with synchrotron based X-ray diffraction revealed new
insights on the fiber ultrastructure: highly aligned slender cellulose microfibrils showed the
presence of crystalline domains with a high aspect ratio. Furthermore, the microfibrils re-
vealed a highly regular interfibrillar spacing which increased during water uptake, probably
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due to a swelling of the matrix, and decreased fully reversibly during water loss. Based on
a model we discuss the possible impact of our ultrastructural findings on the macroscopic
fiber properties and the fiber formation process. It is suggested that the matrix plays a cru-
cial role which acts like a lubricant in the wet state allowing the cellulose microfibrils to
slide past one another and firmly cements them in the dry state.

The last part of this work we demonstrate and discuss possible application of the adhesive
viscin. Here we examine the viscin from the perspective of a versatile, fiber-reinforced
natural adhesive. Investigations with polarized light microscopy and scanning electron mi-
croscopy reveal how freshly formed hydrated viscin fibers can self-adhere and how this can
be used to build more complex 2D and 3D structures. Furthermore, we show how the ad-
hesive properties of dried fibers (non-sticky) can be reactivated by simple rehydration
which enables the viscin fibers to weld via the in-built adhesive. Apart from the self-adhe-
sive properties and its natural function to glue the seed onto the host tree, we could show
that viscin is able to adhere (under load) to a broad range of different materials like wood,
metals, glass and polymers (e.g. PP, PE, PTFE) as well as biological materials such as skin
and cartilage. Finally, we demonstrate how mechanically isolated viscin can be drawn into
freestanding, quickly drying and dimensionally stable 2D films. Based on these findings
and following ancient traditions, we demonstrate potential application of viscin as a fast-
drying liquid wound sealing to treat skin injuries.
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Als Viscin wird ein klebrig schleimiges Gewebe bezeichnet, welches die Samen der meis-
ten Mistelarten umgibt und das entscheidend an der Verbreitung der Samen dieser halbpa-
rasitdren Pflanzen beteiligt ist. Die Verbreitung erfolgt in der Regel durch Vogel, die sich
von den Beeren der Misteln erndhren und beim Fressen oder der anschlieBenden Ausschei-
dung den klebrigen Samen auf einem potentiellen Wirtsbaum hinterlassen, wo er erfolg-
reich keimen kann. Diese Arbeit beschiftigt sich am Modellsystem der Weillbeerigen Mis-
tel (Viscum album L.) mit der Strukturanalyse der Mistelbeeren mit speziellem Fokus auf
dem Viscingewebe und seinen funktionellen Eigenschaften. Das Viscin einiger Unterarten
dieser Mistelspezies weist die besondere Eigenschaft auf, in meterlange klebrige Fiaden so-
wie Filme ausgezogen werden zu kdnnen, welche die Wahrscheinlichkeit der erfolgreichen
Samenanheftung auf dem Wirt entscheidend unterstiitzen. Ziel dieser Arbeit ist es, diesen
Entstehungsprozess von adhésiven Fiden und Filmen besser zu verstehen und das Viscin
ferner auf sein Potential als biologisches Modellsystem fiir die Entwicklung neuer biolo-
gisch inspirierter Materialien zu iiberpriifen.

Zu Beginn wurden die Beeren zweier engverwandter Unterarten von V. album L. unter-
sucht, von denen eine exklusiv auf Nadelbdumen und die andere auf Laubbdaumen wéchst,
jedoch nur Letztere die charakteristischen, klebrigen Faden aufweist. Durch histologische
Untersuchungen und mechanische Priifungen einzelner Gewebetypen im Inneren der Beere
konnte gezeigt werden, dass die Entstehung der Fiaden auf einen Gewebetyp im Viscin der
Laubholzmistel zuriickzufiihren ist, der in der Nadelholzmistel schlicht fehlt. Mikroskopi-
sche Untersuchungen ergaben, dass dieses Gewebe hauptsichlich aus langgestreckten so-
genannten Viscinzellen besteht welche in dichtgedringten Biindeln oder Clustern organi-
siert sind. Die Zellwinde dieser Zellen besitzen Zellulosefibrillen mit einer ungewdhnli-
chen Orientierung quer zur Faserldngsachse, eingebettet in eine zellulosefreie Matrix und
lassen sich mechanisch in lange, wenige Mikrometer dicke Filamente ausziehen, welche
sich in Zugrichtung parallel aneinanderlagern und so die makroskopischen Viscinfaden bil-
den.

Im zweiten Abschnitt wird der Entstehungsprozess dieser Faden genauer Untersucht. Zur
Verfolgung dieses hochst dynamischen Prozesses wurden Protokolle und Zugeinrichtungen
fiir ein kontrolliertes manuelles und semi-automatisches Fadenziehen entwickelt. Dies er-
moglichte die Untersuchung der strukturellen Verinderungen im Ubergangsbereich zwi-
schen dem nativen Viscinzellbiindel und des daraus entstehenden Fadens. Mit Hilfe syn-
chrotronbasierter Rontgenbeugung und in situ Polarisationsmikroskopie wurde gezeigt,
dass sich die Zellulosemikrofibrillen in den Viscinzellen bei mechanischer Last reorientie-
ren und hochgradig entlang der Zugachse ausrichten. Mikrozugversuche an handgezogenen
Féaden unter klimatisch kontrollierten Bedingungen ergaben eine beindruckende Zugstei-
figkeit (~14 GPa) der getrockneten Viscinfdden, zeigten aber zugleich, dass die Steifigkeit
der Féaden stark von ihrem Feuchtegehalt abhéngt. Diese zeigten eine dramatische Redu-
zierung der Steifigkeit um Faktor 35 zwischen 0% und 90% relativer Luftfeuchtigkeit. Eine
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eingehende strukturelle Untersuchung mittels synchrotronbasierter Rontgenbeugung lie-
ferte neue Erkenntnisse iiber die Ultrastruktur der Fidden: Hochgradig ausgerichtete
schlanke Zellulosemikrofibrillen weisen kristalline Doménen mit einem hohen Léngen-
/Breitenverhiltnis auf. Zudem weisen die Mikrofibrillen untereinander stark regelmifBige
Abstinde auf, welche sich bei Feuchteaufnahme, vermutlich durch ein Quellen der Matrix,
vergroBern und bei Feuchteabgabe vollstindig reversibel wieder verringern. In einem Mo-
dell diskutieren wir, wie sich die Erkenntnisse iiber die Ultrastruktur und deren Anderung
in Abhéngigkeit der Feuchtigkeit auf die makroskopischen Eigenschaften der Fasern und
den Prozess des Fadenziehens auswirken kdnnten. Eine entscheidende Rolle diirfte hier die
Matrix einnehmen, welche im feuchten Zustand das Abgleiten und Ausrichten der Zellulo-
sefibrillen ermoglicht und sie im trockenen Zustand fest miteinander verklebt.

Im letzten Teil der Arbeit werden mogliche Anwendungsbeispiele des Viscins demonstriert
und diskutiert. Dieser Teil beleuchtet das Viscin aus der Perspektive eines vielseitigen, fa-
serverstirkten natiirlichen Klebstoffs. Polarisations- und elektronenmikroskopische Unter-
suchungen zeigten, wie frischgezogene, hydrierte Viskinfaden in der Lage sind, miteinan-
der zu verkleben und wie daraus komplexere 2D und 3D Strukturen hergestellt werden
konnen. Zudem wird gezeigt, wie die adhdsiven Eigenschaften getrockneter (nicht kleben-
der) Fiaden durch einfaches Wiederbefeuchten reaktiviert werden konnen, was es ermdg-
lichte, Viskinfaden durch ihren eingebauten Klebstoff miteinander zu verschweillen. Neben
seinen selbstklebenden Eigenschaften und der natiirlichen Funktion, den Samen am Wirts-
baum festzukleben, konnten wir zeigen, dass Viscin in der Lage ist, an zahlreichen unter-
schiedlichen Materialien wie Holz, Metallen, Glas, Kunstoffen (z.B. PP, PE und Teflon)
sowie biologischen Materialien wie Haut und Knorpel unter Last zu haften. Schlie8lich
zeigen wir, dass mechanisch isoliertes Viscin in freistehende, schnell trocknende und di-
mensionsstabile 2D Filme ausgezogen werden kann. Darauf aufbauend und in Anlehnung
an antike Uberlieferungen demonstrieren und diskutieren wir die potentielle Verwendung
von Viscin als schnell trocknendem Fliissigverband zur Behandlung von Hautverletzungen.
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1 Introduction and motivation

1 Introduction and motivation

The European mistletoe (Viscum album L.) may be considered the most famous parasitic
plant due to its special place in European history and folklore. The mistletoe plant grows in
the canopies of predominantly broadleaved host trees. In European winter, it calls for peo-
ple’s attention when the orb-like evergreen shrub with its shining white berries can be seen
from afar against the naked silhouette of the leafless host tree (Fig. 1-1).

Figure 1-1: The habitat of Viscum album ssp. album. Top: European mistletoe shrubs growing
on poplar trees near Golm, Potsdam. Bottom left: heavily infected numerous mistletoe shrubs on
leafless poplar trees. Arrows: individual shrubs may grow up to more than 2 m in diameter. Bottom
center: single evergreen mistletoe shrub in winter on a leafless host (apple tree); Bottom right: ma-
ture mistletoe berries in winter/spring.

Mistletoe plants are intertwined with the history of human civilization in Europe, in partic-
ular for their perceived medical value and their role in religious practices and ceremonies.
In the early Pre-Roman Britain mistletoe was worshipped by druids, an order of priests in
Gaul, Ireland and Britain, as a sacred plant and its evergreen leaves and the mid-winter
fruiting were seen as symbols for immortality and fertility (Calder 1983). During New Year
celebrations the plant was cut by a druid with a golden sickle and caught in a white cloth.
The branches were used in a subsequent ceremony in which animals (and occasionally hu-
mans) were sacrificed at the base of the host tree to request the goodwill of the gods. A
modern tribute to this ancient ritual can be found in the cartoons of Asterix, the Gaul: Get-
afix, the Gallic druid, cuts the mistletoes with a golden sickle and uses the plant as the secret
ingredient of his magic potion providing superhuman strength (Goscinny and Uderzo
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1961). Consistent with its modern Gaelic name which means “All-heal”, the mistletoe was
also reported throughout history as a cure against a variety of diseases including epilepsy,
vertigo, spasm, rheumatism and pertussis (LeStrange 1977), only to name a few. Infusions
or concoctions from leaves and berries were prescribed to assist conception. Interestingly,
in Austria it was believed to serve a contraceptive function. In Scandinavia and Britain
mistletoe branches were nailed onto roof ridges and stable doors to protect people and cattle
against diseases, thunder, fire and evil spirits, but also to bring good luck (Tubeuf 1923).
From this it is assumed evolved the English tradition to decorate the house with mistletoe
for Christmas where mistletoe shrubs or branches are nailed onto the ceiling, chandeliers
or door frames. As tradition holds, on Christmas Eve one may kiss a person standing under
a mistletoe. A common meaning here is that mistletoe stands again as a symbol for fertility
and life. A young woman standing under the mistletoe who is not kissed was believed to
stay unmarried for the year to come. This tradition has its origin in England where it can be
traced back to the 17" century (Bull 1864). Later, this tradition spread to other countries
and regions including Germany, France, Japan and North America where the “originally”
used species V. album was substituted by the locally occurring lookalike Phoradendron
serotinum. Although the modern kissing tradition cannot be traced to a specific druidic
ritual, there is no doubt that the ancient pagan New Year ceremonies have somehow sur-
vived for more than two millennia and fused with one of the most prominent modern Chris-
tian festivals. A more detailed discussion of mistletoe related myth, legends and other folk-
lore can be found in Kuijt (1969) and Tubeuf (1923).

Apart from the folklore and the attributed mystical properties, the mistletoe has been fasci-
nating people for millennia due to the rather unique means by which the mistletoe seeds are
spread and propagated. Already nearly 2500 year ago, Theophrastus (371-287 BC), a stu-
dent of Aristotle reported that mistletoe seeds were disseminated with the help of birds to
whom the berries serve as winter food source. This happens in one of the following ways:
1) Berries are picked by birds which successively try to feed on the pulp of the berry. Peck-
ing into the berry leads to an instant adhesion of the bird’s beak to the viscin, a sticky
mucilaginous tissue which surrounds the seed. When the bird withdraws the beak the en-
trapped seed is pulled out of the berry. The “annoyed” bird typically tries to dislodge the
sticky seed by wiping it off onto a nearby branch whereas small sticky threads are formed
from the viscin that help to secure the seed onto the branch where it can germinate (Kuijt
1969; Heide-Jorgensen 2015). 2) Whole berries are swallowed by the bird and the seeds
are regurgitated only a short time after. The sticky seeds, which are removed from most of
the surrounding berry pulp and skin, are left on a nearby branch where they can germinate
(Kuijt 1969; Heide-Jorgensen 2008). 3) Berries are swallowed by birds as a whole. Within
only minutes, they pass through the bird’s digestive system after which numerous seeds are
excreted onto lower branches to which the seed adheres based on the sticky nature of the
viscin. This often results in formation of long cellulosic adhesive fibers, connecting numer-
ous seeds hanging loose like a string of pearls (Tubeuf 1923; Heide-Jorgensen 2008;
Azuma et al. 2000), which by shaking in the wind may come into contact with a nearby
branch where they adhere and germinate. The Greeks used this knowledge of mistletoe
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propagation to produce birdlime (Latin — viscum), a natural glue made from the mistletoe
berries which was spread on branches to capture birds for food. The irony of the poor bird
actively spreading the seeds of a plant, which is then used to capture it later is succinctly
captured in a Latin proverb about the mistle thrush (7urdus viscivorus), a bird whose sci-
entific as well as its common name refers to its feeding habit: Turdus ipse sibi cacat malum
(Plautus 254-184 BC). This was later translated by Robert Bland (1814) into a more poetic
form: "The Thrush when he defiles the bough, Sows for himself the seeds of woe." But also
the common English name of the mistletoe itself is thought to have its origin in this close
relationship between birds and plants. According to some, the word mistletoe originates
from the word mistiltan, a combination of the old German word “mist” (dung) and the old
Anglo-saxon word “tan” (twig) leading to the literal translation of the “dung twig” (Calder
1983), which gives a very colorful description of the typical mistletoe lifecycle.

And although this ancient knowledge is well documented, it was forgotten or falsely re-
jected later, as demonstrated by Jean Bauhin, a reputated botanist from the 17" century who
denied the parasitic lifestyle and rather believed mistletoes developed from the tree itself
like warts from a human body (Docters van Leeuwen 1954). Kuijt (1969) assumes that
Bauhin simply voiced the general opinion of his time. However, starting from the second
half of the 19" century, numerous works confirm the intimate relationship between birds
and mistletoes again, which is summarized by Tubeuf (1923, p. 609). While there was a
renaissance of the interest in the mistletoes and their peculiar lifestyle, part of the
knowledge about the bio-inspired birdliming got lost. Although Tubeuf (1923) collected
numerous recipes on the making of birdlime from mistletoe, most attempts to reproduce the
birdlime glue failed either due to missing or confusing information on either the correct
ingredients (leaves, stalks, stems, berries) or even the proper mistletoe species.

In more recent years, there has been a renaissance in the interest of potential medical appli-
cations of mistletoe (e.g. thousands of publications dealing with complementary or even
alternative anti-cancer treatment based on mistletoe extracts, reviewed in: Kleijnen and
Knipschild 1994; Biissing 2000; Ernst et al. 2003; Horneber et al. 2008; Nazaruk and Or-
likowski 2016). However, there is comparably little understood about mistletoe from the
materials science perspective arising from a very limited number of publications on the
topic. Yet, based on reports in the literature dating back to the ancient Greek philosophers
concerning the adhesive prowess of mistletoe viscin and its tendency for spontaneously
forming cellulosic fibers, this topic certainly deserves further examination. Therefore, the
present work focuses specifically on the study of mistletoe viscin — the mucilaginous adhe-
sive material surrounding the seed within mistletoe berries, understanding it both as a bio-
logical material whose properties have presumably evolved to facilitate seed dispersal of
this hemiparasitic plant and as an exciting model system for sustainable bio-inspired adhe-
sives and high-performance fiber. Indeed, apart from the fascinating biological implications
for a possible co-evolution between host and mistletoe and between host and vector, mis-
tletoe viscin serves as an intriguing model system for understanding the processing of cel-
lulose-based materials under ambient conditions, which is especially relevant in light of
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recent efforts to process nanocellulose isolated from biological sources (e.g. plant tissues,
algae, bacteria, tunicates) into high-performance composite materials (Eichhorn et al. 2010;
Klemm et al. 2011; Moon et al. 2011; Jonoobi et al. 2015). Additionally, the adhesive prop-
erties of mistletoe viscin provide a relatively untapped model system for bio-inspired glues
and are certainly worthy of further scrutiny based on the ancient reports of the efficacy of
birdlime in immobilizing birds. Indeed, biological adhesives ranging from mussel byssus
(Waite 2017) and velvet worm slime (Baer et al. 2017) to sandcastle worm (Stewart et al.
2004) and barnacle cement (Kamino 2010) have provided novel chemical adhesion mech-
anisms that are being applied in some cases for development of new technical and medical
glues (Lee et al. 2011; Zhao et al. 2016).

Thus, the work described in this thesis will examine in great detail the dynamic formation
of adhesive films and fibers from mistletoe berry viscin, and will pose a deceivingly com-
plex research question - how does this work? This is important from two different perspec-
tives.

1) Biological viewpoint: Can we get a better description of the successful dissem-
ination principle or to cite Darwin from the Origin of Species:

"In the case of the misseltoe [sic], which draws its nourishment from certain trees,
which has seeds which must be transported by certain birds, and which has flowers
with separate sexes absolutely requiring the agency of certain insects to bring pollen
from one flower to another, it is especially preposterous to account for the structure
of this parasite, with its relations to several distinct organic beings, by the effects of
external conditions or of habit, or of the volition of the plant itself. [...] It is there-
fore, of the highest importance to gain a clear insight into the means of modification
and coadaptation." (Darwin 1859, p. 3-4)

2) Materials viewpoint: Can we get mechanistic insights on the origin of the ex-
tremely unusual material properties of mistletoe viscin leading to multifunction-
ality such as easy fiber drawing and film formation, reversible easy switching
between viscous and rigid states and multimaterial adhesion? Such information
is expected to have strong relevance and value for efforts to generate next-gen-
eration sustainable plastics and composites, as well as for developing effective
bio-inspired adhesives.

To achieve these aims, I undertook a multiscale structural and mechanical investigation of
the viscin tissue using a broad range of materials characterization methods including tensile
testing, X-ray diffraction and a variety of microscope techniques. The thesis consists of
three data chapters that explore different aspects of the mistletoe viscin structure and func-
tion from the two perspectives described above. In chapter 4, I performed a comparative
anatomical and functional investigation of two related subspecies of Viscum album L., al-
lowing me to clearly localize the capacity for fiber formation to a specific anatomical fea-
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ture — the viscin cell bundles and viscin cell clusters. In chapter 5, I mechanically and struc-
turally characterized the fiber formation process by the viscin cell bundle using in situ X-
ray diffraction methods, providing deep insights into the hierarchical structure of crystalline
cellulose and swellable matrix, and their role during viscin processing. In chapter 6, I ex-
plored the potential of the viscin as a source of bio-inspiration by examining its processa-
bility and adhesive properties, revealing the ability to form 3D fiber scaffolds via wet-
welding, free-standing films via biaxial drawing and demonstrating the versatility of the
adhesive behavior on a broad range of surfaces including wood, glass, metal, engineering
polymers and even biological tissues. This last surface is especially interesting revealing
the potential biomedical applications of the viscin material. Thus, as a whole, this work has
its foundation in the biological origins of this fascinating material, which caught even the
attention of Charles Darwin, and further expands to future applications by elucidating fun-
damental structure-property relationships using advanced materials characterization tech-
niques.

14



2 State of the art

2 State of the art

Mistletoe viscin is a material based on plant cell wall which is the essential way for plants
to build their complex tissues providing them with material characteristics. This chapter
first describes wood as a prototypical plant material with hierarchical structure. Then the
basic building blocks of plant cell walls as well as the structure of primary and secondary
cell walls are briefly introduced. The specific hierarchical structure of mistletoe berries and
the viscin they contain will be addressed in 2.2.

2.1 Structure and function of plant cell walls

Higher plants and their individual plant organs (e.g. stem, leaves, roots and flowers and
fruits) reveal a sophisticated hierarchical organization typically covering several orders of
magnitude which is typical for natural materials (Fratzl and Weinkamer 2007). In the fol-
lowing section the wood tissue found in the stems of softwoods will be used as a well-
studied model system (Speck and Burgert 2011) to depict the structural organization of
plant tissue.

2.1.1 Hierarchical organization of wood as an example of plant cell wall

As illustrated in Figure 2.1 wood can described as a complex multicellular tissue with sev-
eral structural levels covering up to 12 orders of magnitude (Speck and Burgert 2011). The
integral level of the stem (Fig. 2.1A+B) scales from only a few mm for the width of a young
plant shoot up to a length of more than 100 m for the tallest trees on earth. The next level
is the macroscopic level of the tissue structure. The wood tissue of softwoods predomi-
nantly consists of only one cell type, called tracheids or fibers which typically scale from
several um in diameter up to a few mm in total length (Fengel and Wegener 1989). These
elongated cells can be described as hollow cylinders with a central lumen where the cell
walls of the individual cells are glued together via a middle lamella located between two
adjacent cells (Fig. 2-1D+E). Like many other plant cells, softwood fibers are multifunc-
tional cells: On the one hand the cell walls provide the tissue with mechanical stability. On
the other hand the hollow central lumen allows water transport along the stem. In temperate
zones softwoods are able to adapt the cell wall growth during different periods of the grow-
ing season. At early stages of the growing season the plant produces rather thin walled
fibers (early wood) with large lumen which are well-suited for water conduction. Towards
the end of the growing season the plant produces so-called late wood fibers with gradually
increasing cell wall thickness and decreasing lumen which stiffen the wood tissue (Fengel
and Wegener 1989). In order to understand these adaptation mechanisms and the cell wall
assembly it is necessary to examine the plant cell wall in more detail. Our current under-
standing on the cell wall fine structure largely bases on the intensive study on a few plant
model systems (e.g. Arabidopsis thaliana, Nicotiana tabacum, Populus ssp. and Picea ssp.)
and is far from being complete. In the next section the basic principles of the ultrastructural
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assembly will be briefly discussed before the layered substructure of the cell wall will be
further explored.
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Figure 2-1: Schematic hierarchical structure of wood. Reprinted with permission from (Postek
et al. 2011) Copyright 2011 IOP Publishing Ltd.

2.1.2 Plant cell wall composition

Plant cell wall are composite materials which are mainly build of only four basic groups of
biopolymers: cellulose, hemicellulose, pectin and lignin. Together they form the carbohy-
drate extracellular matrix that surrounds plant cells. Simplified, the cell wall can be de-
scribed as a fiber-reinforced composite where stiff crystalline cellulose fibrils are embed-
ded into a soft matrix of amorphous hemicellulose and either pectin or lignin (Gibson 2012;
Cosgrove and Jarvis 2012) where the latter is characteristic for woody tissue.

Cellulose

Cellulose microfibrils are composed of B-1,4-linked glucan chains (Fig. 2-1G), synthesized
by cellulose synthase protein complexes (Fig. 2-2) which are located in the plasma mem-
brane of the plant cell (Cosgrove 2005; Li et al. 2016). The individual glucan chains of
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indefinite length aggregate closely after synthesis in a parallel manner to form the microfi-
brils. This is achieved via intra- and intermolecular bonds between the glucan chains as
well as Van der Waals forces (Nishiyama 2009) and results in a crystalline conformation
with an impressive longitudinal stiffness in the range of 110-220 GPa (Moon et al. 2011).
The crystalline conformation of plant cellulose was determined to be of cellulose I
(Nishiyama et al. 2002). Microfibrils are often described to consist of crystalline domains
in series with less crystalline or even amorphous regions along the microfibrils (Fig. 2-1G,
Nishiyama 2009). The typical width of plant microfibrils heavily depends on the species,
cell type or location within the cell wall and ranges between 2-4 nm which equals 18 to 36
glucan chains (Cosgrove 2014). The degree of crystallinity is typically rather low due to
the rather small number of glucan chains forming the crystalline core compared to the
greater number of surface chains usually interacting with their local chemical environment
which disturbs the crystalline conformation (Newman et al. 2013). Multiple microfibrils
may aggregate into larger macrofibrils or bundles (Fig. 2-1E+F).

Matrix polymers

When the cellulose microfibrils are synthesized they are deposited into a partially preexist-
ing cell wall matrix (Albersheim et al. 2011). The matrix polymers hemicellulose and pectin
are considered to be partially assembled inside the cell from where they are transported to
the plasma membrane in secretory vesicles and then finally released into the cell wall (Dri-
ouich et al. 2012; Kim and Brandizzi, 2016) where the polymers interact with each other to
make the final wall architecture.

Hemicelluloses are a heterogeneous group of polysaccharides with a characteristic back-
bone comprising of B-1,4-linked sugar residues, namely glucose, mannose and xylose (re-
viewed in Scheller and Ulvskov 2010), similar to the linkage of cellulose. In contrast to
cellulose (only glucose-residues) these structures are usually branched and may contain
various side chains which prevents a fibril assembly. Hemicelluloses with partially un-
branched surfaces are able to bind with cellulose surface chains via hydrogen-bonds to
build the so-called cellulose-hemicellulose network (Fig. 2-2) which is considered to be
mainly responsible for the mechanical stability of the cell wall. Hemicelluloses also act as
a coupling agent between cellulose and lignin (Fengel and Wegener 1989).

Pectins are highly heterogeneous family of polysaccharides traditionally characterized by
containing large amounts of galacturonic acid residues (Atmodjo et al. 2013). Pectins have
a broad spectrum of functions such as the mediation of cell-cell adhesion between the mid-
dle lamella and the primary cell walls (Albersheim et al. 2011). They are also considered
to provide structural support in soft tissues comprising of primary cell walls where they
interact with cellulose (Fig. 2-2A; Voragen et al. 2009). They influence the formation of
secondary cell walls and are involved in the lignification of fibers and other woody tissues
(Hofte et al. 2012). Pectins and hemicelluloses can be covalently linked via proteoglycans
(Tan et al. 2013).
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Lignin is a complex phenolic polymer which is incorporated at a later stage of the cell wall
assembly. Within the existing framework of the cellulose-hemicellulose network lignin sur-
rounds the cellulose microfibrils and the matrix (Fig. 2-2B) and provides rigidity and com-
pressive strength.

