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lll.  Abstract

English

In symbiosis, the relationship between the two species relies on the exchange and
recognition of signals. In parasitism, the attacking species focuses on the avoidance
of detection, whereas the host species strives to improve its ability to recognize the
presence of the invader. Climate change throws off the balance that has been achieved
by long evolutionary periods by weakening the host or by enabling pathogens to spread
to new regions, meeting naive hosts that are susceptible to their attacks. To reduce
the devastating yield losses caused by pathogens, farmers apply chemical plant
protection. Excessive use of herbi- and fungicides can be economically costly and
cause unintended damage to the environmental ecosystem. Alternatively,
immunoactive compounds could be used to strengthen the plant's inherent defence
capabilities by exploiting the defence priming. Prior exposure to a stress stimulus
causes plants to react stronger and quicker, once a pathogen attacks to shift the
immune-related interaction in the favour of the host plant. In this work, we aimed to
identify the mode of action of bioactive fungal metabolites of Roesleria subterranea,
identified by our project partner at the ibwf, Mainz. Additionally, we aimed to establish
methods to quantify the defence reaction of a plant cell suspension cultivated in a
Microfluidic BioReactor (MBR), like measuring the concentration of Reactive Oxygen
Species (ROS) and monitoring the extracellular pH. We modified the established
design of the MBR to potentially cultivate fungal cells to perform co-cultivation
experiments with plant and fungal cells in the same system while monitoring the cells’

reaction.

Within the R. subterranea metabolites, we identified the AcetonAduct of
Entatrevenetinon (AaE) to be a potential effector, uncoupling the synthesis of
phytoalexins from the initiation of Programmed Cell Death (PCD) inherent to a
successful defence reaction. For the MBR we conducted successful proof-of-concept
experiments to continuously measure the pH in the MBR and detect significant
differences in the H202 concentration in the outgoing medium. The cultivation of fungal
cells within the MBR was possible for shorter periods and preliminary co-cultivation

experiments were successful.

In summary, this work demonstrated the feasibility of multiple applications of the MBR

in measuring parameters of the plant immune response and identified possible
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improvements to streamline these methods. Additionally, we identified AaE as a
potential effector in uncoupling phytoalexin synthesis from the PCD inherent to a

successful defence reaction of the plant.

Deutsch

In jeder Symbiose ist das Verhaltnis der zwei beteiligten Spezien gepragt vom
Austausch und der Erkennung von Signalen. In parasitaren Beziehungen, konzentriert
sich die angreifende Spezies auf das Vermeiden ihrer Erkennung, wahrend die Wirts-
Spezies kontinuierlich ihre Moglichkeiten verbessert, Eindringlinge zu entdecken.
Anderungen im globalen Klima andern das Gleichgewicht, in dem sich Spezien
befinden, indem sie den Wirt erheblich schwachen oder den Pathogenen erméglichen,
in neue Gebiete vorzudringen und naive Wirte zu treffen, die ihren Angriffen gegentuber
anfallig sind. Um die existenzbedrohenden Ernteverluste zu reduzieren, die von
Pathogenen verursacht werden, setzen Agrarwirte chemischen Pflanzenschutz ein.
Dieser kann, bei exzessivem Gebrauch, den Landwirt finanziell und dem Okosystem
durch Nebenwirkungen schaden. Alternativ konnten immunoaktive Substanzen
verwendet werden, um die inh&renten Verteidigungsfahigkeiten von Pflanzen zu
starken, indem man das ,Defence Priming“ der Pflanzen nutzt. Hier verursacht ein
vorhergehender Stress Stimulus, dass die Verteidigungsreaktion einer Pflanze
schneller und starker ausféllt, sollte ein Pathogen angreifen. So wird die Interaktion
zwischen Pathogen und Wirtspflanze zu Gunsten der Pflanze manipuliert. In dieser
Arbeit wurde der Wirkungsmechanismus von pilzlichen Metaboliten von Roesleria
subterranea untersucht, die von unseren Projektpartnern am ibwf, Mainz als bioaktiv
identifiziert wurden. Zusatzlich wollten wir Methoden etablieren, Mikrofluidische
BioReaktoren (MBR) zu nutzen, um die Verteidigungsreaktion von Pflanzenzellen zu
guantifizieren, die in ihnen kultiviert werden. Es sollten die Konzentrationsmessung
von Reaktiven Oxygen Spezien (ROS) und eine Beobachtung des extrazellularen pHs
getestet werden. Wir haben das etablierte Design des MBR geéndert und getestet, um
pilzliche Zellen darin zu beherbergen, um sie in mdglichen Co-Kultivierungs

Experimenten unter kontinuierlicher Beobachtung zu verwenden.

Unter den R.subterranea Metaboliten konnten wir das AcetonAduct von
Entatreventinon (AaE) als mdglichen Effektor identifizieren, der in der Lage zu sein
scheint, die Synthese von Phytoalexinen von dem Programmed Cell Death (PCD)

einer erfolgreichen Immunreaktion der Pflanze zu trennen. Mit den MBR wurden

v
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erfolgreiche Experimente durchgefuhrt, in denen wir den pH kontinuierlich messen
konnten und konnten signifikante Unterschiede in der H202 Konzentration im
ausflieBenden Medium des MBRs messen. Das Kultivieren von Pilz-Zellen im MBR
war nur fur kurze Zeitraume maoglich, in denen wir jedoch ein erfolgreiches Co-

Kultivierungsexperiment durchfiihren konnten.

Zusammenfassend, konnte diese Arbeit das Potential demonstrieren, MBRs zu
nutzen, um die Parameter einer pflanzlichen Immunreaktion wahrend des Kultivierens
auszulesen. Es wurden mdgliche Verbesserungenmoglichkeiten im System erkannt,
um die Methoden zu vereinfachen und zu beschleunigen. Zusatzlich wurde AaE als
moglicher Effektor erkannt, der in der Lage zu sein scheint, die Synthese von
Phytoalexinen von der Induktion des PCD zu trennen, der fester Bestandteil einer
erfolgreichen Verteidigung der Wirtspflanze ist.
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Introduction

1. Introduction

1.1 The grapevine

1.1.1 History of wine

As early as the human being has developed a mind, it has looked for ways to numb it.
In many early civilizations, psycho-active substances were integral parts of religious
experiences, medicine and recreational use (Crocq 2007). The transcendental state of
being achieved by the proper use of these drugs was associated with the embrace of
spiritualism or interpreted with a connection to the respective deities. Arguably, alcohol
was the most influential drug for our species. The importance of the intoxicating
beverage, achieved by having yeast digest starch or sugar-containing substances, is
mirrored in the presence of alcohol-associated iconography in many prevailing
religions today. In the polytheisms of the Greeks and Romans, there were deities
specifically dedicated to wine, intoxication and fertility. Dionysos in Greece and
Bacchus in the Roman Empire were often depicted with grapevines and their berries.
The belief system of the Sumerians knew three distinct beings: Gestin, as the “mother
of the vine”, Pagestindug “the good vine” and Ninkas the esteemed “lady of the
intoxicating fruit”. (Dittrich 2015). In Christianity, many stories and allegories are told
using metaphors of wine, drunkenness, vine and vineyards, with a titular character of

the liturgy turning water into wine.

Even still, wine is of immense value to many cultures today. In 2021 there was a global
production of wine of 261,071,000 hL, of which 19,800,000 hL were consumed in
Germany alone (Database | OIV 2023). Some countries attach their local identities to
the intoxicating beverage. Italy is known as the wine country and during the first local
lockdowns during the COVID-19 pandemic in the year 2020 people, morbid as this
humour might be chuckled at pictures of barren shelves of red wine, nestled between
stocked shelves in French grocery stores. In wine-producing regions like Rhine-
Palatine, many local traditions and festivities are centred around wine, the harvest and
production thereof and the celebratory consumption once the strenuous harvesting

season has ended.

While the roots of the grapevine dig deep into the beautiful countryside of Italy, France
and the vineyards of Germany, the roots this plant digs into our history are even
deeper. The earliest traces of grape wine production led to the country of Georgia in

Eurasia. On remnants of pottery found in dig sites, traces of wine were found dating

2
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back to 6,800 years BCE (McGovern et al. 2017). The production of the beverage was
developed enough that our ancestors added antimicrobial resin during the ageing
process, either to protect the valued good or to mask unintended aromas developing.
This technique is still present today in the Greek wine variety Retsina. Findings in these
dig sites hinted at the production of wine being performed in larger volumes, which has
big implications. Large-scale production of wine implies the use of a domesticated
grapevine. While it is possible to use wild grapevines as the substrate for winemaking,
wild species of wine are often diecious, making it necessary to grow plants of both
sexes and thus decreasing the yield. Early humans likely selectively cultivated the
grapevine to be hermaphroditic, thus rendering every plant able to grow berries,
effectively increasing the harvest. Additionally, the grapevine produces its first berries
at three or more years of age, making the sedimentary lifestyle of early humans a
prerequisite for large-volume winemaking. Genetic analysis of a wide range of
grapevine cultivars in different locals shed light on the early history of the coexistence
of grapevine and Homo sapiens. Evidence points towards two individual domestication
events of the grapevine dating back 11,000 years (Dong et al. 2023). The last glacial
period in the Pleistocene caused the fragmentation of Vitis populations and thus
increased speciation pressure. With an amelioration of the climate towards the end of
the Pleistocene two domestication events of Vitis occurred in Western Asia and the
Caucasus. The grapevines spread westward into Europe and mixed with wild
European grapevines, giving rise to a plethora of varieties resulting in the diversity in

cultivars established today (Dong et al. 2023).