2.1.3 Plant cell wall fine structure

A common motif in cell wall structural models is the structural organization into concentric
cell wall layers with distinct differences in either the volumetric proportions or the struc-
tural arrangement of the main biopolymers (Albersheim et al. 2011) where the individual
layers scale from ~10 nm up to a few um (Fig. 2-1E). The first layer which is produced
after the middle lamella is formed, is called the primary cell wall (Fig. 2-2A). This thin
layer comprises celluloses fibrils without pronounced preferential orientation with respect
to the cell long axis. Freshly formed primary walls (PW) are typically rich in pectin (30%),
with similar amounts of cellulose and hemicellulose (20-30%) and may also contain a mi-
nor percentage of proteins (1-10%) (Albersheim et al. 2011). The pectin-rich matrix is as-
sumed to provide the cell with a moderate mechanical stability but still allows newly
formed cells to expand during initial cell growth (Cosgrove 2018). After the cell has fin-
ished expansion some cell types like softwood fibers start to add successive layers which
are designated as the secondary cell wall. The secondary cell wall is typically divided into
two or eventually three sublayers (S1, S2, S3, Fig. 2-1E) which significantly differ from
the adjacent PW in size, chemical composition and structural arrangement (Cosgrove and
Jarvis 2012, Fig. 2-2B).
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Figure 2-2: Schematics of primary and secondary cell wall structure. Reprinted from

Nakano et al. (2015) with permission from Frontiers under a CC BY 4.0 license, Copyright
2015.
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From a chemical point of view the pectin content usually decreases in the secondary wall
(SW) while the cellulose content rises with respect to the PW. Both PW and the SWs may
additionally be impregnated with lignin to rigidify the cell wall as it typically occurs in
fibers to during late stages of cell development (Albersheim et al. 2011). A further very
important structural difference is the preferred orientation of the cellulose fibrils within the
SW layers. The angle at which the cellulose microfibrils are helically wound around the
cell long axis is commonly known as the microfibril angle (MFA) where a cellulose orien-
tation parallel to the cell long axis equals a low MFA (~0°) and a transverse orientation
equals a high MFA (~90°). The MFA is frequently determined with X-ray diffraction (Cave
1997; Lichtenegger et al. 1999a). In the thin S1-layer of fibers the MFA is typically low
(close to 90°) (Fengel and Wegener 1989) while the MFA of the thick S2-layer of normal
wood fibers is typically around 10-20° (Lichtenegger et al. 1999b). The MFA of the S2-
layer, which makes up to 80% of the entire cell wall volume of fibers (Fengel and Wegener
1989), was found to be a crucial parameter for the mechanical properties of the wood cell
wall and superordinate wood tissue (reviewed in Eder et al. 2013). It could be shown that
the tensile stiffness is highest for low MFA close to 0° and is reduced by roughly one order
of magnitude for MFA around 45° (Reiterer et al. 1999) which are characteristic for com-
pression wood fibers of softwoods. Fiber stiffness was found to be mainly determined by
the properties and the orientation of cellulose with only little influence of the mechanical
properties of lignin and hemicelluloses (Bergander and Salmén 2002). Based on modelling
approaches it was concluded that the amorphous matrix polymers rather influence the cell
wall properties in the transverse direction than in the longitudinal direction of the cellulose
microfibrils (Salmén 2004). The mechanical properties of microfibrils are considered to be
barely affected by presence of water due to the crystalline character (Salmén 2018). In con-
trast, the amorphous matrix substances are highly hygroscopic which affects their mechan-
ical properties when the water content of the cell wall changes due to drying or rehydration,
taking into consideration, that natural condition of the native cell wall would be fully hy-
drated. While lignin seems barely affected by changes of the moisture content at ambient
conditions, the mechanical properties of hemicellulose are dramatically reduced during wa-
ter uptake (Salmén 2004). For hydrated compression wood fibers with a large MFA (~45°)
it was suggested that at large deformations the soft matrix is able to slide along the micro-
fibrils contributing to plastic flow and a Velcro-like stick-slip mechanism was suggested
(Keckes et al. 2003). However, recent investigations have shown that water is also able to
access the interfaces between microfibrils (Lindh and Salmén 2017) leading to the hypoth-
esis that water molecules may act as a lubricant promotion sliding between molecules (Sal-
mén 2004). This might also explain the significant decrease in fiber stiffness observed be-
tween dry and wet fibers with a rather low MFA (Kersevage 1973; Eder 2007).
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2.2 Structure and function of mistletoe viscin

This chapter will guide the reader starting from an introduction into the characteristic life-
style of mistletoes via the most common seed dispersal mechanisms towards the state of art
regarding the ultrastructural and chemical characterization of viscin, an adhesive tissue
found in berries of V. album L. ssp. album involved in the seed-host attachment.

2.2.1 What makes a mistletoe?

The term mistletoe is generally applied to a diverse group of plants sharing a hemiparasitic
lifestyle which can be found on all continents except Antarctica (Kujit 1969; Barlow 1983;
Hawksworth 1983; Calder 1983; Nickrent 2011). Taxonomically they all belong to the or-
der of Santalales which comprises five families of mistletoes — Misodendronaceae, Eremo-
lepidaceae, Santalaceae, Loranthaceae and Viscaceae (Kuijt 1969; Restrepo et al. 2002;
Nickrent 2011) — which developed independently five times (Nickrent 2002). With about
1000 and 550 species, respectively, the two latter families together comprise more than
96% of all mistletoe species (Nickrent 2011). The majority of the mistletoes are aerial stem
parasites which require other woody plant species as hosts. As hemiparasites they are ca-
pable of performing photosynthesis, but require water, minerals and nutrients from the host
plant (Kuijt 1969). This is realized via a root-like organ called haustorium which connects
to the host both anchoring the mistletoe and tapping into the host’s vascular system to ab-
sorb water, nutrients and minerals (Thoday 1951; Calder 1983). Therefor it is essential for
the plant’s successful dissemination that the seeds within mistletoe fruits are deposited on
suitable hosts. While there are only a few reports of mammalian seed dispersal by marsu-
pials (Amico and Aizen 2000) and bats (Allen 1962), the wind dispersed Misodendronaceae
or the explosive seeds of the American dwarf mistletoe (Arceuthobium americanum)
(Hinds et al. 1963), in most cases this is achieved by the help of birds (Reid 1991; Reid et
al. 1995; Restrepo et al. 2002; Aukema 2003). In fact, many birds are highly specialized on
the mistletoe diet (Reid 1991; Reid et al. 1995; Ladley and Kelly 1996; Martinez del Rio et
al. 1996; Watson 2004) and there is evidence for a potential co-evolution between mis-
tletoes and birds (Reid 1991). The birds are attracted by mistletoe fruits which offer water
and nutrients as a reward for their logistic service. Additional to the avian transport the
seeds need to be firmly fixed onto the potential host. To achieve this, most mistletoe species
developed sticky seeds, typically covered by a mucilaginous tissue called viscin (Kuijt
1969; Reid 1991; Heide-Jorgensen 2008), which acts as an adhesive gluing the seed onto
its new host after deposition. To activate the adhesive viscin properties the seed needs to
be released from the surrounding fruit skin. As described above, this mainly happens by
bill wiping, regurgitation or defecation (Reid 1991; Reid et al. 1995; Kuijt 1969; Snow and
Snow 1984; Snow and Snow 1988). Once the seed becomes successfully attached to a po-
tential host, the surrounding viscin tissue dries and firmly fixes the seed (Fig. 2-3A+B).
While seeds of tropical mistletoe species often start to germinate shortly after host attach-
ment (Lamont 1983), some species living in temperate zones including Viscum album L.
can show a longer resting period of several weeks up to months before germination starts
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(Heinricher 1912; Nierhaus-Wunderwald and Lawrenz 1997). During germination the hy-
pocotyl typically elongates and grows towards the host (Fig. 2-3A). Upon contact a disc-
like holdfast is formed, which firmly connects the hypocotyl to the host bark (Fig. 2-3B,
Thoday 1951). Once the mistletoe has entered its host tissue, the development of the haus-
torium begins (Thoday 1951). For more detailed information on the typical lifestyle and
lifecycle of mistletoes the reader is referred to the comprehensive works of Tubeuf (1923),
Kuijt (1969) and Heide-Jorgensen (2008).

Figure 2-3: Mistletoe seed-host adhesion. A) Viscum album L. ssp. album seeds on an apple tree
(Malus domestica) branch. A freshly isolated and manually deposited seed (dark green arrow) at-
taches via the surrounding viscin, a sticky translucent hydrated tissue from which emerges an ad-
hesive fiber (white arrow) which connects the seed with the remaining skin of the berry (blue ar-
row). Previously attached and already dried seeds (light green arrows) show the presence of a white
tissue covering the green seed. Hypocotyl (red arrows) start to grow from inside of the seed. Scale
bar: 1 cm. B) The hydrated viscin layer from (A) dried out firmly fixing the seed onto the branch.
The previously greenish seed is now also covered by a white tissue. The fiber and the remaining
berry skin fell off. The hypocotyl radicals grew towards the bark of the branch leading to the for-
mation of a disk-like holdfast fixing the hypocotyl radical and the seed onto the bark. C) Feshly
deposited berry attached to the branch via the sticky viscin beneath the fruit skin (blue arrow). The
hydrated seed (dark green arrow) is pulled out of the berry but is still connected with the remnants
above via two characteristic individual fibers (white arrows). D) The adhesive fiber emerges from
both ends the seed and the viscin beneath the fruit skin. E) A manually drawn mistletoe fiber con-
necting the berry skin and the sticky viscin layer surrounding the hydrated seed. Fibers can reach a
length of >1 m. Scale bar: 50 cm.
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2.2.2 The species Viscum album L.

Viscum album L., known commonly as the European mistletoe, belongs to the family of
Viscaceae. As the common name suggests, the species is native to most of Europe, but has
an even broader distribution range along North Africa, the Middle East, and Continental
Asia all the way to East Asia where it occurs in Japan and Korea (Tubeuf 1923; Becker
1986; Zuber 2004; Maul et al. 2019). V. album L. is an evergreen shrub with thick leathery
leaves. The young shoots of this perennial plant start to grow in fan-like manner initially,
but after a few years the plant grows into its typical globular shape. Single individuals can
reach maximum globe diameters of more than 2 m (Heide-Jorgensen 2008). V. album L. is
a dioecious plant with either male or female reproductive organs on individual plants and
both male and female flowers are rather inconspicuous. Only the female inflorescence
which is typically pollinated by insects in late winter/spring develops into a berry (Nier-
haus-Wunderwald and Lawrenz 1997). The development starts in spring/summer and the
berries mature in late autumn/winter (Nierhaus-Wunderwald and Lawrenz 1997). Mistletoe
berries are not true berries in a strict botanical sense as they do not develop from a true
ovule and because axis tissue is also involved in the fruit development. That is why the
term pseudoberry would be more technically accurate, but in the literature, the term berry
is well accepted and shall be used in the present work. The seed is also not a true seed in a
botanical sense since it does not possess true seed coat, which typically develops from the
integuments of the ovule. Instead, the embryos are loosely embedded into a sac-like com-
partment which also develops from axis tissue of the inflorescence. However, like the berry
this pseudoseed is also well accepted as a seed in the literature. The berries typically contain
a single seed with one or two and in rare cases three embryos (Tubeuf 1923). For a more
detailed background on the biology of Viscum album L., the reader is referred to Tubeuf’s
‘Monographie der Mistel’ (1923) and the work of Zuber (2004).

Importantly, all mistletoes show a certain degree of host specificity (Norton and Carpenter
1998), which means that they can only grow on a limited number of host species. In the
case of V. album L., the host specificity led to an early differentiation into subspecies based
on specific cohorts of host species. In Europe four subspecies are currently known four V.
album L.:

V. album subsp. album L. (V. album) grows on a wide range of hardwood species prefer-
ably on apple trees (Malus ssp.), but also on birch, maple, poplar, robinia, widow, linden
and many more. In fact, with more than 384 registered host taxa V. album is reported to
have one of the biggest ranges of accepted host amongst all mistletoes (Barney et al. 1998).
With a natural distribution from England to Japan the subspecies can be found in Europe,
North Africa, along the Middle East up to East Asia. It has also the largest distribution
range of all subspecies (Tubeuf 1923; Zuber 2004; Maul et al. 2019). Although not native,
the species can also be found in Western North America, where it was successfully intro-
duced by a German florist around 1900 presumably in order to harvest and sell the plant as
a traditional Christmas decoration (Scharpf and Hawksworth 1976). Starting from a small
area and only a few individuals, the species has successfully expanded across the western
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coast of North America ranging from California to British Columbia (Hawksworth and
Scharpf 1986).

V. album subsp. abietis (Wiesb.) Abromeit (V. abietis) grows on firs (Abies ssp.) and its
geographical distribution is mainly limited to Europe and the Middle East (Zuber 2004;
Maul et al. 2019).

V. album subsp. austriacum (Wiesb.) Vollmann (V. austriacum) grows on pine and larch
(Pinus ssp. and Larix ssp.) and is native to Europe and the near East (Zuber 2004; Maul et
al. 2019).

V. album subsp. creticum (V. creticum), which occurs on a sole pine host (Pinus brutia)
on the isle of Crete (Bohling et al. 2002).

As a potential fifth subspecies Viscum album var. coloratum (V. coloratum), which grows
on hardwoods similar to V. album is worth mentioning. However, this related species which
is native to Continental and East Asia (Zuber 2004; Maul et al. 2019) is treated by some as
its own species (Qiu and Gilbert 2003). On the one hand the status of true subspecies was
supported by early cross infection experiments in which seeds of individual subspecies
were artificially sown onto a wide range of host species (Heinricher 1911; Tubeuf 1923).
The results supported the existing categorization as the seeds typically failed to grow into
vial plants on hosts outside their known range with only a few exceptions, which were
unknown in nature. On the other hand recent phylogenetic investigations showed that there
are also distinct genetic differences, which are in good agreement with the early taxonomic
categorization of V. album L. (Zuber and Widmer 2000; Zuber and Widmer 2009; Maul et
al. 2019).

Amongst the abovementioned subspecies of V. album L. the berries can vary in size (5-12
mm) and color (white, yellow, pink, red) (Tubeuf 1923; Zuber 2004; Heide-Jorgensen
2008). Besides these external characteristics, the berries also possess important internal
morphological differences, which have been attributed to the individual subspecies. Tubeuf
(1923) was the first author who mentioned the ability of the viscin tissue from V. album
berries to form adhesive fibers (Fig. 2-2) as a distinct morphological difference when com-
pared to V. austriacum and V. abietis. Although earlier works focused on the chemical and
structural characterization of V. album berries (Gjokic 1896; Tomann 1906), none of these
works tried to compare the berries from coniferous hosts and deciduous hosts. Indeed, it
seems they were not aware that there were any differences between them and so they did
not mention the subspecies or the host. Later works also described the fiber forming ability
of mistletoe viscin, but do not mention the subspecies or the host tree (Mangenot et al.
1948; Boespflug 1964). A subsequent comparative study on the morphology of more than
300.000 berries of the aforementioned V. album L. subspecies including V. coloratum con-
firmed that the fiber forming ability can be used a distinct morphological trait to discrimi-
nate between fiber forming subspecies (V. album and V. coloratum) and non-fiber forming
subspecies (V. abietis and V. austriacum) (Grazi and Urech 1981). Although their study
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briefly illustrates the morphological and functional differences after seed removal on the
macroscopic level, the work does not include any mechanistic insights or investigations on
possible microstructural differences linked to the fiber formation. Indeed, there are few
reported insights into the anatomical and functional features of fiber formation across V.
album L. subspecies, which is a point I will address in chapters 4 and 5 of this thesis.

2.2.3 The structural organization of Viscum album berries

Although the literature is scarce, the remaining part of the chapter will address what is
known of the internal hierarchical structure of V. album berries with respect to the potential
origin of adhesive viscin fibers. Figure 2-4 shows a diagram of the rough structural organ-
ization of the tissues within the berry. The green seed is located in the center of the berry.
It contains one or more embryos which are embedded into the endosperm. The seed is sur-
rounded by the pericarp (Sallé 1983; Azuma et al. 2000). The latter consists of three layers
where the innermost layer is the endocarp, a thin cellular layer surrounding the seed endo-
sperm. The outermost layer is the thick epicarp which shows characteristic dark brown
floral traces of the four tepals surrounding the central stigma (Wangerin 1937). The floral
traces are located on the opposite side of the peduncle, which carries the berry. The center
layer is the mesocarp, which is the part of the tissue that is typically referred to as viscin.
Based on early works around 1900, the viscin is a mucilaginous layer which consists of an
inner indigestible pectosic slime and an outer digestible cellulosic slime (Gjokic 1896; To-
mann 1906). The inner pectosic slime comprises radially oriented cells that are connected
to the endocarp and surround the seed. Based on chemical staining, the cells were reported
to have an inner cellulosic cylinder with spiral wall thickenings and an outer pectic cylinder
(Gjokic 1896). The outer cellulosic slime was found to surround the inner pectosic slime
and upon squashing the berries one part of the slime remained attached to the epicarp and
the other part remained attached to the seed. Both authors described the presence of numer-
ous elongated cells within both slime layers which could readily be stretched out into thin
elongated cellulosic filaments. The cellulosic character was concluded from successful
chemical staining with cellulose dyes (Gjokic 1896) and observations with polarized light
microscopy due to an intense birefringent signal of the stretched filaments under crossed
polars (Tomann 1906). The macroscopic viscin fibers were reported to consist of numerous
of these microscopic filaments, each interpreted as a single stretched cell (Gjokic 1896).
Apart from the chemical differentiation both works do not offer any further microscopic
insights on potential structural differences of the two slime layers.

After this initial work, the understanding of viscin microstructure and chemical composi-
tion did not advance further for the better part of a century. In the early 1980s, Sallé (1983,
Fig. 2-4A) was able to confirm the presence of elongated cells with spiral wall thickenings
oriented radially around the seed. It was also confirmed that these cells comprise an inner
cellulosic cylinder with a helicoidal structure and an outer pectic cylinder. Additionally, the
author describes another cell type which is located mainly between the inner pectosic viscin
layer and the epicarp, but also between the individual elongated cells. This cell type was
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described as highly vacuolated cells with thin cell walls. All cell types are reported to be
embedded into a polysaccharidic substance. Interestingly, the work does not mention any
further viscin layers like the outer cellulosic slime found in earlier works. Although the
author was well aware of the morphological differences described earlier (Grazi and Urech
1981), the work does not give reference to the host or subspecies and so it remains specu-
lative whether this may underlie the different observations.

Finally, one of the most important works on the structural organization was performed by
Azuma et al. (2000) on berries of V. album grown on apple trees. It contained important
new insights into viscin structure across several hierarchical levels starting from the whole
berry down to the micro- and nanostructure of the viscin. Beginning with a schematic or-
ganization of the entire berry (Fig. 2-4B) their description mainly follows the observations
from previous studies regarding the external characteristics, seed structure, and the location
of endocarp and epicarp. However, the morphological description of the mesocarp signifi-
cantly went beyond previous studies. According to Azuma and co-workers the mesocarp
comprises four different tissue types: 1) Radially oriented elongated cells, which were de-
scribed as hairy cells, surround the seed; 2) The viscin tissue, a highly viscous substance
which surrounds the seed and the layer of hairy cells, comprises clusters of elongated cells
(viscin cells) with an individual length close to 1 mm and widths ranging from 10 to 50
um. The cell clusters are reported to be attached to the mesocarp close to the peduncle and
from there on, they arc around the layer of hairy cells as two mirroring domains, which are
joined above the seed at the opposite side of the peduncle forming a continuous ring. As
observed with PLM, these cells were highly birefringent and revealed a peculiar cellulose
arrangement in which the cellulose fibrils were tightly coiled around the cell wall perpen-
dicular to the cell long axis. A minor fraction of the viscin tissue was reported to extend as
string-like cells into 3) a spherical gel layer which is located between the viscin tissue and
the epicarp; 4) Vacuolated cells were located mainly around the outer surface of the viscin
tissue.

25



2 State of the art

B floral traces

pericarp

PER hypocotyl

endosperm

vacuolated cells

mesocarp

Figure 2-4: Viscum album L. berry organization. Longitudinal sections showing the schematic
organization mature berries. A) The berry comprises the seed and the pericarp (PER). The seed
comprises two embryos (EM) with the cotyledons (c) and the hypocotyls (hy) embedded into the
endosperm (END). The pericarp consists of the endocarp (En.) surrounded by a layer of elongated
cells (e.c.) arranged in a ray-like manner around the seed followed by a layer of vacuolated cells
(v.c.). Together, h.c. and v.c. build the mesocarp (Me.). The berry is protected on the outside by the
epicarp (Ep.). On the bottom the berry is connected to the peduncle (p). Arrows: traces of flowering
structures, e.g. scars of the tepals and the stigma. Reprinted from Sallé (1983) with permission from
Elsevier. B) The berry comprises the seed and the pericarp. In this schematic the mesocarp consists
of 4 tissue types: hairy cells, the viscin tissue, vacuolated cells and a spherical gel. Reprinted from
Azuma et al. (2000) with permission from Springer Nature.

2.2.4 The micro- and ultrastructure of viscin from Viscum album

Based on PLM images of carefully dissected viscin tissue and in agreement with previous
studies (Gjokic 1896; Tomann 1906). Azuma et al. (2000) were able to demonstrate, that
the viscin cells can be readily stretched into thin cellulosic filaments with a typical diameter
of 1-3 um (Fig. 2-5A). TEM studies on viscin cell cross-sections showed that viscin cells
comprise massive cell walls with an irregular shape and small central lumen where the
transverse cellulose arrangement was confirmed using electron diffraction (Fig. 2-5B).
TEM images of stretched viscin cells showed that the individual filaments consist of bun-
dles of slender long microfibrils with a width of ~3 nm. The microfibrils showed a very
high degree of orientation parallel to the filament as confirmed with X-ray diffraction
(XRD) and electron diffraction. Complementary XRD and nuclear magnetic resonance
(NMR) investigations further revealed that the cellulose is of low crystallinity and belongs
to cellulose I (IV). A follow-up study by one of the authors compared viscin of V. album to
a closely related subspecies from V. coloratum and reports similar morphological charac-
teristics for viscin cell clusters including the ability to form macroscopic adhesive fibers
(Azuma and Sakamoto 2003).
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Figure 2-5: Viscin cell microstructure. A) PLM image of a viscin cell partly stretched into a
filament. The arrow points towards the stretching zone. Reprinted from (Azuma et al. 2000) with
permission from Springer Nature. B) TEM image of a viscin cell cross-section. Insert: electron
diffraction pattern of the circled area. Reprinted from (Azuma et al. 2000) with permission from
Springer Nature.

Interestingly, an earlier in-depth study of the development of viscin cells from Phthirusa
pyrifolia (Loranthaceae), a species which is native to South and Central America, showed
similar results regarding cell wall organization and functionality of viscin cells (Gedalovich
and Kuijt 1987). Although there are distinct differences in the reported berry morphology,
especially regarding location and distribution of viscin cells compared to V. album, PLM
and TEM investigations also showed viscin cells with massive cell walls and a transverse
cellulose orientation. The viscin cells of P. pyrifolia were reported to be somewhat smaller
in width and length (Gedalovich and Kuijt 1987) compared to V. album (Azuma et al.
2000). However, similar to V. album, these cells could also be readily stretched into cellu-
losic filaments of similar size and a high degree of cellulose orientation on the nanoscale,
which may aggregate to form macroscopic adhesive fibers.

2.2.5 Viscin biochemistry

Apart from the morphological characterization and the differentiation into a cellulosic slime
fraction and a pectosic slime fraction around the beginning of the 20™ century, a few studies
presented further insights into the chemical composition of viscin from V. album and other
mistletoe species. Early on, the viscin of V. album L. was generally characterized as cells
embedded into a polysaccharidic substance (Sall¢ 1983). More specifically, for V. album
(Azuma et al. 2000) and a closely related subspecies of V. coloratum (Azuma and Sakamoto
2003) it was found that the mechanically isolated and washed viscin comprises similar
amounts of cellulose (~45% dry weight (d.wt.); 47% d.wt., respectively), hemicelluloses
(~53% d.wt.; 53% d.wt.), pectins (~2% d.wt.; 2% d.wt., estimated from uronic acid content)
and was essentially free from proteins. Due to the polysaccharidic nature, the extracted
biopolymer was named ‘viscan’. It remains unknown how the washing procedure might
have affected the chemical composition as it was also reported that the viscin tissue lost its
adhesive properties after washing (Azuma et al. 2000) and therefore an important property
of the suggested natural function. This clearly indicates that some viscin components might
have been washed off and were missing in the subsequent chemical analysis. Due to the

27



2 State of the art

absence of lignin in combination with the small lateral size of the cellulose fibrils as de-
duced from XRD, AFM and NMR results (Azuma et al. 2000; Azuma and Sakamoto 2003)
the viscin cell walls were classified as belonging to the primary cell walls

Further examples of a chemical characterization of viscin from other mistletoe species can
be found in a comparative study between three American mistletoe species Arceuthobium
americanum (Viscaceae), Phorandendron californicum (Viscaceae) and Phthirusa pyrifo-
lia (Loranthaceae) (Gedalovich-Shedletzky et al. 1989). The study confirms that the major
part of all viscin mucilage is made of a mixture of polysaccharides. Neutral sugars were
found to make the major contribution with 10-55% d.wt. accompanied by a minor percent-
age of uronic acids (3-30% d.wt.). Furthermore, all species showed substantial amounts of
proteins (5-44% d.wt.) and minor amounts of phenolic compounds (2-7% d.wt.). The work
precisely reports how the viscin extraction and the chemical analysis were performed based
on an earlier study of P. californicum (Gedalovich et al. 1988). However, the morphology
of the compared viscin tissues differs substantially (Gedalovich and Kuijt 1987; Gedalovich
et al. 1988; Ross 2006). For example, only P. pyrifolia exhibits a similar ability to form
adhesive fibers (Gedalovich and Kuijt 1987) like V. album (Azuma et al. 2000), while the
two Viscacean species examined do not. Thus, despite the overall similarities in the basic
chemical composition of the viscin tissues, it remains unknown how the individual compo-
nents are distributed within the complex berry architecture and how they contribute to the
different proposed functionalities of mistletoe berries such as seed adhesion (Tubeuf 1923),
mechanical protection of the seed (Kuijt 1969) or the offer of nutrients to attract the vector
(Snow and Snow 1988).

In summary, the sparse literature dealing with the viscin of V. album and the diverse viscin
tissues from only a few other mistletoe species reveals just how little is known about both
the morphology and chemistry of this highly interesting biological adhesive material. It will
require further systematic investigations coupling multiscale structural analysis to chemical
analysis to elucidate its complex structure-function relationships.
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3 Experimental

3.1 Materials

Whole V. album L. ssp. album plants with mature berries were collected from apple trees
(Malus domestica) near Golm, Germany in winter 2015/16, 2016/17,2017/18 and 2018/19.
Whole plants with mature berries from V. album ssp. austriacum were collected from pine
trees (Pinus sylvestris) in Berlin Adlershof. To investigate the development of the berries
single berries were collected from both species from spring to autumn in 2017. All berries
were cut from the mistletoe branches in groups with intact peduncles to maintain the struc-
tural integrity of the individual berries. Berries were either used immediately for experi-
ments or were flash frozen by collecting berries in 50 ml falcon tubes sealed with parafilm
and submerged into liquid nitrogen for 5 minutes. Falcon tubes were stored at -20 °C and
single berries were thawed for later use. The freeze-thaw process did not result in noticeable
differences of the fiber or film forming ability which was checked by thawing numerous
berries directly after flash-freezing. However, berries were never used for more than one
year after harvest as some berries showed distinct changes in the viscosity of the viscin
tissue which became less viscous. This way it was intended to reduce possible tissue alter-
ations due to an aging of the berries during storage in the freezer.

3.2 Methods

3.2.1 Sectioning

Frozen berries were taken out of the freezer (-20 °C) and immediately sectioned by hand
with a chilled razor blade. It was taken care to act as fast as possible to keep the berries
from early thawing, which makes a proper sectioning impossible due to its viscous proper-
ties. Berry sections along specific anatomical planes were performed with the guidance of
external characteristics as described in chapter 4. Fresh sections were immediately im-
mersed in distilled water on glass slides with an included deepening and covered by a cover
slip for a later microscopic examination. The deepening and the sample thickness were
chosen such that sections did not experience any compressive or shear stresses from the
cover slip.

A Zeiss rotary microtome RM2255 was used to trim dried samples mounted on glass slides
to obtain a homogeneous sample thickness.

3.2.2 Light microscopy and polarized light microscopy

Berry hand sections were imaged with a Basler acA1920-40uc USB camera mounted on a
Leica MZ7-5 stereomicroscope in transmission mode. The same sections were investigated
directly afterwards with a digital microscope (Keyence VHX-S550E) equipped with a uni-
versal objective (VH-Z100UR) operated in transmission mode for conventional light mi-
croscopy (LM) or under crossed polarizers with optional use of a red full-wave retardation
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plate for polarized light microscopy (PLM) exploiting the natural birefringence of crystal-
line cellulose. The entire sections were imaged with the help of an automated stitching
routine provided by the Keyence control software at 100x magnification.

Freshly drawn fibers were either directly glued to glass slides exploiting the natural adhe-
siveness. Alternatively fibers were dried under ambient conditions and then mounted on a
glass slide for LM/PLM imaging. For investigation of the fiber formation, seeds were ex-
tracted from the berry as described in chapter 5 and viscin cell bundles (VCBs) were ex-
cised near the seed interface. The emerging fiber was cut a few mm from the tip of the
VCB. The obtained samples were carefully translocated onto a glass slide with the help of
fine tweezers. The samples were investigated with a digital microscope (see above) for LM
and PLM imaging. Since the sample thickness in the native unstretched VCB dramatically
differed from the much thinner resulting fibers, air dried samples were further trimmed with
a rotational microtome (Leica RM2255) to obtain a homogeneous sample thickness. Thus,
a qualitative evaluation of the resulting polarization colors with respect to the cellulose
orientation was possible.

3.2.3 Environmental scanning electron microscopy

Mistletoe samples were investigated with a Quanta FEI FEG 600 environmental scanning
electron microscope (ESEM) in low vacuum mode (0.75 torr). Images were obtained with
a secondary electrons detector at an acceleration voltage of 4-5 kV. The sample stage al-
lowed vertical tilting to obtain oblique views.

3.2.4 Confocal fluorescence microscopy

Freshly isolated viscin tissue was stained with 1 mg ml™! Direct Yellow 96 (Sigma Aldrich)
solubilized in a water-ethanol mixture (25%/75% v/v). The samples were stained in 5 ml
vials overnight and then thoroughly washed in a pure water-ethanol mixture (25%/75%
v/v). Stained samples were mounted between a glass slide and a coverslip, immersed in a
water-ethanol mixture (25%/75% v/v) and sealed with nail polish. Images were acquired
using a Leica SP8 confocal scanning fluorescence microscope equipped with a 63x
(NA=1.2) water immersion objective. The samples were excited at a wavelength of 458 nm
and the fluorescence signal was collected with a HyD detector with a bandpass filter of
468-518 nm.

In a second set of experiments dried viscin fibers were stained with 2 mg ml!' Direct Red
23 (Sigma Aldrich) solubilized in either ethanol or water. One set of fibers was fixed on a
glass slide, stained for 30 min in S4B diluted in ethanol, then thoroughly rinsed with ethanol
before they were mounted between the slide and a coverslip with antifade AF1 (Electron
Microscopy Sciences). The prepared slides were sealed with nail polish. A second set of
fibers was mounted on a glass slide, treated with pectinase (from Aspergillus aculeatus,
Sigma Aldrich, 3800 pug ml™!) solubilized in water for 1h and then thoroughly rinsed with
water. Afterwards fibers were stained for 30 minutes in S4B diluted in water, thoroughly
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rinsed with water before they mounted between the slide and a coverslip as described above.
A control group was only stained in S4B diluted in water without pectinase treatment and
further prepared for imaging as described above. Images were obtained with a Zeiss Axio
Observer Z1 /7 equipped with an oil immersed 63x/Alpha Plan Apo (NA=1.46). Fluores-
cence was excited at a laser wavelength of 561 nm and the fluorescence signal was detected
with a bandpass filter of 598-660 nm. Image stacks were processed with Fiji 1.51 and single
representative z-slices were exported as images.

3.2.5 Second-harmonic generation microscopy

Cellulose fibrils were imaged by second-harmonic generation using a customized mul-
tiphoton microscope (FV1200 MPE, Olympus Canada Inc., ON, Canada). Samples were
excited with 780 nm, 200 fs pulses from an ultrafast Ti:Sapphire laser (Mira 900F, Coher-
ent, CA, USA) pumped by a 532 nm laser (Verdi V18, Coherent, CA, USA). Laser excita-
tion power was computer-controlled with a custom variable attenuator consisting of a half-
wave rhomb retarder (FR600HM, Thorlabs, NJ, USA) mounted on a rotational stage
(PRM1Z8, Thorlabs, NJ, USA) driven by a custom LabVIEW VI (National Instruments,
TX, USA), and a linear Glan-Laser polarizer (GL10, Thorlabs, NJ, USA). Excitation light
was focused on mistletoe tissue with a 25x (NA=1.05) water immersion objective
(XLPL25XWMP(F)), Olympus Canada Inc, ON, Canada). Emitted light was collected in a
forward configuration using a 0.9 NA dry top condenser lens, split by a 425 nm long pass
dichroic mirror (T425LPXR, Chroma Technology, VT, USA) and detected by two photo-
multipliers. Second harmonic generation light emitted by the sample was filtered by a 400
nm filter (ET400/40X, Chroma Technology, VT, USA) just prior to detection.

3.2.6 Manual fiber drawing

Mistletoe fibers were manually drawn following a newly developed protocol described in
detail at the beginning of chapter 5. Freshly drawn adhesive fibers were attached to a la-
boratory stand and allowed to dry at ambient conditions under the weight of the attached
seed.

3.2.7 Semi-automated fiber drawing coupled with polarized light microscopy

A custom built mistletoe fiber drawing device (Fig. 3-1) was developed for PLM video
imaging with in situ fiber drawing. Seeds of V. album were isolated and spiked on a sample
holder connected to a high precision load (Honeywell 31E) cell with a maximum capacity
of 0.5 N to measure the drawing forces. The initial short and sticky viscin fibers resulting
from the manual seed isolation were attached to a spinning wheel (using the natural adhe-
sive properties) connected to a LEGO® Technic™ step motor with a tunable rotation speed
ranging from ~30 pm s to ~6 mm s placed under a digital microscope (Keyence VHX-
S550E) with crossed polarizers in transmission mode. The drawing direction was set to an
angle of 45° relative to the polarizers via a rotational stage and a video was recorded of the
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drawing process with a frame rate of 15 Hz and a single frame resolution of 1600 x 1200
pixels.

Figure 3-1: PLM video imaging with in situ fiber drawing. A) Custom-built Lego® Technic™
fiber drawing device (a) mounted under a digital microscope (Keyence VHX-S550E) (b) on an
integrated motorized xy-stage (c). The automated fiber formation process was tracked with an inte-
grated camera displayed on a monitor of the digital microscope (d). B) Close-up of (a) showing the
mistletoe seed (green arrow) spiked on a sample holder (e) connected to a load cell (f). The emerg-
ing fiber (white arrow) was attached to a spinning wheel (g) which was driven by a Lego motor (h)
powered by a battery (i). The device was placed under the objective (j) focusing on the viscin cell
bundle (blue arrow) in the center.

Additionally, a commercially available universal table-top testing machine (Zwick Zwick-
iline; 10 N load cell) was utilized, which allowed higher drawing speeds up to 1.66 cm s’
with a maximum linear travel distance of ~65 cm. Seeds were isolated from the berry as
described in chapter 5 and clamped on the bottom of the device while the remaining part of
the berry including fruit skin was clamped on the crosshead side without cutting the fiber
or the tissue.
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3.2.8 Micro-tensile tests under controlled climatic conditions

Figure 3-2: Micro-tensile testing under controlled environmental conditions. A) The device
comprises a sample chamber (a) with a removable cover (b) and a precision linear stage (c). The
device is placed under a stereomicroscope (d) equipped with a digital camera for video extensom-
etry. An external cold light source (e) lightens the sample. B) For mechanical testing mistletoe fibers
were glued onto foliar frames under a stereomicroscope (f) and a gluing frame (g) which facilitates
centering and aligning the fibers along the later drawing direction. C) Close-up of (a) showing the
sample holder (h) connected to the load cell (i) and the linear stage. The body of the device is
thermally controlled via a heat circulation thermostat connected via an inlet (j) and an outlet (k) for
the circulating fluid. Air temperature (T) and relative humidity (RH) inside the chamber are con-
trolled with a humidity generator connected via a heated transfer line to the gas inlet (1). Air circu-
lation is ensured via an air outlet (m). Air T and RH inside the chamber were recorded with a
Sensirion SHT75 sensor (n). D) Close-up of (h) showing the foliar frame (o) carrying the fiber
(white arrow), clamped by two metal plates (p) tightened via screws (q). After clamping the sample,
the supporting bridges of the foliar frame are cut with a cautery pen along the dashed yellow lines.

For mechanical testing, fibers were drawn manually and dried under the seed’s own weight
at ambient conditions overnight. Small homogenous segments from individual fibers were
glued onto a foliar frame using cyanoacrylate superglue (Loctite 454) and cured overnight.
The initial free fiber length was determined by taking micrographs with a digital micro-
scope (Keyence VHX-S550E) and further analyzed with Fiji 1.51n resulting in a fiber
length of ~5.4 mm. Mechanical experiments were conducted using a custom-built tensile
tester operated with custom built software (1D force table by K. Bienert), which allowed
for the control of the RH and the T inside the testing chamber. With the help of a custom-
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built humidity generator (HumiGen, Dr. Wernecke Feuchtemesstechnik, Potsdam, Ger-
many) RH and T of the air was regulated during the experiment and the tensile tester T was
kept constant at ~20 °C via a thermostat (Huber Ministat 125¢cc). Samples were loaded in
foliar frames and fixed between two clamps on the tensile tester. Frames were cut on both
sides flanking the fiber so only the fiber was connecting both ends of the tensile apparatus.
Force was measured in a sealed chamber with a load cell (Honeywell 31E) with a maximum
capacity of 0.5 N at a testing speed of 5 um s™!, while deformation was recorded using a
digital camera (Basler acA1920-40um) mounted on a stereo microscope (Olympus SZX7).
All samples were stored in a sealed box with silica gel before testing. Each fiber was equil-
ibrated for at least 3 h at 0% RH and 20 °C before it was successively tested at the following
RH levels: 20/30/45/60/75/90% with an equilibration time of 30 min after each successive
change of the RH. Each test consisted of three cycles with a motor travel distance of 25 um
(0% to 45% RH) or 75 pm (60% to 90% RH). Stress was calculated on the basis of the fiber
diameter at each RH level assuming a cylindrical cross section as confirmed with ESEM.
Diameter was determined at each RH level by calculating the mean of 10 measurement
points per sample with a digital microscope (see LM section above). Tensile stiffness was
determined as the mean value of the slope of the initial linear region of the stress-strain
curves of three subsequent cycles. Five fibers from five different berries were tested suc-
cessfully.

3.2.9 Thermogravimetric analysis

The moisture content (MC) as a function of relative humidity was measured with a thermo-
gravimetric analysis (TGA) system (Sensys Evo TG-DSC, Setaram, France), connected to
a custom-built humidity generator (HumiGen, Dr. Wernecke Feuchtemesstechnik). The
water sorption—desorption isotherms of ~17 mg of mistletoe fibers (dry weight, d.wt.) were
measured at 29 °C by applying a step-by-step humidity program with 10% RH steps and
equilibration time of 4-5 h. The MC was calculated using Equation 1:

BpomhAae .
= X 100% (Equation 1)
Where MC is the moisture content in %, myet is the varying mass in mg of the sample
during adsorption/desorption, mary is the mass in mg of the dry sample measured after equi-
libration at 0% relative humidity.

3.2.10 X-ray diffraction

3.2.10.1 Small angle X-ray scattering

Synchrotron based small angle X-ray scattering (SAXS) experiments were conducted at the
mySpot beamline (Paris et al. 2007) at the BESSY II synchrotron radiation facility (Helm-
holtz-Zentrum Berlin, Adlershof). Fibers were prepared as described for mechanical testing
and mounted vertically and perpendicular to the incident X-ray beam in a custom built
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tensile tester replacing glass windows with Kapton foils. The fiber was pre-stretched at low
forces at ambient conditions to ensure a straight vertical alignment. During the entire meas-
urement the force was kept constant. A humidity generator (Wetsys, Setaram, France) was
connected to the tensile testing chamber applying a step-by-step humidity program with
10% RH steps equilibration time of 1.5 h. Continuous line scan across the fiber were per-
formed to measure changes during hydration/dehydration with 5 adjacent measuring points
with a beam size of 50 um and a measurement time of 120 s per scan point were performed.
To avoid beam damage each successive line scan was shifted vertically by 100 pm along
the fiber. The wavelength of the incident beam was 0.082656 nm. SAXS patterns were
collected with a 2D CCD detector (Rayonix MAR Mosaic225, USA) with total area of 3072
x 3072 pixels and a pixel size of 73.2 um x 73.2 pm at a sample-to-detector distance of ~85
cm.

3.2.10.2 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) experiments were performed at the same beam line
as described above. WAXS patterns were collected at a sample-to-detector distance of ~30
cm. Samples from the transition zone between VCB and fiber were mounted vertically and
perpendicular to the incident X-ray beam. Mesh scans were performed with a 2 x 2 detector
binning and a measurement time of 45 s per point. Two mesh scans with a grid of 25 x 9
and 10 x 5 scan points with a beam diameter and step size of 50 um resulted in two adjacent
scanned total areas of 1.25 mm x 0.45 mm for the VCB and 0.5 mm x 0.25 mm for the
fiber, respectively. Line scans were performed on viscin films scanning across the films
with a 50 pm step size and a measurement time of 60 s per point. Cellulose crystallite
dimensions were determined using a Si 111 DC monochromator to reduce signal broaden-
ing due to the experimental setup of the beam line. Three spots were measured on each of
two fibers harvested in two different seasons in winter 2016 and 2017. The measurement
time was 120 s. The beam diameter was 50 um. The 2D scattering patterns were further
processed and analyzed with dpdak v.1.3, an open source XRD analysis tool (Benecke et
al. 2014). The fundamental principles underlying XRD can be found in SpieB3 et al. (2009).
XRD on cellulose crystallites is based on Bragg’s law (equation 2),

2@sin @ = (Equation 2)

which describes the general conditions for constructive interference for radiation scattered
on a three-dimensional crystal lattice, where d is the distance between two parallel lattice
planes, © is the Bragg angle, n is a positive integer and A is the wavelength of the incident
X-ray beam. The radial scattering intensity profiles in this work are presented as a function
of the scattering vector q according to Equation 3:

sin

= 4[] (Equation 3)
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Where q is the scattering vector in nm™, A is the wavelength of the incident X-ray beam
(0.082656 nm) and © is the Bragg angle. The g-values from reciprocal space were trans-
formed into real space using Equation 4:

= (Equation 4)

Cellulose crystallite dimensions in the direction normal to the lattice planes responsible for
the Bragg reflection were calculated using the Scherrer equation (Equation 5):

Pl = -
Acosll

(Equation 5)

Where L is the mean crystal size normal to the lattice plane, K is a dimensionless shape
factor close to unity (0.9), A is the wavelength of the incident X-ray beam (0.082656 nm),
B is the analyzed full width at half maximum (FWHM) of the indexed reflection in rad after
subtracting the instrumental line broadening and © is the Bragg angle in rad.

3.2.11 Fiber welding

Method 1: Viscin fibers were drawn manually as described above. The fibers were glued
onto a cardboard frame spanning a squared window of ~2 cm x 2 c¢m as follows: One end
of the freshly drawn fiber was attached to an arbitrary point of the cardboard, exploiting the
natural adhesive character of the fiber which instantly adheres firmly to the cardboard. The
loose end of the fiber is drawn over the cardboard window towards an arbitrary edge where
the fiber is laid down which again instantly adheres the drawn fiber along the small segment
which is contact with the cardboard. The loose end of the fiber is again drawn over the
cardboard window towards an arbitrary edge of the cardboard where the fiber is laid down.
Repeating this procedure quickly allows to generate a fiber network of any desired pattern.
When the fiber comes in contact with previously laid down segments the crossed fiber seg-
ments instantly attach and fuse. The fiber network quickly dries under ambient conditions
after which it was cut free along the edges of the cardboard frame with scissors or a razor
blade. The squared fiber networks could be handled with tweezers. Six networks were ar-
ranged as a cube where a large number of free fiber ends along the edges of the individual
networks was used to create a temporary interlocking. The cube was exposed to a stream
of saturated water vapor for 60 seconds generated by a humidifier which leads to a perma-
nent fusion of the numerous crossed fiber segments along the edges of the cube.

Method 2: A viscin fiber was drawn manually as described above. The fiber was attached
to a laboratory stand and dried under the load of the seed’s own weight. The dried fiber was
cut into short segments of ~2 cm. The fiber segments were glued onto a foliar frame with
super glue, leading to a free fiber length of ~5 mm. The glued fiber and the foliar frame
were cut in the center with a razor blade. The two loose fiber ends were moved together
again so that they aligned parallel with an overlap of ~1 mm. Then the cut fiber was exposed
to a stream of saturated water vapor for 90 seconds generated by a humidifier which leads
to a permanent fusion of the loose fibers ends. The fusing process was observed with PLM
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video imaging using a digital microscope as described above. The fused fiber segment was
cut with a razor blade perpendicular to the long axis and imaged with ESEM.

Method 3: Viscin fibers were drawn manually and dried as described above and cut into
short segments of ~2 cm. The fibers were glued onto a cardboard frame spanning a circular
window with a diameter of 16 mm as follows: A first layer of parallel fibers was glued onto
the cardboard in a horizontal string pattern. Each fiber was placed in position with the loose
ends on the cardboard. The tip of the index-finger was moistened and gently pressed onto
one loose fiber end for a ~2 seconds. Afterwards the fingertip is moistened again and
pressed on the other fiber end. This was repeated for all horizontal fibers. Analogously a
second layer of fibers was deposited in a vertical string pattern. In the same way multiple
further layers can be added. The crossed fibers were investigated with PLM and ESEM.
Then the structure was exposed to a stream of saturated water vapor for 90 seconds gener-
ated by a humidifier which leads to a permanent fusion of all crossed fibers. After drying
under ambient conditions for 5 minutes the fused fibers were investigated with PLM and
ESEM.

3.2.12 Viscin multimaterial adhesion tests

Viscin was isolated from single berries as described for the making of viscin films above
where the seed and the fruit skin were cut off at both ends of the isolated viscin. The viscin
of a single berry was deposited on the top surface of an erected cylinder and drawn into a
fiber which was attached to a horizontal steel bar of a laboratory stand placed above the
cylinder. This way 10 viscin fibers were made connecting the metal bar with a 10 lined up
cylinders each consisting of a different material: brass, aluminum, stainless steel, quartz
glass, polytetrafluoroethylene (PTFE), high density poly ethylene (HDPE), polycarbonate
(PC), polyamide (PA), polypropylene (PP) and Beech wood. Each cylinder had a diameter
of 10 mm and a weight of ~10 g. The viscin was allowed to dry for 2 h until the metal bar
was lifted by 10 cm so the dried viscin fibers were carrying the load of the free hanging
cylinders.

To test the adhesive properties of viscin in combination with cartilage a pork knee joint was
used from a fresh pork leg, bought from Fleischerei Domke, Berlin. The cartilage from the
knee joint was isolated from the surrounding tissue. Viscin and seed were extracted as de-
scribed for the making of viscin films and attached to the freshly exposed cartilage tissue.

3.2.13 Making films from mistletoe viscin

The viscin inside berries of V. album can be used to make adhesive films. Berries were
either used freshly after harvest or flash frozen berries were thawed before usage. Initially
the simplest way to make a viscin film shall be described: first the peduncle of the berry
has to be pulled off. By gently compressing the berry between two fingertips the seed is
pushed out of the bottom opening of the berry skin. Then the remaining berry is grabbed
with two fingers of both hands each and a firm pressure is applied on the berry until it bursts
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(Fig. 3-3A). The mucilaginous remaining viscin within the berry is released which will
instantly adhere to the fingertips. Now both hands and both fingertips can be moved apart
by a few centimeters inducing the formation of a semitransparent 2-dimensional film which
is firmly connected to the fingertips and the seed (Fig. 3-3B). The freshly formed film area
can be instantly decreased again by simply moving the fingertips and/or hands closer to
each other and can be increased again the other way around. Not only the size but also the
film shape can be dynamically changed by independently moving the fingers or even rotat-
ing the hands. A freshly formed adhesive viscin film can be applied onto a wide range of
material surface and readily adapts to various surface shapes and surface topographies, e.g.
curved or flat, rough or smooth surfaces.

viscin film

Figure 3-3: Viscin film formation. A) After the peduncle is removed and the seed is released from
the berry, the remaining berry is compressed between the fingertips. Scale bar: 10 mm. B) With the
viscin firmly adhering to the skin the viscin can be stretched into a semitransparent film by moving
both hands apart. C) The film readily extends upon further stretching.

Drawing dimensionally stable free standing 2D films: Single berries were given into a small
glass Petri dish with a diameter of 5 cm. A large incision was made on the top of the berry
with a razor blade. Through this opening in the fruit skin und the fleshy layer underneath
the seed was carefully taken out of the berry with fine tweezers and put aside in the Petri
dish close to the remaining berry (Fig. 3-4A). Then the viscin was carefully isolated by
hand using tweezers with a broad tip in a stepwise procedure as follows: The tweezers were
used to grab the viscin cell clusters, located on the inside of the fruit flesh, and pull it out
of the berry with a short and slow movement to reduce the mechanically induced formation
of fibers as best as possible. The viscin was deposited on the bottom of the Petri dish next
to the seed. The last two steps were repeated until the viscin inside the berry was depleted
(Fig. 3-4B). The remains of the fruit skin were grabbed with tweezers and glued to the edge
of the Petri dish exploiting the natural adhesive properties of the viscin. Then the seed was
glued to the opposite side of the Petri dish and the isolated viscin was carefully lifted off of
the bottom, which leads to the formation of a thick viscin strand between the seed and the
fruit skin (Fig. 3-4C). To form a triangular shaped film one can grab the strand at any loca-
tion and pull it towards an arbitrary edge of the Petri dish where it can be fixed by pressing
the newly formed pointed end of the film onto the glass for ~30 s (Fig. 3-4D+E). While
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pressing the film has to be gently kept under tension to maintain the film shape because
otherwise the hydrated viscin film promptly collapses into three thick strands. To form a
quadrangular shape one can grab another film edge and pull it towards any edge of the Petri
dish and fix it (Fig. 3-4E+F). A quick repetition of this procedure allows to form various 2-
dimensional polygons as long as the viscin is hydrated. In order to achieve more complex
3-dimensional film geometries one can select different height levels for the exterior con-
nection points. The resulting film spans the area between the connecting points like a
stretched tarpaulin. The viscin films quickly dry under ambient conditions. The thinner
center area of the films dries faster than the thicker edges. After drying the dimensionally
stable films can be manipulated with tweezers and cut into any shape with tools such as
razor blades, knifes or scissors. Tapered ends can also be simply sheared off with a blunt
tool.

2

W\ / fruit
: N skin
isolate Z

viscin

viscin film

Figure 3-4: The making of free standing viscin films in a Petri dish. A) After making an incision
on top of the berry skin, the seed is removed from the berry and put closely aside. B) Using broad
tipped tweezers the viscin is carefully pulled out of the berry with slow and short strokes. The viscin
is deposited in the center of the Petri dish bottom. C) Exploiting the natural adhesive properties the
seed is attached to one edge of the Petri dish, the remaining fruit skin to an opposite edge. Both
seed and fruit skin are connected via a thick strand of the isolated viscin. D) The viscin strand is
gently grabbed with tweezers and pulled towards the left edge of the Petri dish. E) The viscin was
attached to a third connection point which leads to the formation a triangular shaped viscin film.
The edge of the freshly formed film is grabbed again and pulled towards an edge on the right. E) A
quadrangular viscin film is being formed.

3.2.14 Preparing wound sealings and skin coatings from viscin

The viscin of multiple individual berries can be mixed. Therefore, the viscin can be isolated
and collected in a Petri dish as described in the previous section after which the isolated
material can be cut free from the seed on one end and from the fruit flesh and skin on the
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other end using a razor blade or scissors. The viscin of a second berry can simply be added
to the existing viscin. The two viscin units instantly adhere and can only be separated again
within the first minute after initial contact. Afterwards they permanently fuse into a sticky
mass. By adding viscin of more berries the total mass of viscin can be increased at will.
The mixing can be enhanced by slowly stirring the viscin mass with a spatula. The sticky
coherent mass can be picked up from the Petri dish either by hand or with tools like twee-
zers or spatulas. The bulk viscin can then be deposited onto the skin region it is supposed
to seal. Starting from the initially covered region the viscin can be readily distributed by
shearing the material along its edges where it instantly adheres to the newly covered area.
Within several minutes the viscin dries into a transparent film. If the viscin mass is not
sufficient enough to cover the desired surface, the remaining area can simply be covered
by adding isolated viscin from more berries. This can be done with freshly applied viscin
but also when the viscin sealing already partly or even completely dried. Alternatively, the
freshly mixed viscin can be manually drawn into films as described above for single berries
which can then directly be applied onto the skin. Dried films can readily be peeled or rubbed
off of the skin again, leaving no visible traces.

Following remarks about ancient recipes for the use of viscin for making birdlime and skin
coatings, viscin was isolated and mixed as described above and then submerged in com-
mercially available olive oil (de Cecco, Italy) or walnut oil (Kunella Feinkost, Germany)
for 5 minutes including gentle stirring with a spatula. Afterwards the coherent viscin mass
was removed from the oil bath and the oil covered viscin is kneaded by hand for one minute.
The resulting viscin-oil mixture was applied to human skin analog to the oil free viscin as
described above. The applied viscin was allowed to dry into a transparent film within a few
minutes. After testing the film can readily be removed off the skin by pealing or rubbing.

Within this work the author used his own hands to test the viscin adhesive properties in
combination with live skin tissue. However, tests for the potential use as a wound sealant
were performed on porcine skin from a pork leg. A fresh pork leg was purchased from
Fleischerei Domke in Berlin and used the same day. Six parallel incisions were made with
a razor blade. The incisions were ~20 mm long and ~5 mm deep with a gab of ~10 mm to
the neighboring incision. In an alternating sequence three incisions were treated with viscin
and the remaining three incisions were taken as a reference. Fresh viscin was isolated from
one single berry for each incision and distributed as a thin layer onto the porcine skin. The
viscin was allowed to dry for 1 h until the incisions were mechanically loaded by stretching
the skin perpendicular to the long axis of the incisions.

40



4 Exploring the hierarchical structure of mistletoe viscin: A comparative study

4 Exploring the hierarchical structure of mistletoe viscin: A compara-
tive study

4.1 Introduction

The ability of seeds from the mistletoe species Viscum album L. to adhere securely to the
branches and trunks of host trees with a sticky substance, known as viscin, is a crucial
aspect driving the propagation of this parasitic plant and consequently, in the adaptive suc-
cess of the species (Kuijt 1969; Heide-Jorgensen 2008). The term viscin is used for a variety
of plant tissues within different families of mistletoe and in general, describes the soft mu-
cilaginous tissue that surrounds the mistletoe seed. It was reported previously that certain
structures within the viscin tissue of V. album are able to form long cellulosic fibers, which
have been implicated as a key part of the adhesion mechanism (Grazi and Urech 1981;
Azuma et al. 2000); however, fiber formation is not universal to all V. album L. subspecies.
Indeed, while berries from Viscum album L. ssp. album (V. album) exhibit fiber-forming
ability, those of a closely related subspecies Viscum album ssp. austriacum (V. austriacum)
do not. Furthermore, it should be noted that these two subspecies are found growing on
very different host species with V. album found on hardwood trees and V. austriacum found
typically on pine and larch trees, suggesting perhaps that specific aspects of their adhesive
mechanism, including fiber formation, are adapted for colonizing specific host species
(Grazi and Urech 1981). While this remains an untested hypothesis, I explore here whether
particular structural features of the berry structure may help explain the functional differ-
ences between the two subspecies, with a focus on the fiber forming capacity of the viscin
tissue and its adhesive properties. Specifically, this chapter investigates the structural or-
ganization of berries of V. album, growing on apple trees (Malus domestica) and V. austri-
acum growing on Scots pines (Pinus sylvestris). The main objective of this comparative
study is the identification and characterization of structural features involved in the seed-
host adhesion and the observed formation of adhesive fibers. As mentioned, V. austriacum
was chosen as a closely related reference model since it is reported to lack the ability of
fiber formation (although it is not clear why), but still manages to adhere successfully to its
potential host tree. (Tubeuf 1923; Grazi and Urech 1981).

To gain a deeper insight into the anatomical and subcellular origins of fiber formation and
the adhesive mechanisms inherent in these two subspecies, I performed here an in-depth
histological analysis of the viscin tissue structure from V. album and V. austriacum across
multiple length scales. The work of Chanzy and co-workers (Azuma et al. 2000) has come
the furthest in understanding the complexities of this adhesive tissue. However, two short-
comings of earlier studies were 1) a lack of understanding of the localization of these tissues
within the three-dimensional structure of the viscin, leading to potential confusion concern-
ing the functional roles of specific cell types and 2) a lack of full characterization of the
subcellular/nanoscale structure of these tissues and their role in adhesion and fiber for-
mation. Moreover, the structural differences between V. album and V. austriacum viscin
have never been clearly delineated with respect to their functional differences.
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4.2 Results

4.2.1 V. album and V. austriacum

The mature berries of V. album and V. austriacum share some characteristics (Fig. 4-1).
Both have a spherical shape and grow on short peduncles. On the opposite side of the pe-
duncle of both berries one can find floral traces in the form of scars deriving from the four
tepals and the stigma of the female inflorescence. V. album produces berries with typical
size of 8-11 mm and often appear silverfish white. Berries of V. austriacum are a bit smaller
with 7-9 mm and often yellowish white. A clear optical differentiation between collected
samples of both species within this work was not possible based on two factors: There was
1) some overlap of characteristics between both species and 2) high biological variation
regarding the color and the size within the species as well as within individual plants. How-
ever, consistent with the previous work (Tubeuf 1923; Grazi and Urech 1981), it could be
confirmed based on examination of several thousand berries that there is one reliable func-
tional characteristic to differentiate the two subspecies — mechanical removal of the seed
from the berry of V. album invariably leads to the formation of adhesive fibers, while not a
single berry of V. austriacum exhibited fiber formation.

Viscum album ssp. album E Viscum album ssp. austriacum

™ N /’

Figure 4-1: Leafed mistletoe branches with (pseudo-)berries of two subspecies of V. album L.
A) Viscum album ssp. album: Whitish berries are carried by a peduncle (green arrow). The top of
the berry is marked by dark brown scars of the tepals and the stigma (brown arrow). Younger ter-
minal branches show the tepals (yellow arrow) of the female inflorescence of the next growth pe-
riod. B) Viscum album ssp. austriacum: Berries of V. austriacum are typically smaller than V. album
and show a yellowish white color. Scale bars: 10 mm.

4.2.2 The mistletoe berry

To understand the reason for the functional differences between subspecies, I first focused
on a deep structural characterization of the viscin of V. album. Mistletoe berries of V. album
were collected during various stages of their development cycle. At early stages in the be-
ginning of European summer (June) the green berries were ~3-5 mm in diameter and match
the color of the mistletoe leaves, while the whole mistletoe shrub itself is well hidden in the
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canopy of the fully leaved apple tree. As shown in Figure 4-2A the berry color gradually
changes from a darker green via a lighter green towards the characteristic silvery-white
appearance in late autumn and winter while simultaneously growing in size until they reach
their final size of ~8-11 mm in diameter. It is conceivable that the color change serves a
functional role helping birds recognize the potential food source from a distance against the
evergreen leaves of the mistletoe only once the berries are ripe (Kronfeld 1888). Starting
even from the earliest developmental stages the ability to form adhesive fibers was ob-
served to be an intrinsic property of berries of V. album (Fig. 4-2B). In contrast, berries of
V. austriacum did not exhibit fiber formation capacity, regardless of developmental stage.

Figure 4-2: Mistletoe fiber formation as an intrinsic property of berries of V. album. A) From
left to right: With increasing age the berries grow in size and gradually change their color from a
dark green in early summer to its characteristic silverish white of the mature berries in late
autumn/winter. B) Adhesive mistletoe fibers glued to a laboratory stand. From very early
developmental stages to post-maturation a formation of adhesive fibers could be observed. C)
Mature white berries next to early development green berries of the next growth period on the same
branch. Picture was taken in June. Scale bars: 10 mm.

Assuming such functional differences between the subspecies arise from differences be-
tween the adhesive viscin tissue of the berries, histological analysis was performed to iden-
tify variations of the inner berry structure between the subspecies using a variety of micros-
copy methods including conventional light microscopy (LM), polarized light microscopy
(PLM), confocal fluorescence microscopy (CFM) and second-harmonic generation micros-
copy (SHGM). Histological analysis required development of microtomy methods that pre-
served the microstructure of the berry tissue, which was performed initially on V. album to
establish a consistent sample preparation methodology and morphological baseline. Initial
efforts to hand section fresh mature berries of V. album with a scalpel or razor blade were
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unsuccessful as the soft mucilaginous viscin layer surrounding the seeds instantly adheres
to any blade used for sectioning and was accompanied by an instant adhesive fiber or film
formation. While these observations further support the functional role of the inner tissue
as an effective adhesive, this approach was not useful for sectioning.

To preserve the berry tissue as close as possible to its native condition during the histolog-
ical analysis cryo-sectioning was applied. Hand sections of berries of V. album under frozen
conditions dramatically improved the quality and the dimensional stability of the acquired
sections significantly. An important observation of numerous hand sections was that the
internal tissue arrangement of the spherical berries is highly anisotropic. This was primarily
indicated by the high variation of the seed cross section shapes from a high number of
individual berries sliced in half at randomly chosen cutting angles.

Therefore, it was necessary to identify and further define anatomical planes of the mistletoe
berry in order to reproduce desired sections. A major drawback of cryo-sectioning was that
the frozen berry becomes shiny white after freezing and loses its translucent character as
observed in the unfrozen state. Thus, it was difficult to define any anatomical planes based
on the physical appearance besides the transverse plane. The latter can be defined by its
normal which is formed by the imaginary axis between the peduncle on the bottom, and on
the top by the center of 4 typical tepal scars with a pointed stigma scar in the center.

Fortunately, the berries of V. album growing on apple trees frequently grow as triplets (Fig.
4-3A). Within a triplet, all berries are connected by the peduncle, which itself is connected
to the mistletoe branch. The front, top and side view of such a triplet (Fig. 4-3C, E, F)
reveal, that the three berries form a common geometrical plane in which the center berry is
typically oriented parallel to the long axis of the peduncle as seen in the front view. With
respect to the center berry its two neighbors are tilted by an angle ¢ (Fig. 4-3C), approxi-
mately close to 90° and -90°, respectively. The top view of a triplet reveals that the dark
brown scars left by the tepals are shaped like a hair cross (Fig. 4-3E, inset) with a dotted
scar from the stigma in the center surrounded by 4 lined scars. These lined scars are located
symmetrically around the central scar at angles of 0°/180° (left/right in Fig. 4-3E) and
90°/270°, respectively (top/bottom in Fig. 4-3E). Indeed, their arrangement forms a reliable
coordinate system, which allows the definition of the frontal plane of the center berry with
its normal defined by the connecting line between the top and bottom scar (Fig. 4-3E, dotted
purple line) and the median plane, respectively with its normal defined by the connecting
line between the right and left scar (Fig. 4-3E, dotted yellow line).
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Figure 4-3: Anatomical planes and sections of berries of V. album. A) Oblique view of a triplet
of berries connected by the peduncle (green arrow) at the bottom and typical tepal and stigma scars
(brown arrow) on top of each berry. B) Schematic of the center berry of (A) and its defined ana-
tomical planes. C) Front view of a triplet. Dotted blue line: transverse plane of the central berry and
the neighboring berries. For the latter the transverse plane is tilted by the angle ¢ (close to 90°/-
90°). With respect to the median plane of the center berry (dotted red line). Dotted green line: frontal
plane of the neighboring berries which is tilted by an angle Q (~90°) with respect to the frontal
plane of the central berry which lies in plane of this front view. D) Hand section of a triplet along
the frontal plane of the central berry showing the heart-shaped seed cross section with two light
green embryos (light green arrows) embedded in the green endosperm (dark green arrows), sur-
rounded by the endocarp (white arrows). E) Top view of a triplet. The inset highlights the tepal scar
arrangement which serves as a coordinate system with its origin in the stigma scar (pink arrow).
Dotted connection lines between the mirroring scars mark the normal of the frontal plane (purple)
and the normal of the median plane (yellow) of the central berry. Pink arrows: stigma scars. F)
Transverse section of the center berry. G) Side view of a triplet. Dotted red line: median plane of
the center berry. Dotted blue line: transverse plane of the center berry. Dotted green line: frontal
plane of a neighboring berry. H) Transverse section of a neighboring berry.

When these triplets are harvested, frozen and sectioned as a whole it is possible to define
anatomical planes with regard to the three-dimensional orientation of the seed within the
berry. When sectioning a triplet along the frontal plane of the central berry as defined above
the section (Fig. 4-3D) reveals the heart-like shape of the seed of the central berry with its
two embryos embedded into the endosperm. In contrast, the sections of the neighboring
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berries show an oval seed shape where only one of the two embryos can be seen. Additional
sections along the median plane of the central berry on similar triplets show that the median
cross section of the center berry equals the cross section of the neighboring berries as ob-
served from the section in Figure 4-3C. Numerous sections along all three anatomical
planes as illustrated in Figure 4-3B led to the observation, that the anatomical plane assign-
ment as described above is indeed only valid for the central berry. However, it could be
concluded that the transverse plane of the neighboring berries is tilted by the angle ¢ and
additionally the median and frontal planes are rotated by an angle Q of ~90° around the
berry long axis. As a result, the described sectioning of a triplet along the frontal plane of
the central berry actually leads to a median section of the neighboring berries with respect
to the orientation of the seed within each berry. This is illustrated by sections along the
individual transverse planes as indicated by the dotted blue lines in Figure 4-3C where the
shape of the seed transverse section of the center berry (Fig. 4-3F) resembles the shape of
the seed transverse section of the neighboring berry (Fig. 4-3H). This description applies
to heart-shaped seed typically carrying two embryos as shown here, but also to the rather
elliptic-shaped seeds which carry only one embryo.

With respect to these observations, the shape and the orientation of the seed can be used to
describe the relative location of the remaining tissue structures within the berry. However,
the halved surfaces of the described sections in Figure 4-3 hardly reveal any details of the
surrounding tissue due to the rather homogenous whitish appearance and insufficient opti-
cal contrast. Therefore, ~1 mm thick slices were manually cut with a razor blade along the
three different anatomical planes defined in Figure 4-3B. The transmission LM image of a
median section (Fig. 4-4A, left) enables visualization of the outlines of a multilayered tissue
organization within the mistletoe berry. Despite the overall grayish-white appearance in the
LM image, there are moderate differences in the optical density which allow for tissue dis-
crimination. As a complementary technique, transmission PLM was used to image the same
section (Fig. 4-4A, right), providing further contrast. The outer skin or epicarp appears
darker in the LM image and consists of several layers of densely packed cells. Beneath the
epicarp lies a fleshy layer which appears brighter in transmission and was earlier described
as an outer part of the mesocarp, which spherically covers the entire inner surface of the
epicarp (Azuma et al. 2000). Below the fleshy layer, the actual viscin tissue is located. As
observed in the median section, it comprises two mirrored bundles of densely packed elon-
gated cells which are connected to the seed endocarp at the bottom of the seed. Due to their
distinct organization into bundles, they are named viscin cell bundles (VCB) within the
present work. The tissue exhibits a higher degree of birefringence with PLM than the sur-
rounding tissue (Fig. 4-4A) and is assumed to be a part of the outer cellulosic viscin slime
as it was described in the earlier literature (Gjokic 1896; Tomann 1906). As illustrated in
Figure 4-4A (dotted lines) these VCBs are ~1 mm wide and arc around the seed in the
center towards the top of the berry, which is similar to the description of Azuma et al.
(2000).
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Figure 4-4: Hand sections of V. album berries under hydrated conditions. A) median section
observed with LM (left) and PLM (right) with highlighted outlines (dotted line) of viscin cell bun-
dles (VCB) and viscin cell clusters (VCC). Radially oriented hairy cells (HC) surround the green
seed in the center. B) Frontal section observed with LM. VCB and VCC are not able to be observed
in this cutting plane. The embryos (black arrow), endosperm (green arrow) and endocarp (white
arrow) and the epicarp (Ep, black arrow) are indicated. C) Transverse section observed with LM
(top) and PLM (bottom). The outlines of the VCC are highlighted (dotted line). D) Section from
(A) with peeled off epicarp, fleshy layer and VCC. Two short initial fibers each emerging from a
region between VCB and VCC were cut so the seed and the attached VCB could be isolated from
the surrounding tissue. E) Peeled section from (B). Vacuolated cells (VaC) are mingled between
and around the HC. F) Peeled section from (C). Scale: 1 mm.

The viscin cells are embedded in a more transparent sticky mucilaginous substance (Fig. 4-
4A). While the individual viscin cells within the VCB in the lower half of the section are
oriented along the long axis of the VCB in a rigorously parallel arrangement, there is a
change in the cell orientation in the upper half towards the top of the berry (Fig. 4-5A).
Here, the individual cells are oriented radially towards the fleshy layer to which they are
connected via thin strings that reach out into the fleshy layer. The viscin cells in the upper
half are also less condensed than in the VCB, which results in a higher degree of mobility
of the individual cells within the surrounding mucilage. Due to the differences in orienta-
tion and packing evident from the higher magnification PLM measurements (Fig. 4-5B),
they will be referred to as the viscin cell clusters (VCCs) to discriminate them from the
tightly packed VCB. This terminology follows the work of Azuma et al. (2000) which de-
scribed the entirety of viscin cells in the outer viscin layer (presumably both VCB and
VCCQ) also as clusters. Despite these differences in the overall organization VCB and VCC

47



4 Exploring the hierarchical structure of mistletoe viscin: A comparative study

appear to be a continuous tissue as observed with LM and PLM and a clear separation was
not possible. Interestingly, both VCB and VCC are absent in the frontal section of the berry
(Fig. 4-4B), whereas the transverse section (Fig. 4-4C) reveals that the VCCs bend around
the seed in a sickle-like shape on both sides of the seed. Furthermore, although the two
individual VCB/VCC strands on both sides of the median section bend towards each other
above the seed or towards the center in the transverse section, they are not connected to
each other. This agrees with observations of the frontal section in which neither the VCB
nor the VCC can be seen, and contradicts conclusions of previous investigations which
describes the tissue to form a continuous ring around the seed (Azuma et al. 2000).

Aside from the fleshy layer and the VCB/VCC, a third layer can be found within the mes-
ocarp. This layer is located between the VCB/VCC and the seed and surrounds the entire
seed. It comprises elongated cells which are connected directly to the endocarp that have
been described in the literature as so-called hairy cells (HCs) (Azuma et al. 2000). They are
accompanied by highly vacuolated cells (VaCs), which are mainly located between the HC
and the VCB/VCC, but also between the individual hairy cells and between VCB/VCC and
the fleshy layer. While transmission LM reveals hardly any details of the HCs and VaCs,
PLM, in contrast, clearly differentiates the two cell types based on differences in birefrin-
gence (Fig. 4-4D-F) and illustrates the ray-like orientation of the HCs around the seed and
the dimensions of the cells (Fig. 4-5B, center). Indeed, the HCs have a high aspect ratio
tapered shape with a length of ~1-2 mm and a cell diameter that varies from a maximum of
up to ~50 um at the base close to the seed where they exhibit highest birefringence to a
minimum of only a few pum at their pointy ends. PLM further reveals helical cell wall thick-
enings with a helical angle of ~65-75° with respect to the cell long axis, which are charac-
teristic for this cell type (Fig. 4-5B, right). Although this cannot be confirmed for all HCs
many of these cells exhibit a wavy serpentine shape when viewed with PLM. It can be
assumed that together the HCs and VaCs are identical to what was described in the earlier
literature as the inner pectosic viscin slime (Gjokic 1896; Tomann 1906) where the hairy
cells were found to be comprising of an outer pectic cylinder and an inner cellulosic cylin-
der.

During the microscopic examination, the different tissues were also probed with regard to
their potential individual functionality. With the help of fine tweezers, the different tissues
were poked, stretched and placed under shear stress. The HCs showed a high flexibility in
bending and a high mobility of the individual cells when they were gently poked. Grabbing
several HCs at their pointy ends they showed a generally elastic response by gentle me-
chanical loading and unloading. But when they were exposed to intense stretching, the in-
dividual cells could be irreversibly drawn into thin filaments of a few mm in length, which
revealed an intense birefringence under crossed polarizers. In comparison, when probing
the VCC with tweezers, the slightest touch of the tissue leads to an instant adhesion of the
tweezer tip to the VCC. Furthermore, gently shaking the adhered tissue reveals that the
VCC is extremely flexible and mobile. Many cells which extend into the HC/VaC layer
with their loose pointy ends are seen to perform wavy movements within the surrounding
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mucilage. When the tweezers were then retracted, adhesive fibers were formed from within
the VCC, which could easily be extended to a length of ~20-30 cm, which showed intense
birefringence in PLM.

>

Viscin cell clusters
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Figure 4-5: PLM images using a red full-wave retardation plate highlighting selected tissue
types within the mesocarp of berries of V. album. A) Left: half transverse section. Scale bar: 1
mm. Center: selected region from the blue inset (A, left) showing the layered tissue arrangement of
the mesocarp. The birefringent HC are directly connected to the seed (S), followed by the non-
birefringent layer of VaC. The VaCs are surrounded by the viscin cell cluster (VCC) which exhibits
a strong birefringence. The VCC is surrounded by the outer layer of the mesocarp, the fleshy layer
(FL). The epicarp (Ep) is the outermost layer of the berry. Scale bar: 1 mm. Right: detail of the
VCC which reveals that this layer has a radial thickness of ~ 1 mm and comprises of highly bire-
fringent elongated cells with a preferred radial orientation which partly reach out into the FL. The
FL exhibits only weak birefringence close to the VCC. Scale bar: 250 pm. B) Left: half median
section. Scale bar: 1 mm. Center: selected region from the blue inset (B, left) showing so called
hairy cells (HC) which are connected to the endocarp surrounding the seed (S). The birefringent
HCs are oriented in a ray-like fashion towards the epicarp. Scale bar: 250 pum. Right: detail of a HC
which reveals spiral cell wall thickenings. Scale bar: 50 um.

By gently poking the VCB in the lower half of the median section, it was observed that the
whole cell bundle is very flexible and readily bends in all direction as a whole without
undergoing any noticeable damage. Apart from the firm connection to the bottom of the
seed, the VCB showed no visible connection to the surrounding HC/VaC layer on the inner
side or the fleshy layer towards the outside. A gentle tugging at the bottom of the seed leads
to an observed elastic response of the VCB, which readily stretches under small loads and
contracts immediately after unloading. However, under larger pulling forces, the following
characteristic macroscopic observations were made: 1) The HC/VaC layer stays firmly con-
nected to the seed, while it detaches from the VCC. 2) The VCBs stay firmly connected to
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the seed, while they detach from the HC/VaC layer on the inside and the fleshy layer on
the outside. 3) A further continuous pulling at the seed leads to the formation of two adhe-
sive fibers emerging from a transition zone between the VCB and the VCC along both sides
of the seed. 4) The VCC and VCB are still connected via the fibers. 5) The VCC stays
connected to the fleshy layer and the VCB with the epicarp. As a result, it is possible to
peel sections as shown in Figure 4-4D-F in which the epicarp, the fleshy layer and VCC
were removed mechanically. A peeling of the median section leads to the characteristic
fiber formation between the VCB and VCC when the seed is pulled out (Fig. 4-2B). The
emerging fiber was cut with surgical scissors close to the zone which can be described as
the tip of the VCB (i.e. the region at which fiber formation is initiated under large forces)
to stop the mechanically induced fiber formation. This way further changes of the native
tissue arrangement could be reduced, enabling a more detailed investigation of the tissue.
As VCB and VCC are absent in the frontal section the seed can easily be pulled out from
the surrounding tissue without any observation of a fiber formation. In the transverse sec-
tion, the VCC seems to have no direct connection to the inner layers and so it readily de-
taches from the HC/VaC layer that is connected to the seed while no fiber formation is
observed when the seed is pulled out.

4.2.3 Comparative structural analysis of berries from V. album vs. V. austriacum

After the basic anatomical features of the subspecies V. album were clearly identified
above, and the fiber-forming capacity was clearly associated with the VCB/VCC, I per-
formed a careful structural comparison with berries from the subspecies V. austriacum,
which, as already stated, are incapable of forming adhesive fibers. Anatomical comparison
between berry sections of V. album and V. austriacum (Fig. 4-6) revealed major differences
in the internal tissue organization of the two subspecies. In the median section of V. austri-
acum the VCB and VCC — the presumed origin of the viscin fibers in V. album — are com-
pletely absent, providing a clear structural correlate to the observed functional differences
between the subspecies. While the outer cellulosic viscin layer is apparently missing there
is an inner pectosic viscin layer which shows very similar characteristics compared to V.
album. The seed is also surrounded by a layer of radially oriented hairy cells which are
accompanied by vacuolated cells. Compared to V. album there is also only a small fleshy
layer surrounding the HC/VaC layer, which is enclosed by the epicarp. The fleshy layer
readily detaches from the epicarp and the HC/VaC layer. The general lack of VCBs and
VCCs and the similar organization of the HC/VaC could also be confirmed for frontal and
transverse sections of V. austriacum (not shown).
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Viscum album Viscum austriacum
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Figure 4-6: Comparative median berry sections of V. album and V. austriacum under hy-
drated conditions. A) LM image of V. album with highlighted viscin cell bundle (VCB), viscin
cell clusters VCB and hairy cells (HC). B) LM image of V. austriacum. VCB or VCC are absent.
C) peeled section of (A) observed with LM (left) and PLM (right). D) Peeled section of (B). Scale
bar: 1 mm.

4.2.4 Detailed structure of the VCB from V. album

Based on the complete absence of VCB in V. austriacum, coupled with the observation that
the VCB/VCC in V. album readily forms long fibers, while the other tissue structures do
not, I examined the hierarchical organization and fiber-forming capacity of the VCB tissue
from V. album in greater detail. To achieve this, the seed and the attached VCB were me-
chanically isolated from the whole berry by making a small incision in the epicarp on the
bottom of the berry to create an opening. With the help of fine tweezers, one can grab the
seed through this opening and pull it slowly out of the berry. The entire seed is surrounded
by the HC/VaC layer, which appears as a spherical translucent shell around the exposed
seed. On the bottom of the seed, the two mirroring VCBs can be observed. Pulling the seed
further away from the berry leads to an intense stretching of the VCBs, which initiates the
formation of fibers that could easily reach a final length of more than 1 m. Similar to the
peeling of the sections as described above, it was intended to preserve the natural condition
of the tissue as best as possible and so the initial very short fiber between VCC and VCB
was cut right after the seed was pulled outside the berry and after the VCBs detached from
the HC/VaC layer.
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Isolated viscin cell bundles Viscin cell bundle

Figure 4-7: Mechanically isolated viscin cell bundles (VCBs) imaged with PLM. A) The two
mirroring VCBs are imaged directly after isolation under still hydrated conditions. The VCBs are
firmly connected to the bottom of the seed (S), which appears dark as it is only weakly birefringent.
To demonstrate their flexibility, the VCBs were mechanically bent downwards (opposite direction
compared to the native orientation within the berry) which does not inflict noticeable damage to the
cell bundle. Scale bar: 1000 pm. B) Detail of (A, green box): even moderate bending of the entire
VCB may cause extreme local bending at the base of the VCB close to the seed. Arrows: exemplary
bending line with extreme bending in opposite directions on a small local scale. Scale bar: 500 pm.
C) Detail of (A, blue box): VCB consists of densely packed elongated cells which exhibit strong
birefringence. Changing polarization colors indicate a gradient in the bundle thickness. The thick-
ness increases towards the center and shows an arched cross-sectional shape. The thickness also
decreases from the base to the tip. Scale bar: 500 pm. D) Detail of (C, orange box): The individual
cells show the presence of submicron sized cellulosic filaments with a perpendicular orientation
with respect to the cell long axis. Scale bar: 10 um.

Figure 4-7 shows PLM images of freshly isolated VCBs still attached to the seed. The two
bundles are ~1 mm wide and consist of densely packed elongated cells as revealed by the
intense birefringence under crossed polarizers. The length of isolated VCBs varied within
a range of 5-10 mm (Fig. 4-7A). The individual viscin cells showed the presence of submi-
cron sized cellulosic fibrils oriented perpendicular to the cell long axis with a mean micro-
fibril angle of ~90° (Fig. 4-7D), which can also be confirmed for the cells in the VCC. This
peculiar structural organization agrees with earlier studies reporting the presence of viscin
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cells with a similar arrangement for V. album L. (Azuma et al. 2000) and Phthirusa pyrifolia
(Gedalovich and Kuijt 1987). The submicron sized fibrils appear to be homogeneously dis-
tributed in size and evenly spaced within the cell wall (Fig. 4-7D). Figures 4-7A-C demon-
strate the flexibility of the entire VCB under hydrated conditions. The native VCB inside
the berry bends upwards around the seed as shown in the previous sections. Here, it can be
shown that the bundle can be manually flipped in the opposite direction without inflicting
noticeable damage. Indeed, at the base of the VCBs near the bottom of the seed, the indi-
vidual viscin cells within the bundle demonstrate a high compliance when exposed to ex-
treme bending in opposite directions on a small local scale (Fig. 4-7B). It has to be noted
that the different tissue types within the viscin, e.g. VCB, VCC and HC only remain flexible
as long as they are hydrated. Either they were kept hydrated in water or they were examined
directly after mechanical isolation by acting quickly. The air exposed samples quickly
dried, which led to excessive shrinking and to a gradual loss of flexibility up to a point
where the viscin becomes completely brittle during mechanical stimulation.

4.2.5 The transition from cell tissue to fibers

While the previous sections gave important insights on the pristine viscin tissues within the
berry the following sections will examine the phenomenon of the fiber formation process
in more detail. VCBs were isolated as described above without restricting the fiber for-

mation process this time. Freshly isolated samples including the seed, VCB and the emerg-
ing fiber were mounted on glass slides. An investigation with PLM revealed that the
stretched VCB exhibits a strong necking behavior in the transition zone where the VCB
transitions into a fiber (Fig. 4-8). Numerous micron sized filaments emerge apparently from
individual cells within the VCB, which co-align in a parallel fashion along the fiber long
axis; however, PLM does not provide sufficient lateral or depth resolution in order to visu-
alize changes at the level of the cell wall and beyond.

Figure 4-8: PLM image of a mechanically isolated (left) and stretched (right) viscin cell bun-
dle. Scale bar: 1 mm.

In order to determine what occurs within the viscin cell wall of individual cells during fiber
formation, I employed confocal fluorescence microscopy (CFM) and second-harmonic
generation microscopy (SHGM). Representative CFM images from selected volume scans
of the VCB-fiber transition zone, the emerging fiber and the fiber stained with fluorescent
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cellulose dyes (Direct Yellow 96, Direct Red 23) are shown in Figure 4-9 with a view at
the top of the VCB and at a central plane within the bundle and fiber, respectively.

VCB-fiber transitionzone Emerging fiber Fiber

Top plane

Centerplane

Fiber detail

Figure 4-9: Representative CFM images from selected regions along the transition from the
VCB to the emerging viscin fiber, stained with Direct Yellow 96 (A-F) and Direct Red 23
(G+H). A,C,E: images from a top plane of a CFM image stack. B,D,E: images from a center plane.
A) Stretched (green arrows) and pristine viscin cells (red arrows) in the VCB-fiber transition zone.
B) As in (A) taken from a center plane. C) On the top of the emerging fiber pristine cells and
stretched cells are still intermixed. D) In the center plane of the emerging fiber most filaments are
already highly aligned along the fiber long axis. E+F) Further along the fiber the entire cross-section
consists of highly aligned filaments. G) Top view. Fiber detail, revealing the size and the straight
parallel filament alignment. B) Virtual fiber cross section. Scale bars: 50 pm.
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Figure 4-10 shows SHGM images of the unstretched VCB cells, as well as stretched VCB
fibers in the natural unstained state, taking advantage of the inherent strong SHG signal of
cellulose (Cox et al. 2005). Both imaging methods reveal the presence of submicron sized
cellulose fibrils wrapped around the VCB cell walls oriented essentially perpendicular to
the cell long axis, consistent with the observations with PLM (Fig. 4-7D). Images of the
fibers similarly show the presence of thin cellulose filaments, but in the fibers, they are
highly aligned along the fiber axis and appear to be larger than the pristine transverse fibrils
with a typical diameter between 2-3 pm (Fig. 4-9 G+H; Fig. 4-10B). Notably, in CFM
images of fiber cross-sections (Fig. 4-9H), the filaments appear evenly spaced by a non-
staining material, which is likely comprised of the previously postulated matrix component
that enables sliding and alignment of the microfibrils in the wet state, but binds the micro-
fibrils like a cement in the dry state (Horbelt et al. 2019). Closer examination of the VCB
in the transition zone where the tissue is in the process of fiber formation reveals a disor-
ganized arrangement of cells some of which are partially uncoiled, mixed among cells that
are pristine and unstretched (Fig. 4-9A+B). One can deduce from these imaging studies that
individual cells rupture separately from other cells, providing a potential “reserve” of hid-
den length.

Pristine viscin cells Stretched filaments

Figure 4-10: Second-harmonic generation microscopy images from selected regions of the
pristine viscin bundle cells and the drawn fiber. A) Top view of pristine cells within the VCB
showing the typical perpendicular cellulose fibril arrangement. B) Top view of the fiber region
showing numerous filaments with a parallel orientations. Scale bars: 50 pm.

It was previously proposed that the matrix between the cellulosic components of V. album
L. is comprised of hemicelluloses and possibly pectins (Azuma et al. 2000; Azuma and
Sakamoto 2003). Similar results were reported within a comparative study of viscin tissue
of P. pyrifolia, P. californicum and A. americanum (Gedalovich-Shedletzky et al. 1989)
also providing evidence for pectins. This is consistent with observation of a non-staining
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or non-SHG active material observed between cellulose filaments in VCB cell walls and
fibers. To test the possible role of pectins as a functional matrix component important for
fibers formation, fibers were treated with pectinase, an enzyme that breaks down pectin.
Interestingly, this resulted in an increase in the disorder of the fiber, as well as the break-
down of the micron scale filaments into smaller nanofibrils on the scale of 250 nm (Fig. 4-
11B). This indicates yet another hierarchical length scale at which this material is struc-
tured, and may help explain the ability of the cellulosic fibers to slide and align upon an
applied force. However, in order to draw precise conclusions, the chemical composition of
this matrix material must be further characterized in the future.

Figure 4-11: CFM images of viscin fibers stained with Direct Red 23 (S4B), immersed in wa-
ter. A) Top view. Water based staining after pectinase pretreatment showing a disordered filament
arrangement with some filaments revealing the presence of smaller cellulosic fibrils (black arrows).
B) Top view. Control sample without pectinase treatment. Water-immersed filaments lost their pre-
ferred parallel orientation as a result of the staining procedure. They also change their shape from
a circular cross-section towards a flat broad band but individual filaments are still discernable. Scale
bars: 50 pm.

4.2.6 The impact of drying and rehydration of viscin on adhesion

The previous sections have clearly indicated that only V. album is able to form fibers, and
this is due to the presence of the VCB tissue and its hierarchical organization of cellulose
filaments and an uncharacterized matrix material that facilitates fibril sliding and reorien-
tation. Fiber formation has been implicated as an adaptation toward increasing likelihood
of seed propagation (Kuijt 1969; Grazi and Urech 1981). However, V. austriacum is still
able to colonize host branches and trunks without fiber formation, owing to the adhesive
properties of the viscin tissue. In this section, I explore the nature and process of the adhe-
sive interactions of viscin and the role of hydration in this process for the two subspecies.

Literature concerning the seed attachment of V. a/lbum L. provides contradicting statements
concerning the drying and rehydration of seeds and their implications for adhesion. Several
references describe the natural attachment of the hydrated seed to its potential host and the
subsequent drying as an irreversible hardening of the viscin layer (Heide-Jorgensen 2008).
In contrast, other studies report isolating and drying mature seeds in winter, which could
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be stored for later use (Ramm et al. 2000). For sowing in spring, it was suggested to rehy-
drate the seeds by submerging them in water before manual deposition on a selected host
tree branch. Through my own experience of dealing with thousands of mistletoes berries
used for the structural characterization, the viscin tissue adhered strongly to all kinds of
surfaces — lab glass, plastic dishes, metal bars, clothes, human skin and hair — just to name
a few. Attempts to remove the dried samples mechanically either required excessive forces,
which would often damage the labware or could lead to a rather painful experience with
regard to human beard hair, for instance. Even after successful removal of most of the viscin
tissue, there were always remnants left adhering firmly to the surface. It was much simpler
to remove dried samples when they were allowed to soak in water for some time before
removal. Based on these experiences, the reports of an irreversible hardening of the viscin
seem doubtful, leading to the question: How does the rehydration affect the adhesive prop-
erties of the viscin tissue and is it (fully) reversible?

Mistletoe seeds of V. album were mechanically isolated as described above. The isolation
of V. austriacum was performed in a similar fashion; however, due to the inability to form
fibers, the seed can either be pulled out with tweezers or alternatively, the berry can be
compressed between two fingertips until the epicarp bursts after which the seed readily
slips out of the berry. Notably, the exposed seeds of V. austriacum are more slippery com-
pared to the rather tacky seeds of V. album and can easily be separated from the loosely
attached fleshy layer which remains partly on the inner surface of the epicarp and partly on
the viscin layer surrounding the seed. For each subspecies, one group of seeds was attached
to a syringe needle to image the drying process. The seeds were imaged immediately after
isolation as well as after 2, 4, 6 and 8 h of subsequent drying (Fig. 4-12A). Under fresh and
thus naturally hydrated conditions the green seeds of both species are covered by a jelly-
like, milky, translucent shell formed by the hydrated viscin layer. In the front view of seeds
of V. album, the cut VCB can be seen, which is missing for V. austriacum. After 4 h of
drying under ambient conditions (23 °C and 50% RH), the volume of the mucilaginous
shell has already dramatically decreased and the clear outlines of the seeds of both species
become visible. This is accompanied by observation of a white weave that covers the green
endocarp, that is slower to emerge in in V. austriacum and cannot be seen yet after 4 h, but
initiates after 6 h (not shown). After 8 h of drying the seeds of both species are entirely
covered by the white weave.

Only minor further volume changes could be observed after 8 h of drying. Aside from the
white weave, the dried viscin of both species becomes completely transparent with a waxy
texture and a weak tack reminiscent of the initial stickiness of V. album seeds. After the
initial drying phase, the seeds were rehydrated for 1 h by submerging them in Petri dishes
filled with distilled water. During rehydration of the V. album seeds parts of the viscin layer
came off of the bulk layer and sank to the bottom of the Petri dish. After rehydration the
viscin layer was swollen again for both species, as observed from the reemergence of the
translucent shell and disappearance of the white weave structure (Fig. 4-12B). The volume
of this gelatinous shell is smaller for all specimens of both species compared to the initial

57



4 Exploring the hierarchical structure of mistletoe viscin: A comparative study

volume. However, after 6 h of subsequent re-drying, the weave reforms and becomes even
more intense as the network of white strands appears to become denser. The final volume
of the re-dried seeds themselves of both species appears slightly smaller than after the initial
drying phase. Additionally, the seed surface turned solid and the viscin coating loses its
waxy and adhesive character. The samples were rehydrated a second time which again re-
sulted in the reswelling of the viscin layer accompanied by the disappearing of the white
weave (Fig. 4-12C). After the second rehydration cycle, the procedure could be repeated at
least ten times observing a constant swelling and shrinking of the viscin layer and the for-
mation and disappearance of the white weave (not shown), indicating this is indeed a re-
versible process.

Initial drying 1strehydration 2"d rehydration

Oh +4 h O‘h” +6 04
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V. album

V. austriacum

V. album V. austriacum

Figure 4-12: Time series images of mistletoe seeds during drying and rehydration. A) Front
view of seeds of V. album (top row) and V. austriacum (bottom row) during initial drying after
exposure to air. Images were taken immediately after mechanical isolation (0 h), after 4 h and 8 h.
B) Seeds imaged after the 1% rehydration step in a water bath for 1 h and after 6 h of subsequent
drying. C) Seeds imaged after the 2™ rehydration step. Scale bar in A-C: 1 mm. D) Rehydrated
seeds of V. album after manual deposition on top of an apple tree branch. Within seconds the seeds
start to slide down to the lower side of the branch which leaves visible slime traces. E) Rehydrated
seeds of V. austriacum after manual deposition on a pine tree branch. As in (D) they slid downwards
leaving behind watery traces. Scale bar in E+D: 10 mm.

In order to investigate the role of the dehydration process in the adhesive behavior of the
extracted seeds, two groups of seeds from both subspecies were placed on 1) the flat bottom
of glass Petri dishes and 2) on the curved bark of ~13 mm thick branches of their specific
host trees, namely apple tree and Scots pine to examine the initial seed adhesion and be-
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havior following subsequent drying cycles. The seeds of both groups could easily be re-
moved from the glass surface shortly after being placed on the surface (i.e. before drying)
without any effort by lifting them with tweezers. Interestingly, the Petri dishes of the V.
album seeds group could be turned by 90° into a vertical position, where the seeds demon-
strated a strong initial tack indicating that they were held in position by the soft adhesive
viscin layer that clings to the flat glass surface. On the contrary, all seeds of the V. austri-
acum control group immediately began to slide down even though they also clung firmly
to the flat surface. When turning the Petri dishes upside down the seeds of V. album did not
move, nor did any seed fall off, and although the seeds of V. austriacum slightly moved
during 180° flipping, none of the seeds fell off.

In the second set of experiments, seeds of both subspecies were deposited at arbitrary po-
sitions along a horizontal branch of their typical host species. All the seeds from V. album
remained where they were initially placed with only a few seeds showing an initial vertical
movement in the order of ~1-2 mm, while the V. austriacum seeds immediately slid down
to the bottom of the branch leaving a watery trace along their path. Remarkably, the seeds
of V. album even stayed in position after arbitrary vigorous rotation of the branch along all
axes, indicating a strong adhesive behavior. On the contrary, after arbitrary rotation most
seeds of V. austriacum promptly slid or even tumbled downwards following gravity: e.g.
across the branch for a horizontal branch alignment or along the branch for a vertical branch
alignment. This sliding behavior stopped after the seeds covered a distance of a few cm or
hit an obstacle on their path like a knot or a side branch. Afterwards further movement of
the branch only led to further sliding in very rare cases. After only a few minutes following
deposition, no V. austriacum seed showed any noticeable dislocation after further branch
moving similar to the initial behavior of V. album seeds.

After 2 h of drying, all seeds of experimental groups 1 and 2 could still be removed easily
by lifting them off of the Petri dish or branch, respectively and could promptly be reattached
afterwards. Notably, at this time point in the drying process, the seeds of V. austriacum
developed a modest tack which prevented the seeds from further slipping along the surface
during/after subsequent rotation. After 4 h, all seeds of both experimental groups revealed
a dramatic volume reduction of the viscin layer as seen in Figure 4-12A. Most of the V.
album seeds of experimental group 1 (glass) and all of experimental group 2 (branch) ex-
hibited the formation of the white weave which was accompanied by a weakly noticeable
pulling resistance against seed removal. While some V. austriacum seeds of experimental
group 2 already showed the formation of the weave, none of the seeds of experimental
group 1 showed weave formation. All V. austriacum could still be removed easily. After 6
h all V. album seeds were covered by the weave and the required pulling forces for seed
removal increased further. At this time point, all V. austriacum seeds of experimental group
2 and most of experimental group 1 were now covered by the weave accompanied by a
noticeable resistance against manual seed removal. After 8 h, all seeds of both experimental
groups were largely covered by the weave and required moderate forces to pull the seeds
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off of the glass surface and slightly higher forces for the branches. After 10 h considerable
forces were needed to pull off the seeds of all groups indicating a strong surface adhesion.

A third experimental group of seeds of both species were placed into Petri dishes similar to
experimental group 1, but in this case the dishes were not turned to mechanically probe the
adhesion. After 10 h of drying, the Petri dishes were filled with distilled water and the seeds
were soaked in water for 1 h. After 10 min, the viscin layer around the seeds of both species
was slightly swollen again. After 30 min, it was intensely swollen and the weave began to
disappear again. The seeds were still firmly attached when attempting to lift them off. It
took another 30 min (total 1 hour submersion) until the seeds could be readily lifted off of
the glass. At this point, the weave was no longer visible and the green endocarp of the seeds
became visible again shining through the milky translucent viscin layer. The slippery seeds
were taken out of the Petri dish and placed into a dry Petri dish which removed excess water
surrounding the swollen viscin. Following this step, the rehydrated seeds of both species
were manually deposited on top of a branch of their specific host tree. All seeds of both
species immediately slid down to the bottom of the branch (Fig. 4-12D+E). While the seeds
of V. album left a slimy trace, the seeds of V. austriacum left a watery trace on their path
down to the bottom. This behavior agrees with the behavior of freshly isolated seeds of V.
austriacum, but differs to the behavior of freshly isolated seeds of V. album which could
be placed on any position of the branch without sliding off due their strong initial tack. It
is consistent with reports on the loss of viscin adhesive properties after washing isolated
viscin (Azuma et al. 2000). However, after artificial rehydration most seeds of both species
still manage to successfully attach to their potential host where they subsequently dry and
firmly adhere. It shall be emphasized at this point that the mentioned forces are based on
the author’s subjective sensation and shall be understood as a means of comparative de-
scription.

4.3 Discussion

By closely examining and comparing the adhesive properties and hierarchical structural
organization of the viscin tissues from closely related subspecies that possess (V. album)
and lack (V. austriacum) the capacity to form adhesive attachment fibers, I gained novel
insights into the function of these tissues that were unclear based on previous studies. Be-
low, I discuss the implications of the findings from these comparative histological studies
in terms of the anatomical origin of fiber formation in V. album and the adhesive function
of viscin from the two subspecies, and will then attempt to put these differences in terms of
the possible evolved adaptive response towards a structure-function understanding.

Comparative viscin anatomy and fiber formation

Combining light microscopy and polarized light microscopy of thinly sectioned frozen ber-
ries, it was possible to discern several distinctive cell and tissue types within the viscin
tissue including the hairy cells (HCs), vacuolated cells (VaC), viscin cell bundle/cluster
(VCB/VCC). These structures had largely been identified by Chanzy and co-workers
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(Azuma et al. 2000), but their higher order organization within the tissue was not described.
Here, I was able to clearly localize these different tissue types within the three-dimensional
structure of the berry by developing a set of orientational axes defined by several defining
morphological features of the berry.

In light of these extensive anatomical studies examining several thousands of berries, the
most notable difference between the viscin tissue of V. album compared with V. austriacum
is the VCC/VCB tissue consisting of elongated and very flexible cells, which is present in
the former and completely absent in the latter (Fig. 4-6). Functional studies of the
VCC/VCB tissue of V. album clearly identified this tissue as the source of fiber formation,
but also identified loosely defined boundary between the VCB and VCC acting as a break-
ing point delineating the point at which fiber formation is initiated when the seed is sepa-
rated from the berry. However, the lack of VCB/VCC tissue in V. austriacum berries should
not be misconstrued as the absence of viscin tissue — indeed, the HCs and VaCs together
build an inner pectosic viscin layer which provides a modified adhesive function in the
absence of fibers as discussed in more detail below. As suggested previously (Azuma et al.
2000), the VCB/VCC tissue is distinct structurally and functionally from the hairy cells
directly surrounding the seed, although they share several common characteristics at the
microscopic level (e.g. individual hairy can be stretched into filaments (albeit much shorter
than VCB cells) and both cell types are birefringent due to cellulosic fibrils wound around
the cell. Indeed, these superficial similarities may have led to misconceptions by earlier
authors that the hairy cells were responsible for the fiber formation (Gjokic 1896; Heide-
Jorgensen 2008 p. 114 f.; Heide-Jorgensen 2015).

The viscin cell bundles (VCB) are organized as two flexible, mirrored tissue structures,
which originate from the bottom of the berry close to the peduncle where they are firmly
connected to the endocarp of the seed. From there, the VCBs extend along the flat surfaces
of the seed, and consist of a great number of elongated and very flexible cells which were
named “viscin cells” in the present work. Histological analysis with PLM, CFM and SHGM
investigations reveal that the pristine cell walls of the viscin cells exhibit a peculiar arrange-
ment of submicron-scale cellulose filaments, which are coiled perpendicular to the long
axis of the cell, which is good agreement with earlier PLM and TEM studies of the viscin
of V. album (Azuma et al. 2000), V. coloratum (Azuma and Sakamoto 2003) and similar to
PLM and TEM studies of the viscin cells of Phthirusa pyrifolia from the family of Loran-
thaceae (Gedalovich and Kuijt 1987). CFM and SHGM were specifically harnessed to vis-
ualize the cellulose filaments during the transition of viscin cells into fibers in fixed and
unfixed VCB tissue respectively since the transition occurs at a distinct localized region
within the VCB under tensile load, and not throughout the entire VCB simultaneously. No-
tably, the transition region consists of intact viscin cells, partially unraveled viscin cells,
and fully extended viscin cells in the form of filaments, while the fiber predominantly con-
sists entirely of extended filaments, suggesting that the dominant mechanism of fiber for-
mation is the uncoiling of the submicron sized cellulose microfilaments in the cell wall
along the axis of applied load assembling into micron sized larger filaments, consistent with
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previous conjectures (Gjokic 1896; Tomann 1906; Mangenot et al. 1948; Gedalovich and
Kuijt 1987; Azuma et al. 2000; Azuma and Sakamoto 2003). Moreover, numerous such
filaments originating from single viscin cells further assemble into meter long fibers, ap-
parently glued together by a mucilaginous matrix, which likely contains pectin. In sum-
mary, the work in this chapter coupled macroscopic observations on the hierarchical level
of the whole berry to in-depth microscopic investigations to provide a much broader un-
derstanding of the role and structure of the VCB tissue. The fiber formation process and
nanoscale mechanisms underlying it will be addressed in more detail in the following chap-
ter.

Comparative adhesive function

In addition to the anatomical differences discovered between the two subspecies, I was also
able to demonstrate a clear functional difference in the adhesive properties of their viscin
in the hydrated and dehydrated states. V. austriacum adhered to branches and glass surfaces
in the wet state, but tended to slide along such surfaces under the force of gravity. In con-
trast, the viscin of V. album did not slide under gravity, but rather exhibited strong initial
adhesion. However, viscin of V. album lost this tackiness when rehydrated suggesting that
this is the default performance of the viscin tissue and that the initial adhesive response of
V. album viscin arises from a water soluble, loosely bound glue component.

When fully dried, the viscin of both subspecies adhered quite strongly to surfaces tested.
Although the physical and chemical interactions mediating this are unclear, I conclude here
that they must be water-sensitive and non-covalent, as soaking the adhesive in water for
extended periods leads to the easy removal from the surface. Importantly, this reversible
adhesive response can be repeated over numerous cycles which is in agreement with obser-
vations from reversible rehydration of seeds from the American dwarf mistletoe (4. amer-
icanum, Viscaceae) (Paquet et al. 1986). The chemical composition of the viscin likely
holds the key in understanding this behavior; yet, there has only been relatively limited
investigation, and they have been inconsistent in terms of which part of the viscin tissue
were examined. Nevertheless, chemical analysis of viscin from V. album and other related
mistletoe species from the Viscaceae family reveal the presence of hemicelluloses and pec-
tins, which were previously speculated to mediate adhesion (Heide-Jorgensen 2008 p. 115).
Additionally, several mistletoe species show an elevated presence of proteins enriched in
glycine and histidine up to 40 % by dry weight (although only ~2% in V. album), as well
as the reported presence of catechols (Gedalovich-Shedletzky et al. 1989), which have been
implicated in the adhesive mechanisms of many marine organisms including mussels
(Waite 2017). Presently, it is impossible to say what chemical feature might initiate adhe-
sion, or how this might vary between species and subspecies; however, this will be a very
exciting area of research in the future that will be discussed further in chapter 6.
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Functional adaption of the viscin tissue in European mistletoe subspecies

In light of the clear morphological and functional differences in the subspecies examined,
it is tempting to speculate upon the possible adaptive benefits of these differences with
respect to the host species. To reiterate, V. album viscin, which produces fibers and exhibits
stronger initial adhesion colonizes deciduous hardwood tree species, while V. austriacum
viscin, which lacks fiber forming capacity and exhibits a tendency to slip along surfaces,
colonizes coniferous hosts. Indeed, aside from these subspecies, fiber formation was previ-
ously observed to be linked to mistletoe species infecting deciduous hosts, while species
with non-fiber forming viscin often grow on coniferous hosts leading some to suggest that
this may represent a host-specific adaptation (Grazi and Urech 1981). Stated succinctly,
this hypothesis posits that if seeds of mistletoes of a coniferous host are released onto the
potential host, e.g. from the droppings of birds, they most probably attach to the evergreen
needles, which constitute a large degree of the surface area, rather than the host branches.
Since the seed hypocotyl radicle is only able to elongate to a final maximum length of a
few mm to create a holdfast, this would prevent colonization if the seed became trapped in
the needles. However, when swollen the seeds of V. austriacum are slippery and will slide
down the needles toward the branch where they get trapped, and following drying firmly
attach to the host, where they can successfully germinate (Grazi and Urech 1981). A similar
behavior is observed for seeds of A. americanum, which also colonizes exclusively conif-
erous species (Hawksworth and Wiens 1996).

In contrast, the seeds of V. album are typically released onto a leafless deciduous host in
winter or early spring, and thus, their only chance of germinating is by creating secure
attachment to the bare host branch. As examined, V. a/bum viscin sticks firmly in the wet
state to various surface including host branches. From this perspective, the adhesive fibers,
which are formed automatically as the seeds pass through the digestive tract of birds, can
be interpreted as an additional strategy to successfully attach to a host. Typically, the seeds
are excreted by birds perched on a branch as a long chain of several attached seeds con-
nected by sticky viscin fibers — like pearls on a string — increasing the likelihood of attach-
ing to a host branch simply by enlarging the area or rather the length of the string (Kuijt
1969; Heide-Jorgensen 2008; Heide-Jorgensen 2015). If one seed directly hits the branch
the rest of the string is saved from hitting the ground and may eventually find its way to a
lower hanging branch by shaking in the wind. Alternatively, it is conceivable that during
subsequent water uptake (e.g. during precipitation), the weight of the attached seeds may
induce further stretching of the softened fiber, leading to a successful attachment on the
host.

In both subspecies, the rather loose embedding of seeds enables the seeds to easily slip out
of the berry during mechanical isolation. This was observed in the lab, but also seems to be
the case for birds feeding on the berries. The seed needs to get out of the surrounding tissue,
since the hypocotyls of the seed embryo may not actively penetrate the thick epicarp when
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they start to grow during germination (in late spring many seeds are observed to start ger-
minating within the berry. The hypocotyl radicle grows towards the epicarp but is not able
to penetrate and gets stuck.). They require the help of birds. Therefore, an easy slipping
mechanism seems favorable. In the case that a bird does not swallow the entire berry, but
pecks the berry open to feed from the fruit flesh only, the arrangement of the VCB/VCC in
V. album most likely ensures that the beak gets immediately stuck to the viscin and thus,
pulls out the seed almost no matter where the beak penetrates the epicarp and the fruit flesh.
As deduced from my structural investigation, the VCC is spherically covering most of the
upper half and part of the lower half of the berry. Due to the continuity of the VCC and
VCB the seed is pulled out (this can be demonstrated by picking into the berry with a point
tool and have the tool pull out an adhesive fiber). With regard to the natural dissemination
it has been reported that birds tend to dislodge the seed stuck to their beak by wiping it off
on the branch (Snow and Snow 1988; Reid et al. 1995), which would likely result in suc-
cessful germination of the seed.
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S Unraveling the rapid self-assembly of adhesive fibers from mistletoe
viscin

5.1 Introduction

One of the key findings of the previous chapter was the clear observation that fiber-forming
capacity observed in the mistletoe subspecies Viscum album spp. album can be traced to a
specific structural feature of the viscin tissue known as the viscin cell bundle (VCB) and
viscin cell clusters (VCC) (Fig. 5-1). It was posited that the adhesive viscin fibers formed
in nature provide an adaptive advantage for seed germination on deciduous hosts in winter
months following the consumption and subsequent defecation of swallowed mistletoe ber-
ries by birds. Using confocal microscopy methods including fluorescence and second-har-
monic generation microscopy, I was able to assign the fiber formation process to the un-
coiling, alignment, sliding and gluing of cellulose microfilaments following the mechanical
disruption of the cell walls of viscin well within the VCB. Yet, these methods do not pro-
vide insights into the nature of the dynamic fiber formation process at the nanoscale to
molecular level. Moreover, there is a complete lack of understanding in the current litera-
ture about the parameters controlling fiber formation including hydration and the mechan-
ical forces necessary. Indeed, freshly exposed VCB tissue is hydrated and soft with the
consistency of a hydrogel, while drawn fibers dry rapidly under ambient conditions and
appear to be quite stiff.

The main aim of this chapter is the unraveling of this highly dynamic process based on the
study of manually or automatized drawn fibers under controlled lab conditions. To achieve
this goal, I performed in-depth mechanical analysis, thermogravimetric analysis and X-ray
diffraction of VCB, fibers and transition region. The findings of these studies provide a
nanoscale view of the dynamic response of cellulose nanofilaments to both hydration and
mechanical tensile forces, and highlight the key role of a swellable adhesive matrix material
in the dynamic fiber formation process. These insights are relevant to ongoing efforts to
produce novel composite materials from biorenewable nanocellulose extracted from a va-
riety of sources (Eichhorn et al. 2010; Moon et al. 2010; Klemm et al. 2011; Jonoobi et al.
2015; Jarvis 2018). This chapter is reproduced in part with permission from [Horbelt et al.
2019]. Copyright [2019] American Chemical Society.
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Figure 5-1: Hierarchical structural organization of V. album berries. (A) Photograph showing
the typical formation of adhesive viscin fibers connecting the seed with the fruit skin. (B) White
berries with small floral traces (ft) on the top collected in groups of three including the peduncle
(P). (C) Schematic section of a mistletoe berry showing the inner organization with the green seed
(S) in the center, surrounded by radially oriented hairy cells (HCs). Viscin cell bundles (VCBs) and
Viscin cell clusters (VCCs) are connected to the bottom of the seed arcing toward the top of the
berry which are covered by vacuolated cells (VaC) toward the epicarp (Ep). (D) Polarized light
microscopy (PLM) image of a manually isolated and hydrated VCB viewed under crossed
polarizers. (E) PLM image of a single viscin cell showing the perpendicular arrangement of
cellulosic filaments. (F) PLM image of a typical mistletoe viscin fiber.

5.2 Results

5.2.1 Manual fiber drawing from mistletoe viscin

Mistletoe berries were harvested with the berries still attached to the peduncle to maintain
the structural integrity of the berries (Fig. 5-1B). As described in a time series of images in
Figure 5-2, holding the peduncle in one hand and pulling the berry with the other hand, the
berry can be removed from the peduncle. This leads to a small opening at the former con-
nection point. By mimicking the behavior of some mistletoe feeding birds, it is possible to
squeeze the seed out of the berry by applying a gentle pressure onto the berry with one’s
fingertips (as some birds would do skillfully using their beak). The seed slips through the
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opening which is widened as the seed passes the opening (Fig. 5-2B). Thereby the seed
turns by 180° (Fig. 5-2C). By grabbing the sticky seed with tweezers it can be further pulled
out of the remaining berry which results in the formation of two individual viscin fibers
each emerging from the two mirroring VCB, connecting the seed with the remains of the
berry (Fig. 5-4D). Initially these fibers were only a few mm to cm long, extremely sticky
and highly extensible. Upon further drawing, they readily extend into thin fibers (diameter
20 - 100 pm) with a final length of more than 1 m each — a more than 100-fold increase in
length. If the two individual fibers come into contact during the drawing process, they ad-
here and macroscopically fuse into a single fiber.

seed + viscin

fruit flesh + viscin cell clusters

‘\~/ SR

fruit skin

viscin fiber

Figure 5-2: Time series images of the manual drawing of mistletoe viscin fibers. A) Removing
the berry from the peduncle. B) Compressing the berry will press the seed out of the surrounding
berry pericarp near the former peduncle. C) The exposed sticky seed can be grabbed with tweezers.
D) Pulling the seed away from the berry leads to the initial formation of two viscin fibers. E) Pulling
the seed further away leads to an elongation of the fibers. On one side the fibers emerge from two
viscin cell bundles connected to the seed. F) On the other side they emerge from the viscin cell
clusters which are still connected to the surrounding fruit flesh. The fruit skin can often be readily
removed from the flesh.
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5.2.2 From ultrasoft cells to stiff fibers

While the gelatinous viscin layer surrounding the seed remains rather sticky for several
hours, the fibers and the VCB lose their viscous, adhesive character after only a few minutes
of drying under ambient conditions and become quite stiff, but the fibers remain flexible in
bending and twisting. In order to characterize this rapid and dramatic change in material
properties, micro-tensile tests were performed using small segments of fibers. When tested
under dry ambient conditions (23 °C; 20% RH), fibers exhibited a linear elastic behavior
with no observed yield point, followed by brittle failure at ~1-2% maximum strain. Notably,
fibers possessed an average tensile stiffness of more than 10 GPa, which is comparable to
that of dragline spider silk (Vehoff et al. 2007) or wood cell wall (Burgert et al. 2005).

1/29/2019| HV Mag WD Spot HFW |Pressure Det 50.0pm— 7/3/12019 HV | Mag WD |Spot HFW Pressure Det
6:45:41 AM4.0 kV 1000x6.3 mm 4.0 10.29 mm0.75 TorrLFD 11:56:54 AM 4.0 kV 4000x 5.6 mm| 4.0 82.00 ym 0.75 Torr LFD

Figure 5-3: Mistletoe viscin fiber morphology observed with environmental scanning electron
microscopy (ESEM). A) Side view of a viscin fiber. B) A fiber cross section reveals the circular
shape of hand drawn fibers.

To further investigate the contribution of hydration to the formation and mechanical per-
formance of viscin fibers, micro-tensile tests were performed under controlled RH and T
conditions. Mechanical properties were calculated based on the assumption of a circular
fiber cross section as confirmed by environmental scanning electron microscopy (ESEM)
(Fig. 5-3B). The stress was calculated based on the initial cross section area. Potential
changes of the fiber cross section area during tensile stretching as they are typical for pol-
ymeric materials were not determined. Therefore the true stress could not be determined
and the calculated stress has to be understood as the engineering stress. The fiber material
stiffness is highly dependent on humidity as illustrated by the extremely different stress-
strain curves observed going from 0% to 90% RH, which resulted in a 35-fold drop in
stiffness from ~14 GPa down to ~0.4 GPa (Fig. 5-4A+B). Examining the stiffness of fibers
equilibrated over a range of different RH conditions reveals that stiffness plummets be-
tween 30% and 60% RH, clearly indicating that dehydration plays a key role in mediating
the transition from viscous hydrogel to stiff fiber.
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Figure 5-4: Mechanical properties of mistletoe viscin fibers. A) Exemplar stress-strain curves
from mistletoe fibers measured at 0% and 90% relative humidity (RH). Red triangles: slope of the
curve used for the determination of the stiffness. B) Tensile stiffness of mistletoe fibers as a function
of RH.

5.2.3 Macroscopic swelling and fiber moisture content

A subsequent macroscopic analysis of the fiber swelling as a function of the RH showed
almost no change of the volume from 0% RH up until 45% RH, followed by a sudden
increase from 45% to 90% RH to a maximum volume swelling of ~23% (Fig. 5-5A). Here,
the mean fiber diameter changed from 36 um + 4 um at 0% RH to 40 um + 4 um at 90%
RH. A water sorption isotherm (Fig. 5-6B) obtained from thermogravimetric analysis
(TGA) shows a similar behavior in which there is almost no water uptake from 0% to 30%
RH, followed by a sudden increase in the moisture content (MC) up to ~34% MC at 95%
RH, which is a highly unusual behavior compared with that of other natural cellulosic fiber
materials (Xie et al. 2011). The desorption isotherm indicates that this process is fully re-
versible with almost no hysteresis observed.
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Figure 5-5: Viscin fiber-water relations. A) Macroscopic swelling calculated from changes of
fiber diameter as a function of the relative humidity (RH). B) Sorption isotherm of mistletoe fibers
based on differential scanning calorimetry coupled with thermogravimetric analysis (DSC-TGA) at
29°C.
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5.2.4 PLM and XRD reveal the rapid change of cellulose orientation

To better understand this dramatic transition, we performed a multiscale structural analysis
on the VCB with a specific focus on the transition zone where the VCB transforms into a
thin fiber. After carefully dissecting VCBs from the seed, they were first examined using
conventional light microscopy. The tissue was almost transparent, showing little contrast
and revealing few details on its structure. On the other hand, polarized light microscopy
(PLM) provided improved contrast due to the natural birefringence of the VCB arising from
the anisotropic arrangement of cellulose. As previously reported (Gedalovich and Kuijt
1987; Azuma et al. 2000), PLM reveals that the VCB tissue consists of aligned and densely
packed viscin cells with an elongated shape and a typical diameter between ~20-40 pm.
The individual cells possess massive cell walls with irregular cross sections and a small
lumen. Towards the edges of the VCB, the cells showed a more relaxed order with some
viscin cells sticking out sideways, revealing their slender tipped ends. Also in agreement
with earlier studies (Gedalovich and Kuijt 1987; Azuma et al. 2000) and confirmed with
CFM in chapter 4, each cell showed the presence of submicron sized filaments oriented
perpendicular to the long axis of the cell (Fig. 5-1E). In the hydrated state, the bundle as
well as the individual cells were highly flexible while upon drying they lose their flexibility
and finally become brittle.

While the bulk of the VCB is relatively uniform, an abrupt structural change was observed
near the tip where fiber formation is initiated — numerous long filaments of ~2-3 um in
diameter were observed to extend from the VCB. These filaments were highly aligned
along the fiber direction and glued together by a non-birefringent matrix material to form
the macroscopic viscin fiber. The specific orientation of the cellulose within the VCB, tran-
sition zone and emergent fibers was investigated using a PLM equipped with a full-wave
plate, which exhibits a change in the polarization color depending on molecular orientation.
As shown in Figure 5-8A, within the transition zone, the cellulosic filaments abruptly
change from a perpendicular arrangement in the VCB to a highly aligned parallel orienta-
tion in the resulting fiber with respect to the long axis, as revealed by the sharp transition
of the polarization color from blue to yellow.
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Figure 5-6: Semi-automated viscin fiber drawing devices. A) Detail of a custom-built horizontal
fiber drawing device based on Lego® Technic™. The fiber drawing is initiated by hand as described
as shown in Fig. 5-2. The seed is spiked on a sample holder which is connected to a load cell (I¢).
The fiber is glued to a motor driven spinning wheel (sw). The whole device fits under a PLM for
video recording of the drawing process at the transition between VCB and fiber. B) An adapted
tensile test setup from a vertical Zwick universal testing machine. The fiber drawing is again initi-
ated by hand. Then the seed is fixed on the bottom clamp (cl) and the remaining berry skin including
the VCC are clamped on top. The top clamp is connected to the motor side and the load cell (Ic).

To gain further insights into the dynamic nature of the dramatic structural changes occur-
ring at the transition zone, a custom-built fiber drawing device was developed to follow the
transformation in situ during PLM measurements (Fig. 5-6A, for a more detailed descrip-
tion see chapter 3, Fig. 3-1). With the seed fixed on spikes and a short initial fiber from the
VCB attached to a spinning wheel from the drawing device, the VCB was initially stretched
at low drawing speed of ~30 um s™' until a steady state was achieved, after which continu-
ous drawing resulted in fiber formation almost exclusively at the tip of the VCB, while the
bulk VCB remains mostly unchanged (Fig. 5-7A-E). Although the bulk VCB shows only
diffuse birefringence throughout the whole drawing process, the drawn fiber exhibited
much stronger birefringence shortly after emerging from the bulk VCB. The extremely high
degree of cellulose alignment in the fibers was further emphasized by the nearly total ex-
tinction of the birefringence upon aligning the fiber axis parallel to the polarizer (Fig. 5-
7E), a characteristic reminiscent of hemp bast fibers in which cellulose orientation is nearly
parallel to the cell long axis (Thygesen and Hoffmeyer 2005).
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Figure 5-7: Time series PLM images of the fiber formation process. A) The fiber drawing device
with the fixed sample is aligned along the drawing direction at an angle of 45° with respect to the
analyzer. The fiber formation process is initiated at the tip of the VCB where numerous micron
sized filaments emerge from the VCB (blue circled region). Scale bar: 500 um. Continuous drawing
(B+C) leads to a propagation of this fiber formation front along the VCB. D) When rotating the
sample towards a parallel arrangement to the analyzer the birefringence in the fiber becomes weaker
until it is mostly extinguished at 0° (drawing direction parallel to analyzer). F) With increased draw-
ing time, the VCB integrity fails at multiple locations. While the tissue quickly starts to dry, fiber
formation can be observed simultaneously at several “breaking points” with some parts of the VCB
staying “intact”.

Increasing the drawing speed stepwise up to a maximum of ~0.6 cm s™' did not affect the
fiber formation process. Higher automated drawing speeds (up to 1.66 cm s) achieved
using a commercial Zwick tensile tester also revealed a similar fiber formation mechanism
localized at the VCB transition zone and showed that the fiber formation process can initiate
from both ends of the VCB and the VCC connected to the berry skin (Fig. 5-6B). At max-
imum drawing speed, several samples broke before the maximum travel distance of ~65
cm was reached, which limited the maximum fiber length achieved by automated drawing.
Remarkably, however, manually drawing fibers with tweezers (drawing speeds in the range
of m s), frequently resulted in the formation of fibers from a single berry longer than 2 m.
With both tensile test devices, throughout a range of pulling speeds, we measured constant
drawing forces in the order of ~20 mN during the simultaneous drawing process of two
fibers emerging from a single berry, respectively ~10 mN for a single fiber.

Dynamic PLM studies revealed that nanoscale structural reorganization within the VCB
localized at the transition zone plays a critical role during fiber formation. In order to in-
vestigate this hierarchical length scale and the potential role of cellulose orientation, we
employed synchrotron WAXS, which is a well-established technique for investigating
structural organization of cellulosic materials. Manually drawn and dried fibers were
mounted in an X-ray beam (50 pm spot size) and scattering patterns were collected in a
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mesh over the transition zone going from bulk VCB to fiber. An image of the sample grid
can be seen in Figure 5-8B where each pixel equals one 2D scattering pattern of the scanned
volume.
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Figure 5-8: WAXS and PLM investigation of cellulose orientation across the VCB transition
zone. A) PLM image of a VCB with an emerging fiber viewed under crossed polarizers and a quar-
ter-wave plate. Changing polarization colors from blue (VCB) to yellow (fiber) indicate the sudden
change of the cellulose orientation. B) Image of a mesh scan over the VCB transition zone where
each ‘pixel’ represents a scattering pattern of the scanned volume with a beam diameter of 50 um.
C-E) Selected scattering patterns from the fiber (C), the transition zone (D) and the bulk VCB (E)
and the corresponding azimuthal intensity profiles of the (200) cellulose reflection. The integration
range is indicated by the black circles in (C). Data regions which are influenced by the glass capil-
lary holding the beam are marked in gray.

Three selected scattering patterns (Fig. 5-8C-E) were chosen from the bulk VCB, the tran-
sition zone and the fiber in order to illustrate the large nano-structural changes occurring
during transformation process. Azimuthal intensity profiles obtained from the most intense
cellulose reflection (200) — notation for cellulose 1B (Sugiyama et al. 1991) — were used for
a qualitative analysis of the cellulose orientation. Within the VCB, we deduce a preferred,
but loosely organized cellulose orientation perpendicular to the drawing direction (i.e. per-
pendicular to the long axis of the VCB), based on the azimuthal profile (Fig. 5-8E), which
shows two corresponding maxima with broad distributions centered around 100° and 280°.
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The shift of ~10° from expected peak centers at 90° and 270° arises from a slightly tilted
arrangement of the individual cells along the length axis of the VCB. In stark contrast,
within the drawn fiber, cellulose is highly aligned along the fiber axis based on the two
narrow peaks in the azimuthal intensity plot at 0° and 180° (Fig. 5-8C). The transition zone
shows evidence for cellulose oriented both perpendicular and parallel to the fiber drawing
axis (Fig. 5-8D) based on two pairs of maxima observed at 0°/180° and at 100°/280°. This
is consistent with the observation using PLM that the transition zone is the site where the
cellulose within the viscin cells flows and reorients to form the emerging fiber.

5.2.5 Synchrotron based WAXS and SAXS studies revealing the viscin cellulose di-
mensions and moisture dependent arrangement of secondary structures

In addition to the broad intense (200) reflection in the radial scattering profile, viscin fiber
scattering patterns (Fig. 5-9A) showed the presence of an extremely sharp (004) cellulose
reflection, which originates from the regular stacking of crystal unit cells along the crystal
length axis (Sugiyama et al. 1991). Radial intensity profiles of small azimuthal sections
along the meridian (004) and the equator (200) are shown in Figure 5-9D where a strong
amorphous background arising from the matrix has been subtracted. Typical peak broad-
ening due to a small crystallite width is evident in the equatorial profile based on the over-
lapping (1-10)/(110) reflections and broad (200) reflection (Kennedy et al. 2007). In con-
trast, the crystalline domains appear to be quite long based on the extremely sharp (004)
reflection in the meridional profile. The (200) and (004) peak widths were further analyzed
by Lorentz peak fitting allowing extraction of the full width at half maximum (FWHM)
which was used to calculate the dimensions of the crystalline domains with the help of the
Scherrer equation (Equation 5). Apparent mean width and length of L2oo ~2.5 nm and Loo4
~67 nm, respectively, were calculated leading to a quite high aspect ratio of ~27. While the
obtained width is comparable to findings from other primary cell wall systems (Newman
2008; Newman et al. 2013), the apparent length is extraordinarily high compared to litera-
ture values based on WAXS analysis reported from spruce wood (Jakob et al. 1995; An-
dersson et al. 2003), sugarcane (Driemeier et al. 2012) and bamboo (Wang et al. 2012).
Moreover, considering that sources besides instrumental line broadening were not ac-
counted for (e.g. disorder from micro-stresses (Warren 1990), twisting (Fernandes et al.
2011), structural inhomogeneities (Thomas et al. 2014), or contaminations from neighbor-
ing reflections), the reported values are likely an underestimate of the true dimensions and
reported values should be interpreted as apparent minimum values.
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Figure 5-9: Viscin fiber wide angle X-ray scattering studies. A) WAXS pattern obtained from a
mistletoe fiber. B) Azimuthal profile along the cellulose 200 reflection. Data regions which are
influenced by the glass capillary holding the beam stop are marked in gray. C) Radial profiles along
the equator, the meridian and a selected angular sector uesed for an estimation of background
scattering intensity. D) Reduced equatorial and meridional profile after background subtraction.

Apart from the WAXS reflections, fiber scattering patterns exhibited intense lateral SAXS
peaks centered at q ~ 1.1 nm™ (Fig. 5-10A), interpreted as a highly regular packing of the
CMFs with a mean center-to-center distance of ~5.7 nm when measured under ambient
conditions (~50% RH). Experiments under changing RH conditions showed that the mean
center-to-center distance changed reversibly from ~5.5 nm at ~30% RH to ~7.8 nm at ~95%
RH as deduced from shifts of the SAXS peak (Fig. 5-10C). Due to very low scattering
intensities it was impossible to analyze the peak position below ~30% RH. However, with
rising RH the scattering intensity dramatically increased as illustrated by logarithmic scal-
ing. With regard to the small crystallite width of ~2.5 nm the calculated mean center-to-
center distances indicate an interfibrillar spacing ranging from ~3 nm to ~5.3 nm. These
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values are considerably higher than what was measured with SAXS or small angle neutron
scattering for other primary (Kennedy et al. 2007; Thomas et al. 2013) or secondary cell
wall systems (Fernandes et al. 2011; Thomas et al. 2014; Thomas et al. 2015). Even in the
dried state, these data suggest that the cellulose microfibrils always maintain a large and
well-defined minimum distance and that there is little or no direct fibril-fibril contact.
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Figure 5-10: Viscin fiber small angle X-ray scattering studies. A) SAXS pattern of a mistletoe
fiber. B) Azimuthal profile of (A). C) Radial profiles along the SAXS peaks from (A) as a function
of the relative humidity (RH) reveals a shift of the peak center from ~ 0.8 at ~95% RH up to ~1.13
at ~ 30% RH. D) Summary of calculated parameters for the dimensions and spacings of cellulose
crystalline domains from SAXS and WAXS.

5.3 Discussion

The findings of the current study reveal an extreme hydration dependent mechanical trans-
formation, which under wet conditions facilitates simple low-force mechanical drawing of
fibers of up to several meters in length from a starting tissue just a few millimeters long. In
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the dry state (< 45% RH), on the other hand, the drawn fiber becomes remarkably stiff and
strong, yet remains flexible. Remarkably, this hydration-dependent 35-fold change in stiff-
ness, is fully reversible as humidity conditions are modulated. Concomitant with this mois-
ture-dependent mechanical transformation is a drastic structural reorganization of the cel-
lulose orientation and higher order packing as the material flows like a fluid polymer melt
with liquid crystal-like properties and exhibits a remarkable draw ratio over a wide range
of drawing speeds.

In this light, it is clear that mistletoe viscin exhibits a highly appealing ease of processing
that is not currently found in the fabrication of typical polymeric materials, nor in current
methods for producing cellulosic composites (Osorio-Madrazo et al. 2012; Hakansson et
al. 2014; Mittal et al. 2018 ). Indeed, viscin fiber formation process functions under ambient
conditions with water as an already integrated solvent. It does not require external heat
since it naturally functions within a temperature range starting from below 0 °C outside in
winter up until ~40 °C when passing a bird’s digestive system before excretion, where it
even tolerates short-term biochemical attack. Furthermore, it does not require a coagulation
bath — rather, just a few minutes of air drying under ambient conditions to solidify. Thus,
from the perspective of green and sustainable polymer fiber fabrication, mistletoe viscin
presents an appealing role model for bio-inspired materials fabrication, and is especially
relevant to current efforts aimed at developing nanocellulose-based composites as a verita-
ble alternative to petroleum-based plastics.

The critical role of the non-cellulosic matrix in viscin fiber processing

Considering that microfluidic-based processing of cellulosic nanocrystallites can yield fi-
bers with stiffness of over 80 GPa (following chemical cross-linking) (Mittal et al. 2018),
it is not at all surprising that the aligned cellulose in mistletoe viscin leads to a stiffness of
more than 14 GPa. However, what is surprising and quite remarkable is the ease of pro-
cessing by which this is achieved. Most notable is the critical role of the water absorbent
matrix in guiding this process. Based on the sharp SAXS reflections (Fig. 5-10), we can
deduce that the mistletoe VCB and fibers consist of a homogeneous dispersion of CMFs
with a highly defined interfibrillar spacing, which is completely controlled by a water-re-
sponsive matrix material. Indeed, the matrix appears to mediate the fully reversible interfi-
brillar swelling and deswelling during hydration cycles (Fig. 5-10C) correlated to the large
water-dependent changes in fiber volume (Fig. 5-5A). The matrix additionally appears to
prevent the CMFs from aggregating or fusing since even the lowest calculated mean center-
to-center distance in the dry state suggests a minimum interfibrillar spacing on the order of
~3 nm. Furthermore, the exceptionally high length of the crystalline domains obtained from
WAXS measurements hints that the matrix compounds bind to the CMFs such that their
axial coherence is not disturbed. The resulting high aspect ratio of the crystalline domains
is certainly beneficial for CMF reorientation along the drawing direction during the fiber
formation process as illustrated in Figure 5-11. Likely, the matrix acts like a viscous stim-
uli-responsive gel in the wet state, whereas in the dry state it behaves like a strong cement,
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binding the CMFs together. This is somewhat reminiscent of a glass transition, only that it
does not depend on temperature, but rather on the moisture content.
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Figure 5-11: Schematic model of mistletoe viscin fiber formation. Based on current evidence,
we favor an assembly model in which mistletoe viscin fiber assembly proceeds via hydration-de-
pendent reorganization of crystalline domains of high aspect ratio from a perpendicular orientation
relative to the fiber axis in the VCB to a highly aligned axial configuration in the fiber mediated
through a structurally aligned, yet flowing phase in the transition zone. The VCB provides an aston-
ishing degree of hidden length where the initial tissue undergoes an extreme >100-fold length in-
crease and ~35-fold stiffness increase as it transforms into a fiber. SAXS data indicate this process
depends on a decrease in the interfibrillar spacing during drying, proposed to arise from deswelling
of the matrix material as it changes from a deformable hydrogel to a strong cement.

Clues to the molecular origin of this behavior can be extracted from previous compositional
analysis of VCB tissue from different V. album variants (Azuma et al. 2000; Azuma and
Sakamoto 2003), indicating that mistletoe viscin contains not only cellulose (~45-47%
d.wt.), but also hemicelluloses (~53% d.wt.) and charged groups (e.g. 2% d.wt. uronic acid).
The moisture-mediated reversibility of fiber drawing indicates non-covalent stabilization
of the matrix. Thus, it seems plausible based on these compositional studies that the hemi-
celluloses and ionic groups may serve as a water-responsive matrix between CMFs as in-
dicated by SAXS. Indeed, earlier studies appear to indicate that at least some hemicellu-
loses are covalently attached to the CMF surfaces (Azuma and Sakamoto 2003), which may
explain why the interfibrillar distances extracted from SAXS are extremely well defined.
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We hypothesize that electrostatic interactions mediated by charged groups in the matrix
provide weak sacrificial cross-link in the presence of water (as has been observed in bone
(Gupta and Zioupus 2008), wood (Keckes et al. 2003) and insect silks (Ashton et al. 2013),
but upon drying, water loss results in a stronger interaction between electrostatic bonds
which stabilizes the matrix. While this model of water-dependent fiber processing is intri-
guing based on the current data, further work is required to determine its validity.

Sacrificial bonds and hidden length as a means for fast fiber formation

It is worth considering, from a basic geometrical perspective, how the millimeter-scale
VCB tissue is able to physically transform into a fiber of several meters. For reasons of
simplicity, we consider an idealized cylindrical shape of a single viscin cell cross section
with a typical diameter of ~25 pm in which the initial cross section area is reduced via
drawing by a factor of 100 to a cylindrical filament with a diameter ~2.5 pm. If one further
assumes volume conservation, a 1 mm long viscin cell would yield a 100 mm long filament.
Considering the whole viscin cell bundle (diameter x length: ~500 pm x ~10 mm, see Fig.
5-11), one would predict a theoretical final length of 1 m with a corresponding fiber diam-
eter of ~50 um, which is in good agreement with observations of typical dimensions of
mechanically drawn mistletoe fibers. Taking into consideration that often diameters of <50
um are observed, even a fiber length of more than 2 m can easily be explained by these
simplified considerations.

Put in a larger context, mistletoe viscin fiber formation has all the hallmarks of a process
based on sacrificial bonds and hidden length — a recurring theme in biological materials
science shown to play a critical role in material toughness, self-healing capacity and mate-
rial formation (Fantner et al. 2005; Winegard et al. 2014; Reinecke et al. 2016). Sacrificial
bonds are non-covalent interactions in materials that can be broken sacrificially, sparing
the backbone covalent bonds and avoiding catastrophic material failure (Fantner et al. 2005;
Reinecke et al. 2016). Hidden length, on the other hand, describes additional material ex-
tensibility that is inherent in the unraveling of higher order hierarchical organization in the
molecular structure of the material. We surmise that the viscin cell wall with its peculiar
perpendicular arrangement of densely packed cellulose fibrils provides an astonishing
source of hidden length allowing a draw ratio of over 100-fold in the resulting mistletoe
fibers. Indeed, an analogous assembly mechanism has been observed in the coiled thread
skeins of hagfish slime (Winegard et al. 2014). Moreover, we believe that under hydrated
conditions, non-covalent and reversible sacrificial bonds in the matrix (likely electrostatic)
break and reform during fiber elongation maintaining the structural coherence of the fiber,
but allowing a liquid-like flow.
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6 Mistletoe viscin — A versatile natural fiber-reinforced adhesive

6.1 Introduction

Adhesives are a technically and biomedically important class of materials that perform di-
verse functions — e.g. engineering sealants, surgical glues and adhesive tapes. In recent
years, scientists and engineers have looked to nature to address specific deficiencies in man-
made adhesives, including adhesion in wet conditions and reversible adhesion (Favi et al,
2014; Zhao et al. 2017). Indeed, natural selection has resulted in the evolution of a number
of versatile adhesives with properties unmatched by current synthetic means. Examples
include the wet adhesives produced by mussels and velvet worms (Waite 2017, Baer et al.
2017), as well as the reversible dry adhesives utilized by geckos, insects and spiders (Gorb
2005; Autumn and Gravish 2008). Elucidation of the chemical and physical principles un-
derlying adhesion in these systems has led directly to the invention and application of syn-
thetic adhesives with both technical and biomedical functions (Lee et al. 2011; Haller et al.
2012; King et al. 2014). In the present study, I investigate the adhesive processing of mis-
tletoe viscin — a fiber-forming cellulosic adhesive.

Mistletoe viscin is an extremely versatile adhesive produced by V. album L. plants
(amongst other mistletoe species) and was even used in ancient times to produce birdlime
— a gluey substance for capturing birds (Tubeuf 1923). Unlike most other biological adhe-
sives, mistletoe viscin combines strong adhesion with the ability to be rapidly processed
into incredibly stiff (E >14 GPa), yet flexible fibers by simple mechanical drawing (Chap-
ters 4 & 5, Horbelt et al. 2019). This combination of properties has evidently evolved to
facilitate the proliferation of mistletoe plants, which are hemiparasitic and rely on a host
plant for their nutrition (Kuijt 1969; Heide-Jorgensen 2008). Typically, the mistletoe ber-
ries, which are a winter food source of many birds, quickly pass through the digestive tract
and emerge at the other end as a sticky string containing several seeds that then becomes
strongly adhered to a tree branch, enabling germination and fusion with the host plant (Fig.
6-1, Heide-Jorgensen 2008). Building off earlier work from Azuma and Chanzy (Azuma et
al. 2000), we performed an in-depth structure-function investigation of the fiber formation
process, revealing insights into the nanoscale mechanism and structure-function relation-
ships (chapter 5, Horbelt et al. 2019). The impressive processability and multifunctionality
of the viscin fiber material emerging from these studies are potentially relevant for current
efforts to produce cellulosic composites. In this chapter, I explore the processability of vis-
cin into more complex architectures and structures beyond simple fibers and investigate the
adhesive properties of the viscin tissue and its potential as a biomedical sealant.

6.2 Results

The findings of the previous two chapters highlight the crucial importance of the swellable
water-responsive matrix in the adhesive function and processability of mistletoe viscin. In-
deed, these studies suggest that the non-cellulosic matrix material responds to changes of
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the relative humidity, taking up water at about ~50% RH allowing microfibrils within the
cells and even the contents of adjacent cells within the bundle to slide past one another at
multiple length scales under hydrated conditions. Yet, upon drying, the matrix acts as a
strong cement holding the cellulose microfibrils together, resulting in impressive tensile
stiffness. The fact that the two VCBs from the same seed or numerous wet fibers from
several seeds can merge to form a single functional fiber in the wet state further suggests
that the water swellable adhesive matrix is also able to mediate self-adhesion. This ability
is beautifully illustrated through observation of mistletoe feeding birds only a few minutes
after they finished their last mistletoe meal. During the following excretion of their drop-
pings one can observe the formation of characteristic chains containing several mistletoe
seeds connected via sticky viscin fibers like pearls on a string (Fig. 6-1A). However, this
natural phenomenon does not require the seed’s passage through the bird’s guts which can
be easily demonstrated by the mechanical isolation and mixing of V. album seeds which
leads to a similar seed chain, when artificially deposited on a tree branch (Fig. 6-1B).

Figure 6-1: Mistletoe viscin “pearl chains”. A) A Japanese waxwing (Bombycilla japonica) leav-
ing a chain of mistletoe seeds connected via adhesive viscin fibers. White arrows: Thin barely vis-
ible viscin fibers. Adapted and reprinted under a CC BY 4.0 license. B) A chain of mechanically
isolated V. album seeds manually deposited on an apple tree branch.

6.2.1 Exploring the self-adhesive properties of viscin

The self-adhesive character could not only be observed for freshly drawn fibers but also for
dried fibers. It was observed that two fibers held together between the thumb and index
finger will fuse with one another, presumably using just the humidity from the skin to ini-
tiate the adhesive interaction. To further investigate the ability to reactivate the self-adhe-
sive properties of the fiber matrix, a “welding” experiment was performed in which a dried,
non-sticky fiber was cut with a razor blade (Fig. 6-2A).
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Figure 6-2: Hygro-activated fusion of viscin fibers. A) PLM image of 2 loose ends of dried viscin
fibers oriented at 45° to the polarization filters. B) Detail of (A). Scale bar: 50 um. C) Fibers were
brought into contact. Slightly swollen fibers after 30 s of exposure to saturated water vapor (RH ~
100%). The interface between the 2 fibers is still visible. D) Fibers at maximum swelling after 90 s
of rehydration. The fibers fused in the contact zone and the interface gets lost. E) 60 s after maxi-
mum swelling (total experimental time of 150 s) the diameter of the fused fibers is reduced dramat-
ically again. F) ESEM image showing a side view of the fused fibers. Scale bar: 50 um. G) ESEM
image of a fused fiber cross section. Scale bar: 50 um. H) Detail of (G) revealing that the interface
between the fused fibers gets lost. Arrows: voids due to possible inclusions at the former fiber-fiber
interface. Scale bar: 10 um.

The two resulting pieces of the stiff fiber do not interact adhesively in the dry state when
they are brought into contact. However, by raising the RH to above ~40%, it could be ob-
served that the fibers swell slightly (as previously reported) and when brought into contact
begin to adhere and deform at the interface (Fig. 6-2C). Further raising the humidity by
exposing the fiber ends to saturated water vapor (~100% RH) leads to an intense swelling
of the fibers where the fibers further deform along the interface between the fibers, which
gradually disappears (Fig. 6-4D). Cutting off the water vapor leads to a sudden drop of the
RH back down below 40%, after which it was observed that the fibers become physically
fused to one another (Fig. 6-2E+F). The fused fiber ends were cut and the cross-section was
investigated with environmental scanning electron microscopy (ESEM), confirming that
the interface between the formerly separate fibers is largely lost (Fig. 6-2G+H).
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Layered viscin fiber mesh Dried viscin fibers Welded viscin fibers

Figure 6-3: Structures made from viscin fibers. A) A mesh of viscin fiber segments arranged in
a crosswise pattern glued on a card board frame. B) PLM overview image of the dried viscin web.
C) PLM image of the welded viscin fiber web after short time rehydration. Scale bars in B+C: 5
mm. D) ESEM image of welded fiber nodes. E) PLM image of welded fiber nodes. F) PLM image
of welded fiber nodes at an angle of 45° with respect to the polarization filters. Scale bars in D-F:
500 um. G) ESEM detail of a fiber node showing the distorted viscin on the fiber surface around
the node edges. H) PLM detail of a single node. I) PLM detail of single node. Scale bars in G-I: 50
pum. J) An oblique view on the cross-sections of 2 fused fibers crossing at an angle of ~90° and
sectioned at an angle of ~45° close to the node. K) Oblique view as in (J) sectioned through the
node. Scale bars in J+K: 50 pm.
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Based on this water-initiated self-adhesion between viscin fibers, it was possible to con-
struct two-dimensional objects from individual stiff mistletoe fibers, by simply arranging
stiff pieces of mistletoe fiber in the dry state, exposing them to water vapor for a short time
at the joints and then allowing them to air dry (Fig. 6-3A-C, for a more detailed description
see chapter 3). The physical fusion of the fibers was confirmed using ESEM (Fig. 6-3D).
Indeed, the fibers lose their circular cross-section at the welding point and appear to merge
together showing distortion in the microfibrillar texture on the surface of the fiber (Fig. 6-
3G). In order to investigate how the cellulose fibrils within the fibers are affected by this
fusion process, we utilized PLM — clearly revealing that the cellulose becomes distorted at
the nodes where two fibers are fused (Fig. 6-3E,F,H,I). Cross-sections of fused fiber nodes
in ESEM clearly show that the interface between the two fibers is largely lost at the junction
points (Fig. 6-3J+K). Interestingly, due to the strong plastic deformation of the individual
fibers the ESEM images give the impression, that fibers interpenetrate each other at the
junction points. These observations reveal that the mistletoe fibers are indeed self-welding
using elevated moisture as a soldering agent at room temperature. Because the adhesive is
integrated in the fiber, there is no need for additional glues, just water. This is a remarkable
behavior for polymer fibers with a stiffness in the dry state of more than 14 GPa (i.e. ex-
ceeding that of Nylon by more than 3-fold (Najafi et al. 2017)

Dried layered viscin fibers Welded viscin fibers

Figure 6-4: ESEM studies of the self-welding behavior of multilayered viscin fibers. A) 3 stag-
gered layers of dried viscin fibers successively arranged perpendicular to the adjacent layer. Images
A-D are oblique views taken at an angle of 25°. Scale bar: 500 um. B) Detail of (A) showing the
circular shaped fibers are not connected. Scale bar: 100 um. C) Self-welded viscin fibers after re-
hydration due to short time exposure to saturated water vapor. Scale bar: 500 um. D) detail of (C)
showing all 3 fibers permanently fused. The formerly independent parallel bottom and top layered
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fibers fused along their entire length. The center fiber gets fused to the adjacent fibers at the fiber
crossings in a sandwich-like structure. The fibers get deformed after rehydration and appear flatter
and broader than the original circular fibers which is particularly pronounced for the center fiber
towards the crossings. Scale bar: 100 pm.

From a simple fiber, one can easily construct the aforementioned 2D structures. Addition-
ally, these structures can be expanded into multilayer architectures similar to the additive
manufacturing of 3D printed objects. Figure 6-4 shows a multilayer 2D mesh in which
multiple fibers laid over one another can envelop another layer of fibers oriented orthogo-
nally, creating more complex, and presumably more stable junction points. Moreover, dried
viscin fibers can be used to construct three-dimensional objects by a stepwise premanufac-
turing of several 2D mesh structures, which can later be assembled into the desired 3D
shape and welded by local rehydration along the junction zones. And of course, it also
possible to build similar structures with freshly drawn self-adhesive viscin fibers (Fig. 6-
5).

1D fiber 2D mesh 3D cube

Self-welding of Self-welding of dried fibers
freshly drawn fibers during rehydration

Figure 6-5: Structures made from drawn viscin fibers. A) Manually drawn viscin fibers. B) A
two-dimensional mesh created from self-welding viscin fibers. After drying the mesh can be cut
from the card board frame (red dotted line: cutting contour). C) A hollow cube formed of preman-
ufactured two-dimensional meshs welded by rehydration (red dotted line: outlines of an individual
2D mesh from (B)). Scale bars: 10 mm.

6.2.2 Formation of free-standing films from mistletoe viscin

It was demonstrated in chapters 4 and 5 that the adhesive properties of mistletoe viscin and
viscin fibers arise from the swellable matrix material, which is infused between and within
micro- and nano-fibrils. It stands to reason that this can be applied not only to form fibers
via elongational shear, but possibly also films by shearing perpendicular to the microfibril-
lar axis, as demonstrated by the flattening of fused fibers. This can be easily demonstrated
by placing viscin tissue between fingers, adding a bit of shear by rubbing and then slowly
separating the fingers. This results in the formation of an adhesive interaction with the mis-
tletoe viscin at the fingertips, and the formation of a stable free-standing film between the
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fingers (Fig. 6-6A), stabilized presumably by cohesive forces between the matrix and fi-
brils. Further separation of the fingers results in the eventual collapse of the films into a
fiber.
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Figure 6-6: Viscin film properties examined with PLM and WAXS. A) Image of a freshly
formed and flexible viscin film drawn from a compressed berry of V. album. Scale bar: 10 mm. B)
Free standing viscin film drawn into a triangular shape and glued to the edge of a Petri dish making
use of the natural adhesive properties. Scale bar: 10 mm. C) A dried viscin film is dimensionally
stable and highly transparent. D) PLM image showing a detail of (B) revealing the cellulose orien-
tation along the contours of a film. Scale bar 1 mm. Cellulose orientation was also confirmed with
wide-angle X-ray diffraction shown in the adjacent diffraction pattern from 2 selected points along
the film contour. The arrows in the diffraction patterns mark the distinct equatorial cellulose dif-
fraction spots. E) PLM image of the film center from (B) where viscin cells are found to be ran-
domly oriented and mostly unstretched. Scale bar: 250 um. F) A viscin film which locally collapsed
into a porous structure. Scale bar: 10 mm. G) PLM image showing a detail of a porous region from
(F). Scale bar: 250 um. H) Detail from (G) showing that the film locally collapsed into small fibers.
The cellulose is highly aligned along the fiber directions and the pore contours as indicated by the
polarization colors.
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In a more controlled manner, it was possible to form thin films of viscin adhesive made
from mechanically isolated viscin. The isolated viscin was drawn into short and thick
strands and fixed on at least two different points (using the natural adhesive properties of
the viscin) after which it was and pulled in an opposing direction and fixed on a third point
(Fig. 6-6B, for a more detailed description see chapter 3, Fig. 3-4). This resulted in the
formation of a freestanding film between the three anchoring points, which flows when
hydrated and stretched. When dried, the transparent film stiffens, retaining its integrity and
shape (Fig. 6-6C). PLM imaging of the film reveals orientation of the cellulose microfibrils
along the local contours of the anchoring points (Fig. 6-6D). This orientation was verified
with wide-angle X-ray scattering, showing that cellulose is aligned along the apparent stress
fields. In the middle of the film, in contrast, numerous randomly oriented unstretched viscin
cells could be observed (Fig. 6-6E) — which could ostensibly supply further extensibility of
the film in the wet state. However, a viscin film, which is excessively stretched will fail at
some point. The failure is not characterized by a total rupture of the film but is rather initi-
ated by a local collapse of the film into a porous architecture (Fig. 6-6F). The arising pores
are connected via thin highly oriented fiber segments ensuring the mechanical integrity of
the remaining film (Fig. 6-6G+H). As revealed by PLM, the cellulose orientation follows
the local contours of the pores. While the freshly isolated viscin can be readily stretched
into continuous films, partially dried films (drying occurs quickly) tend to collapse into the
porous structures as described above.

6.2.3 Mistletoe functions as a versatile adhesive on diverse surface chemistries

Based on the ability of the hydrated viscin fibers to stick to themselves, to tree branches
and to fingertips (and other materials observed during my investigations, such as glass
slides, tweezers and lab bench surfaces), I further explored the versatility of the viscin ad-
hesive on a wide range of surfaces presenting different chemistries including metals (brass,
aluminum, stainless steel), glass, polymers (polytetrafluoroethylene (PTFE), high density
polyethylene (HDPE), polycarbonate (PC), polyamide (PA), polypropylene (PP), metal ox-
ides (mica) and wood, as well as viscoelastic biomaterials (porcine cartilage and skin). For
a number of selected materials, the viscin from a single berry was able to adhere to a small
area and support the weight of 10 g of each material (Fig. 6-7A). Considering that the typ-
ical weight of a hydrated seed is in the order of 0.2 g the dried viscin can withstand loads
at least 50x higher than required based on the assumed natural function and possibly more.
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Figure 6-7: The multimaterial adhesive properties of viscin. A) Cylinders from 10 selected ma-
terials with different surface chemistries are supported by a viscin fiber each attached to the top
surface of the cylinder and a laboratory stand. Cylinder diameter: 1 cm, cylinder weight: 10 g. Scale
bar: 1 cm. B) A viscin fiber adhered between two fingers supporting the seed. C) Two V. album
seeds adhering to porcine cartilage. One seed is directly attached to the cartilage via the hydrated
viscin layer surrounding the seed. The other seed is connected via a freshly formed viscin fiber.

6.2.4 Biomedical potential of viscin coatings

The ability of mistletoe viscin to stick to skin and cartilage also makes it an interesting
candidate as a wound sealant or biomedical adhesive. Indeed, there are reports of mistletoe
viscin being used both as a birdlime and wound dressing in ancient times (reviewed in
Tubeuf 1923, p. 41 ff.), and commercially available nitrocellulose-based sealants for small
cuts can be found at most drugstores (Filmogel, Laboratoires Urgo, France). To investigate
the potential of this natural fiber-reinforced adhesive as a wound sealant, incisions were
made in porcine skin (non-living) using a razor blade (Fig. 6-8A). The incisions were sealed
by spreading native isolated viscin tissue over the cut (Fig. 6-8B), and allowing it to dry
(Fig. 6-8C). The silky, glossy viscin sealant remained attached upon drying and even when
a load was applied to the skin, the cut remained sealed, while nearby unsealed incisions
opened easily (Fig. 6-8D+E). Tested on live human skin (no incisions inflicted!), such a
viscin sealant remained attached for a period of more than 3 days. The sealant always re-
tained a minor tack on its surface. Aside from that, it remained flexible, allowing free move-
ment when performing everyday tasks like using tools, cutlery or riding a bike and was
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even resistant to short time rinsing with water, e.g. when washing the skin under running
water. To remove the seal, friction could be used by simply rubbing the sealed area.

Untreated Freshly applied Dried viscin Dried viscin

[

incisons viscin under load

Figure 6-8: Image series of an artificial wound treatment with viscin. A) Parallel cuts were
made with a razor blade on a porcine skin. Scale bar: 10 mm. B) Three incisions were selected as
reference (black arrows) while the remaining incisions were used for viscin treatment (red arrows).
Freshly isolated viscin from one berry each was spread over the selected incisions. C) Applied
viscin after drying. D) Dried viscin sealant loaded perpendicular to the incisions. E) Detail from
(D) showing the opened reference incisions under load while the dried viscin sealant keeps the
incisions sealed and closed.

Native viscin already performs surprisingly well when used as a tissue sealant, considering
this is presumably not the evolved function. However, the intrinsic property to stick to all
kinds of surfaces and the ability to instantly form fibers makes it slightly delicate to handle
and complicates the precise application onto only the designated area. Therefore, I followed
remarks in the literature on ancient recipes for making viscin birdlime and coatings men-
tioning the use of natural oils as an additive (Theophrastus (371-287 BC): De Causis
Plantarum and Pliny (AD 24-79): Naturalis historia, reviewed in Tubeuf 1923, p. 50). In
a very simplistic approach, mechanically isolated viscin from multiple berries was sub-
merged in walnut oil or olive oil for a few minutes (Fig. 6-9A+B).
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Viscin preparation Freshly applied viscin Dried viscin

Figure 6-9: Preparation and application of viscin bandages. A) Mechanically separated fraction
of the V. album berries: peduncles, seeds, skins and flesh and viscin. B) Viscin submerged in walnut
oil. C) Translucent, milky viscin coating from (B) freshly applied to human skin, covering a finger.
D) The freshly applied viscin allows free movement of the covered finger. E) The viscin coating
dried into a thin transparent film. F) The dried flexible viscin coating still allows free movement of
the finger without failure despite intense stretching and compression, e.g. around the knuckles.

The oil-treated viscin was not as sticky as the native viscin, allowed a much easier pro-
cessing, but still revealed a notable adhesion to human skin. The oil-treated viscin exhibited
only a weak tendency to form fibers combined with an improved coherence. The oil-pro-
cessed viscin feels smooth and silky and can be kneaded like a dough, stretched into stable
films and applied to the skin where it can be further redistributed over the designated area
(Fig. 6-9C+D). Within only a few minutes even thickly applied viscin dries into a smooth
transparent coating (Fig. 6-9E). In contrast to the native viscin, the oil-treated viscin does
not show any perceptible tack, and allows one to grab or touch things without getting stuck
to the surface and is so flexible that is does not restrict any movements (Fig. 6-9F). Indeed,
it is not perceptible on the skin. Similar to the native viscin, defects can be repaired by
adding further material (additive manufacturing) or by locally rehydrating the coating
which enables further manipulation, consistent with the self-welding nature of the material.
To wrap an entire finger with a viscin coating as presented in Figure 6-9C+D it requires the
viscin of about 10-15 berries.
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6.3 Discussion

In this chapter, I investigated mistletoe viscin primarily from the perspective of a fiber-
reinforced adhesive. I investigated and demonstrated the versatile processability of the vis-
cin adhesive, including the ability of water-based self-welding to form two-dimensional
and three-dimensional structures, formation of free-standing films revealing dynamic and
adaptive reorientation of CMFs, strong adhesion to a broad range of surface chemistries
and finally, the ability to act as a biogenic adhesive that is effective on mammalian skin
and cartilage. This multifunctionality, which is intimately related to the hierarchical struc-
ture comprised of cellulose nano- and microfibrils surrounded by a humidity-responsive
adhesive, further underlines the enormous potential for bio-inspiration inherent in mistletoe
viscin.

Reversible water-responsive adhesive

Results presented in chapters 4 and 5 clearly demonstrate the presence of a stimuli-respon-
sive matrix that swells and becomes sticky and sacrificial at RH above ~50%. In the dry
state, however, the matrix acts as a strong cement that holds CMFs together, which is not
sticky or self-adhesive — e.g. two fibers can be held in contact, but will not adhere. In this
state, the fibers are highly flexible, with stiffness values far exceeding those of most stand-
ard thermoplastics, with the exception of ultrahigh-performance technical plastics includ-
ing polyaramids, such as Kevlar (Akato and Bhat 2017) and UHMWPE (Deitzel et al.
2017). However, unlike petroleum-based thermoplastics, viscin fibers are produced and
processed under sustainable and environmentally friendly conditions and are additionally
biorenewable and biodegradable. In contrast to the dry fiber state, the hygro-responsive
matrix material can uptake moisture from the atmosphere at RH above ~50%, which con-
verts it from a strong cement to a sticky sacrificial glue that allows the CMFs to flow past
one another, enabling elongation of the tissue into fibers (chapter 5, Horbelt et al. 2019).
However, this tendency of the hydrated matrix also enables the viscin to stick to other fi-
bers, as well as a number of other surfaces. From an evolutionary perspective, it seems that
this propensity of viscin from multiple berries to stick to one another may be advantageous
in order to create a network of fibers in the bird’s gut, that when released, increases the
likelihood of adhesion to branches, and thus, seed propagation and germination. However,
we discovered that the stimuli-responsive nature of the matrix and the resulting tendency
of the viscin tissue to adhere indiscriminately to itself and various other surface chemistries
in the hydrated state enables remarkable materials processing and possible biomedical ap-
plications that go well beyond the evolved biological function, which I will discuss below.

Fiber fusion and self-welding

Self-welding behavior under ambient conditions is not a typical property of most plastics,
and fusion of two separate surfaces, would normally require bringing a thermoplastic to its
melting point, and essentially remolding two surfaces into one (Troughton 2009). A notable
exception is a class of supramolecular polymer elastomers known as vitrimers developed
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initially by Leibler and colleagues, which exhibit self-welding and self-healing behaviors
based on reversible hydrogen bonding interactions (Cordier et al. 2008). However, this re-
sponse requires the presence of unpaired hydrogen bond donors and acceptors on the sur-
face, which decay on a freshly cut surface relatively quickly if two surfaces are not brought
together immediately because new bonds are formed in the bulk rather than between two
surfaces (Cordier et al. 2008). In general, supramolecular polymers stabilized by reversible
non-covalent interactions including H-bonding, metal coordination or ionic interactions
will tend to be self-healing and possibly self-welding (Herbst et al. 2013); however, these
materials are typically extremely soft.

In contrast to typical supramolecular polymers, mistletoe viscin fibers are extremely stiff,
yet flexible due to reinforcement with CMFs, and the self-welding response is triggered by
simply cycling between low and high humidity conditions, resulting in the melding of mul-
tiple fibers (Fig. 6-2). We presume that this response arises from the swellable hygro-re-
sponsive matrix material identified in previous studies as existing between CMFs (chapter
4 and 5, Horbelt et al. 2019). Yet, currently very little is understood about the chemical
composition of the viscin matrix, as already pointed out in chapter 4. The limited chemical
analysis performed on Viscaceae mistletoe species indicates the presence of various hemi-
celluloses and pectin in addition to cellulose, none of which is unusual for a material that
has its basis in the primary cell wall (Gedalovich and Kuijt 1987; Gedalovich-Shedletzky
et al. 1989; Azuma et al 2000; Azuma and Sakamoto 2003). Nonetheless, the combination
of a water-responsive adhesive reinforced by stiff cellulosic fibrils provides an exciting
paradigm for design of high-performance supramolecular composites, combining excep-
tional mechanical properties with intrinsic self-healing and self-welding response. Future
work must elucidate the chemical constituents of the matrix.

Film formation

I was able to demonstrate also in this chapter that the ultra-soft cell walls of viscin cells
from the viscin cell bundles (VCBs) and viscin cell clusters (VCCs) can be stretched not
only into uniaxial fibers, but also into free-standing films via application of a multiaxial
load and drying. Considering the viscin tissue as a composite of CMFs embedded in a su-
pramolecular hygro-responsive matrix, one can envision the film formation process as a
force-induced reorientation and uncoiling of VCBs into aligned CMFs along various direc-
tions corresponding to local stress/strain fields under multiaxial load, while the matrix
maintains the integrity of the film, holding CMFs together. This is supported by the fact
that CMFs orient along the fiber axis near anchoring points, but are less oriented in the
middle and may remain as coiled viscin cells in the center of the film as demonstrated by
WAXS and PLM measurements. This combination of fully stretched and locally aligned
CMFs towards the film periphery with partly and mostly unstretched cells provides an enor-
mous reservoir of hidden length to further expand the surface area of a dried film in any
direction following rehydration under RH conditions above 50%. There is a limit of expan-
sion at which the film becomes mechanically unstable; however, this does not result in the
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complete failure of the film as a whole, but rather the local formation of pores on the scale
of a few 100 um in the film. Notably, the CMFs can become locally oriented along the
struts of pores that form due to drying, likely due to the presence of local drying stresses
(Fig. 6-6J+K).

Multimaterial adhesion

In addition to the already discussed self-adhesion, the natural substrate of the viscin adhe-
sive is the tree bark covering the branches of host species, which is crucial for propagation
and germination of the seeds (Kuijt 1969; Heide-Jorgensen 2008). However, we demon-
strate here that viscin is essentially indiscriminate in terms of what surface chemistry it
adheres to, showing adhesion to both biogenic materials such as wood, skin and cartilage,
as well as completely synthetic materials including various plastics, metal alloys, and glass.
Adhesion to skin may also be relevant evolutionarily since adhesion to bird feathers and
beaks, which share a keratinous origin similar to mammalian skin (Wang et al. 2016), also
constitutes a seed-spreading mechanism (e.g. a bird will dislodge a seed that has become
adhered to its beak onto a branch). Yet, the adherence to various synthetic surfaces that
represent both polar and non-polar surface chemistries is harder to explain from a biological
adaptation standpoint and may simply represent a highly versatile adhesion chemistry, anal-
ogous to that observed in mussel adhesion (Waite 2017).

Currently, the chemical and physical mechanisms of viscin adhesion is completely un-
known, which is not surprising considering how little is understood about the basic com-
position of the viscin matrix. Nonetheless, it seems likely that the ability of the viscin to
adapt its shape to a surface it is in contact with in the wet state enables mechanical adhesion
as the material dries and locks in to nano- and microscale pores on the surface (e.g. similar
to cyanoacrylate glues). However, specific chemical adhesion mechanisms are also sug-
gested since the viscin also binds to freshly cleaved mica, on which surface roughness is
minimal and to cartilage, which most adhesives functioning purely based on mechanical
mechanisms cannot adhere to. The ability to stick to both hydrophilic (e.g. mica, biological)
and hydrophobic (PTFE) surfaces suggests that the adhesion is chemically versatile. This
is not unprecedented in the biological world — DOPA-based mussel adhesives bind to hy-
drophilic surfaces via hydrogen bonds, ionic bonds or metal coordination, and bind to non-
polar surfaces through the hydrophobic face of the aromatic rings of the catechol groups of
the DOPA residues (Waite 2017). In fact, catechols have been detected in viscin of certain
mistletoe species (Gedalovich-Shedletzky et al. 1989). However, at this point there are no
clear connections between adhesion and any aspect of the viscin chemical composition. In
addition to the chemical adhesion mechanisms, mechanical reinforcement of adhesives can
be a critical feature in their performance. As demonstrated with gecko and gecko-inspired
adhesion, the compliance of an adhesive is inversely related to the pull-off force (Gilman
etal. 2015). In this light, the inclusion of stiff CMFs in the viscin adhesive likely contributes
positively to the adhesive behavior of mistletoe viscin as well.
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Biomedical potential for viscin

Probably the most exciting observation of the adhesion studies with respect to potential
applications is the demonstration that viscin can adhere to biological tissues including car-
tilage and skin. In particular, the observation that mistletoe viscin can adhere to cartilage is
especially remarkable considering the enormous challenges in developing effective adhe-
sives for wet surfaces in biological tissues (Li et al. 2017; Yuk et al. 2019). While much
more needs to be done to investigate the potential of this approach, interaction with carti-
lage makes it an interesting model system towards the development of bio-inspired inter-
vertebral disc fluids or synovial fluids.

With regards to skin coatings and wound sealants, the processability of viscin into a coating
is incredibly facile, as demonstrated with film formation. No further additives are required
—as long as the viscin stays hydrated, the coatings can be formed and applied under ambient
conditions. Indeed, the humidity from skin moisture appear to be enough to keep the viscin
film pliable and sticky for at least several days. The mechanical integrity of the coatings is
easily demonstrated and arises presumably from the presence of CMFs within the films.
The coatings remain firmly attached during brief washing in water (e.g. hand washing); yet,
are easily removable with a bit of friction, providing the ideal properties for a tissue sealant.
The viscin from a single berry can be used to produce a film with a limited surface area (as
already discussed). However, based on ancient recipes of birdlime, treatment of viscin from
many berries with olive oil or walnut oil, produces a larger, less sticky, smooth film that is
comfortable to “wear” and more flexible. This means that there are no restrictions in using
coated hands besides ensuring not to soak the film for too long in water since it completely
rehydrates and swells dramatically, and will wash it off at some point. As opposed to cur-
rently available nitrocellulose-based wound sealants, the viscin films are sustainable natural
products with no synthetic additives, are environmentally friendly, are apparently biocom-
patible (no skin irritations were observed), are biodegradable and even function under wet
conditions (suggesting these would still work in the presence of bodily fluids such as
blood). Furthermore, the fact that potential anti-cancer and other therapeutic compounds
and have been previously extracted from mistletoe viscin (Biissing 2000; Horneber et al.
2008; Nazaruk and Orlikowski 2016), perhaps adds a further dimension to the potential
biomedical applications of these bio-coatings. However, there are also critical reports about
a considerable potential of harm of mistletoe extracts used for medical applications (Ernst
2006) and reviews which conclude, that reliable controlled clinical trials do not show a
significant benefit in anti-cancer treatment (Kleijnen and Knipschild 1994; Ernst et al.
2003).
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7 Conclusions and outlook

The fields of biomimicry and bio-inspiration are founded on the concept that nature can
offer humans novel insights into more effective and sustainable ways of doing things. In
particular, bio-inspired materials research provides design principles and structure-function
paradigms that can transform and improve the materials we use and how we make and
dispose of them. In this light, the material properties and structure of mistletoe berries from
the European mistletoe (V. album L.) were investigated in this thesis with a specific focus
on the adhesive viscin tissue surrounding the seed inside the mistletoe berry. The viscin
adhesive not only plays a crucial role in the seed-host attachment of this hemiparasitic plant
species, but as highlighted in the thesis, may also offer important inspiration for the sus-
tainable design of next generation adhesives and cellulosic composites toward potential
technical and biomedical applications. Indeed, during the natural dissemination of the mis-
tletoe seeds (through the help of birds), the viscin tissue shows the remarkable ability to
form adhesive fibers and films which help to glue the seed firmly onto a suitable host.
However, it was also demonstrated clearly in this thesis that the adhesive is remarkably
versatile, sticking to a broad range of surface chemistries beyond what it presumably
evolved for, including metals, glass, plastics and even living tissue. Based on the multiscale
material analysis performed here, this work provides valuable new insights into this fasci-
nating fiber and film formation process. Below, I will summarize the key findings from
each data chapter and will highlight the unifying concepts elucidated as a whole. Finally, I
will provide an outlook on the potential for bio-inspiration and on future directions.

In chapter 4, a comparative study of mistletoe berries of two closely related subspecies of
V. album L. was performed to identify differences in the structural organization, as well as
the functional adhesive performance of the fiber forming subspecies V. album compared to
the non-fiber forming subspecies V. austriacum. A method was developed to define a set
of anatomical planes of the V. album berry, which enabled for the first time, the systematic
histological characterization of the structural organization of the berry, achieved via hand
sectioning of frozen berries. Mechanical investigation revealed that the ability to form long
adhesive fibers was clearly linked to a specific tissue in the viscin of V. album, which was
completely absent in V. austriacum. As shown with PLM, the tissue consists of viscin cell
bundles (VCB) and viscin cell clusters (VCC), which connect the berry endocarp surround-
ing the seed to the epicarp. PLM, CFM and SHGM showed that both VCB and VCC are
comprised of elongated cells with massive cell walls where submicron sized cellulosic fi-
brils were coiled perpendicular to the cell long axis embedded into a non-cellulosic matrix.
When the seed was mechanically removed from the surrounding berry tissue — as is as-
sumed to occur in nature during feeding or subsequent defecation of mistletoe berries by
birds — the cell walls of the individual viscin cells of VCB and VCC are massively stretched.
This leads to an uncoiling of the cellulose fibrils in which each cell can be drawn into a
small filament of ~2-3 pm in diameter. These filaments aggregate parallel to the drawing
direction and are glued to together by a non-cellulosic matrix to form macroscopic fibers.
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In addition to the observed structural variation, functional differences in the adhesive be-
havior of the viscin tissue extracted from the two subspecies was observed, which may be
linked to their efficacy in successfully germinating on specific host species. To summarize
the findings, V. album berries attached very firmly on surfaces, while V. austriacum berries
tended to attach, but then slide along a surface under the effects of gravity. It is tempting to
speculate that the differences in adhesive response, as well as the tendency to form fibers,
may represent host-specific strategies for attachment to deciduous hardwoods versus conif-
erous hosts. Indeed, one could speculate that sticky fibers of multiple linked V. album seeds
are more effective at attaching to the bare branches of a hardwood in the winter. On the
other hand, the sliding berries of V. austriacum would appear to have an advantage on pine
host branches, which are covered with needles throughout the year.

While these conjectures about functional relevance clearly require more intensive field-
based studies to confirm, an equally interesting question concerns the genetic basis of these
functional and structural differences. Are V. album and V. austriacum in fact genetically
distinct as some studies seem to suggest (Zuber and Widmer 2000, Zuber and Widmer
2009; Maul et al. 2019) or could these functional differences result from host-specific epi-
genetic effects, for example? Interestingly, there is one host species Genista cinerea that
serves as the only identified natural common host for both subspecies (Grazi and Zemp
1986). One could imagine a very interesting series of experiments comparing the behavior
and development of V. album and V. austriacum seeds on G. cinerea; however, this would
require long term investigations (first fruiting after 4-5 years). In addition, the overall ap-
proach developed in this thesis might help to elucidate the morphological differences be-
tween other species and subspecies to gain a broader understanding of the structure-func-
tion relationships within the viscin tissue across different mistletoe families. It would be
highly interesting to combine these structural studies with systematic investigations on the
development of berries from both species in more detail similar to the work of Gedalovich
and Kuijt (1987) for P. pyrifolia to gain a better understanding of the structural organiza-
tion.

At the moment, lower hanging fruit in terms of research efforts would focus on the compo-
sitional and nanostructural sources of the different adhesive performance and fiber for-
mation capacity of the two species. Specifically, what chemical groups are present in the
viscin tissue of V. album vis-a-vis V. austriacum differences and how might one connect
them to the very different adhesive functions? There are extremely few studies on the chem-
ical composition of the mistletoe viscin tissue (Gedalovich and Kuijt 1988; Gedalovich-
Shedletzky et al. 1988; Azuma et al. 2000; Azuma and Sakamoto 2003), and these studies
were made on a broad range of species and were inconsistent with the specific part of the
viscin tissue that was examined, which has led to highly disparate results in terms of basic
composition. However, this information will be very relevant for efforts to develop new
adhesive inspired by the mistletoe, as highlighted in chapter 6. Regarding the fiber-forming
capacity of V. album viscin tissue — this is highly relevant for ongoing efforts to produce
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fibers and composites from bio-sourced cellulose nanocrystals (CNCs) and cellulose nan-
ofibrils (CNFs), and thus, understanding the nanoscale structural changes during fiber fab-
rication is the precise focus on chapter 5 of this thesis.

After localization and structural characterization of the tissue involved in the fiber for-
mation in chapter 4, the second data chapter elucidates the rapid fiber-assembly process in
more detail (chapter 5) with a focus on extracting a multiscale understanding cellulose or-
ganization. To achieve this goal, specific protocols were developed for both manual and
semi-automated viscin fiber drawing. The latter involved the development of a custom-
built Lego® fiber drawing device to follow the rapid transition from ultra-soft cells to stiff
fibers with in situ PLM video imaging. Complementary PLM and synchrotron based XRD
experiments revealed the change in cellulose orientation from transverse orientation in the
native VCB tissue to an almost perfect orientation along the drawing direction of the re-
sulting fiber. Remarkably, the drawing forces required to induce fiber formation were close
to the lower detection limit of the sensitive load cell on the order of ~10 mN while after
only a few minutes of drying under ambient conditions the fibers became extremely stiff —
up to 20 GPa in some cases. Tensile tests of viscin fibers under controlled environmental
conditions (T and RH) revealed a decrease in average tensile stiffness from ~14 GPa in the
dry state (0% RH) to ~0.4 GPa in the wet state (90% RH) where the stiffness suddenly
plummets at 45% RH. The suggested influence of the moisture content on the tensile stift-
ness was further supported by microscopic investigations of fiber swelling and fiber sorp-
tion experiments using DSC-TGA showing an increase in fiber diameter and a water uptake
above 30% RH, respectively, which most likely induces the mechanical softening of the
fibers.

Synchrotron based XRD experiments were conducted to examine the fiber ultrastructure in
more detail. WAXS results showed, that the fibers consist of highly oriented thin CMFs of
low crystallinity but with a remarkably high aspect ratio of the crystalline domains (L: ~67
nm / W: ~2.5 nm) along the CMF long axis. As observed from humidity controlled SAXS
measurements these CMFs showed a highly regular parallel stacking. Changes of the RH
led to a fully reversible change of the CMF spacing where the individual CMFs were always
kept at a minimum distance around 3 nm. This led to the supposition that there must be a
fixed, swellable matrix materials between the CMFs (maybe covalently attached to their
surface) that enables the flow and reorganization of CMFs past one another under mechan-
ical load in hydrated conditions, yet acts a strong binding agent under dry conditions,
providing the mechanical integrity of the fiber. Indeed, the key to understanding (and even-
tually mimicking) the fiber fabrication process with bio-sourced CNCs is to determine the
nature of this swellable matrix and understand how it functions together with the cellulose.
One interesting observation from nature that points to an even more complex multifunc-
tional behavior of this matrix material is the tendency of fibers from multiple berries to
adhere to one another after passing through a bird’s gut, forming a single fiber. This self-
adhering behavior of the fibers and their adhesive behavior in general form the basis for the
investigations in the final data chapter.
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In chapter 6, mistletoe viscin was investigated from the standpoint of a natural fiber-rein-
forced adhesive with the goal of assessing the potential of processing and possible applica-
tions. Sparked by the observation of viscin fibers fusing in natural circumstances (i.e. bird
droppings) and during artificially induced fusing (e.g. when holding two fibers in contact
between fingers), the investigation first focused on the factors that control fiber self-adhe-
sion. PLM and ESEM investigations showed that it was possible to reactivate the viscin
adhesive properties of dried fibers (which lose their tackiness) by simply exposing them to
water vapor. Two humidity-activated fibers held in close proximity will bind to one an-
other, and after rapid drying, the fused fibers showed a combined cross-section where the
former fiber-fiber interface was completely lost — indicating a self-welding behavior. This
goes beyond the fibers simply sticking to one another. Rather, the welded fibers exhibit
clear structural reorganization at the nano- and microscale, behaving structurally and me-
chanically as a single element. These insights were used to build larger 2D structures from
many dried fibers, by stacking fibers into mesh-like structures, which could then be perma-
nently fused at the fiber-fiber joints. Furthermore, these 2D structures could be successively
assembled into even larger free-standing 3D structures. It was observed that freshly drawn
fibers do not require the addition of water to fuse and that self-adhesiveness is an intrinsic
property of fresh viscin, likely relevant for its biological function. Indeed, freshly drawn
fibers could be rapidly stacked into complex shapes, which become physically cross-linked
by quick subsequent drying of the in-built adhesive. This makes viscin and interesting can-
didate for applications such as additive manufacturing with possible applications as bio-
compatible scaffolds.

Apart from the self-adhesive properties, it was also demonstrated in chapter 6 that viscin is
actually able to adhere to a broad range of both natural and synthetic materials presenting
extremely different surface chemistries, including wood, glass, various polymer thermo-
plastics and thermosets, metal alloys and even biological tissues including skin and carti-
lage. This is a remarkable and surprising range of adhesive substrates for a biological ma-
terial that has ostensibly evolved to adhere to tree branches (from specific hosts) and pos-
sibly, bird feathers and beaks. From a bio-inspiration standpoint, these observations mark
mistletoe viscin as an exciting new model system for understanding and mimicking bio-
adhesion. This has been pursued successfully in many marine adhesive systems, most no-
tably the mussel byssus, resulting in the discovery of chemical adhesion mechanisms that
are currently being applied for producing technical and biomedical adhesive, including pre-
natal surgical glues (Lee et al. 2011). However, unlike most other bioadhesives viscin not
only sticks well, but is mechanically reinforced with cellulose fibers, providing an excep-
tional combination of stiffness and flexibility that is humidity dependent. As already men-
tioned, further investigations are necessary to understand the complex chemical interactions
underlying the adhesive behavior of viscin. A first step towards a better understanding will
be the careful mechanical characterization of the adhesive strength in combination with
different surfaces chemistries, while determining the chemical composition of the polysac-
charidic matrix will hopefully provide molecular level mechanistic insights.
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Another important finding of this investigation was the discovery that while viscin tissue
is adept at forming fibers under uniaxial load, it can also be processed into free-standing
films under biaxial loading. In this context, a protocol was developed to isolate viscin me-
chanically from the surrounding tissue of the berry, and it was demonstrated how the iso-
lated material could be easily drawn into 2D films with a defined geometry. The initially
viscous films were allowed to dry under ambient conditions resulting in thin, transparent
and dimensionally stable films. PLM and WAXD investigations showed that the cellulose
was highly oriented along the local contours of the films indicating that the cellulose re-
sponds to the local force and strain fields acting on the material during multiaxial loading
in the wet state. This is consistent with the findings in chapter 5 on fiber drawing and sug-
gests that the water swellable matrix between CMFs play a key role in enabling film for-
mation. Notably, towards the center of the films numerous viscin cells with their character-
istic transverse cellulose orientation can be found, which presumably did not experience
sufficient mechanical loading to unravel and align. However, these pristine or partially
stretched cells will likely act as a reservoir for hidden length within the film allowing fur-
ther stretching of the films if the viscin were to be rehydrated.

Combining the observations that viscin adheres effectively to human skin and is able to be
processed into complex film geometries via multiaxial loading suggests a clear potential in
the realm of biomedical applications. Along these lines, it was demonstrated that freshly
isolated viscin could be used to cover artificially inflicted incisions on (non-living) porcine
skin by simply distributing the viscin over the dedicated area. After drying, the viscin
formed a thin coating which was able to withstand mechanical loading and to keep the
incisions closed and even tolerated sustained washing with water. It can be assumed that
the numerous stretched cellulosic filaments present in the viscin film act as the main load
bearing component that adds mechanical integrity to the wound covering. In a slightly ad-
vanced procedure, following ancient reports on the making of birdlime and bandages from
viscin, the viscin was given into vegetable oil after isolation and before application which
improved the processability of the viscin as a coating even further, allowing it to be easily
stretched over an entire finger on which it remained stiff, yet flexible. In the context of
biomedical applications such as wound sealants and wound dressings, the fact that the vis-
cin tissue combines mechanical fiber reinforcement with an integrated versatile adhesive
makes it a very intriguing system for biomedical inspiration. In this light, there is an enor-
mous literature on the use of chitin and chitosan for the production of anti-microbial wound
dressings, showing the clear potential of such an approach (Jayakumar et al. 2011).

The findings outlined in this thesis provide crucial new insights for understanding the bio-
logical role of mistletoe, and clearly demonstrate the potential of this system in terms of
bio-inspiration. Through evolution, mistletoe viscin has achieved a level of simplicity and
economy in material processing that is, as of yet, unattainable by polymer scientists. In
terms of fiber formation, this is dependent on a massive, moisture-dependent reorganization
of cellulose microfibrils containing crystalline domains of high aspect ratio through simple
mechanical drawing. Key to this process is a water-responsive interfibrillar matrix material
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that functions alternatively as a sacrificial binder allowing CMFs to flow and reorient in the
hydrated state and a strong cement providing mechanical integrity in the dry state. This
combination of sacrificial bonds and hidden length allows for a >100-fold draw ratio and
35-fold increase in stiffness by simple mechanical drawing and drying of viscin fibers at
ambient conditions. The ability to mimic this process in industrial level manufacturing of
cellulose-based composite materials would represent a paradigm shift in efforts to mass
produce sustainable material alternatives to petroleum-derived plastics. Indeed, materials
based on biorenewable cellulose sources from wood pulp, tunicates and even microbes hold
great potential for replacing humanity’s plastic addiction; yet, there are major challenges
in processing the precursors into useful materials (Moon et al 2011; Thomas et al. 2018;
Klemm et al. 2018). Mistletoe may provide some answers and ideas for novel processing
strategies. However, before this can happen, the intricate biochemical and biological details
of the viscin fiber and film formation process must be further elucidated — in particular, the
nature of the interfibrillar matrix material and the mechanism of moisture-dependent defor-
mation must be determined. Along these lines, comparative studies of other mistletoe spe-
cies that form adhesive fibers (and potentially films) (e.g. Phthirusa pyrifolia in Gedalovich
and Kuijt (1987), Viscum coloratum in Azuma and Sakamoto (2003) and Viscum minimum
in Heide-Jorgensen (2008)) are likely to reveal further important insights into the underly-
ing mechanisms of fiber and film formation, enabling the eventual transfer of these design
principles towards green manufacture of materials using biorenewable starting materials.

In addition, mistletoe viscin clearly holds potential beyond inspiring processing of sustain-
able building materials, especially with regards to its potential as a biomedical adhesive or
wound dressing. Given the observed dissemination of the mistletoe seeds by sticking to
bird feathers and beak, the viscin adhesive may be optimized for not only adhering to tree
bark, but also to keratin-based materials, which would also include mammalian skin. While
this is only speculation at this point, results from chapter 6 clearly reveal the efficacy of
viscin-skin attachment and the potential role of viscin as a fiber-reinforced wound dressing.
However, before this can be realized effectively, it is essential to understand the molecular
mechanisms of film formation and adhesion, which will also depend on characterizing the
water swellable matrix of the viscin cell bundle. Thus, with these challenges in sight, the
future of mistletoe berry research and bio-inspiration is sure to be quite fruitful.
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List of abbreviations

List of abbreviations

CFM confocal fluorescence microscopy

CMF cellulose microfibrils

CNF cellulose nanofibrils

CNC cellulose nanocrystals

d.wt. dry weight

ESEM environmental scanning electron microscopy
GPa GigaPascal, 1 GPa = 1000 N/mm?

HC hairy cells

MC moisture content

MPa MegaPascal, 1 MPa =1 N/mm?

PLM polarized light microscopy

RH relative humidity

SAXS small angle X-ray scattering

SHGM second-harmonic generation microscopy
VaC vacuolated cells

VCB viscin cell bundle

VCC viscin cell cluster

WAXS wide angle X-ray scattering

XRD X-ray diffraction
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