Since then, the cultivation of grapevine in the vineyards was further improved, with
viticulturists breeding new cultivars to improve the yield and taste of the berries in either
wine or table grapes. The process of turning grapes into an intoxicating beverage has
also changed over the millennia, with today's process being mainly shaped by the

methods established in Christian monasteries (Dittrich 2015).
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1.1.2 Encroaching diseases

To meet the high demand for quality wine, local cultivars of wine are oftentimes bred
to excel in the yield and taste of the berries and the resulting beverages. This coincides
with deficits in the inherent resistance capabilities of the plant. The instability of plants
bred with the singular focus on economic profits was demonstrated by the accidental
introduction of Phylloxera to Europe in the 19" century (Granett et al. 2001).
Daktulosphaira vitifoliae co-evolved with north American wild grapevines, which have
developed partial resistance to the insect. When D. vitifoliae met with the naive
grapevine cultivars of Europe, it met little resistance in the vines that were bred first
and foremost for their yield and taste at the cost of inherent defence mechanisms and

was able to ravage the European vineyards.

Now, with the advance of climate change, more frequent and more extreme weather
phenomena occur that stress plants considerably and reduce economic yield.
Additionally, changing climates enable pathogens to conquer new lands and attack
naive and weakened hosts and potentially change the nature of existing symbiotic
relationships, due to their ideal conditions shifting quicker than the respective host
plants could develop new resistances (Elad and Pertot 2014). Already, the use of
fungicides in the protection of commercial vineyards impacts the environment and the
need for protection will only increase if new pathogens attack local cultivars. It is
therefore of great importance to understand the interaction of pathogen and host, to
understand the mode-of-action of the pathogen attack to potentially develop strategies

to bolster the plant’s resistance to the challenges it will inevitably face.

In the following section, we describe two examples of grapevine symbionts and what

defines their relationship to the host plant.

1.1.2.1 Neofusicoccum parvum, a causal agent of Esca

Neofusicoccum parvum is a member of the Botryosphaeriaceae family and a known
causal agent of the Grapevine Trunk Diseases (GTD) (Crous et al. 2006; Carlucci et
al. 2015). It can live endophytically for long periods in the trunks of grapevine, causing
only minor damage and primarily feeding off dead wood (Slippers and Wingfield 2007).
During this stage of its life cycle, the fungus is spread from an infected vine to a new
host by pruning or cutting the plant. Grapevine and N. parvum can coexist for years,
without any obvious signs of disease. If the plant suffers a severe period of stress, the

fungus can switch to an apoplectic phase, killing its host within a few days. Khattab et
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al. (2022) showed that in the relationship between N. parvum and the grapevine, the
detection of an accumulation of a single molecule can drastically alter the behaviour of
the pathogen. If the grapevine suffers stress, like drought or excessive heat, the
generation of new wood is disturbed. The synthesis of lignins is reduced and the
intermediate trans-ferulic acid accumulates. This accumulation is detected as a sort of
“surrender signal” and the fungus switches off its endophytic lifestyle, produces the
phytotoxin fusicoccin A and feeds off the dying host tissue to acquire the needed
nutrients to activate its sexual life cycle (Khattab et al. 2022). By producing spores,
N. parvum can spread to a potential new host that does not suffer environmental

stress.

This sudden apoplexy of, sometimes multiple grapevines at once, is known as Esca
and is intensified by climate change (Beris et al. 2023). Climate change causes more
frequent and more extreme weather phenomena, stressing vineyards so that
endophytic symbioses of grapevine and N. parvum switch to apoplectic. This
oftentimes affects older vines, which are known to be the most productive, thus causing

massive economic losses.

This highlights the importance of researching the communication between the host
plant and the pathogen. If it was known which signals are detected in these fatal
interactions, we could potentially intervene. In the case of N. parvum and the detection
of trans-ferulic acid a potential channelling of this lignin precursor towards the synthesis
of phytoalexins was proposed (Khattab et al. 2022). Neofusicoccum parvum, because
of its aggressiveness, was established as a model organism to research the
interactions of plants and causal agents of GTDs.

1.1.2.2 Roesleria subterranea, a causal agent of dieback disease

A lesser-known fungus, Roesleria subterranea is, as the name suggests, a
subterranean ascomycete that grows on the roots of deciduous trees and woody
plants. The fungus is mainly known as a symbiont growing on the roots of the grapevine
and is considered to be a minor parasite of it. The ascomycete is distributed globally
and prefers cooler climates (Neuhauser et al. 2011). It has been identified in several
European countries (Neuhauser et al. 2011), the United States of America (Miles and
Schilder 2009) and Canada, New Zealand and finally Japan (Degawa et al. 2015).
Neuhauser et al. (2011) collected reported sightings of Roesleria subterranea from

different older and smaller publications. These publications often were very specialized
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and in local languages. The vast majority of R. subterranea sightings were recorded
on the roots of Vitis vinifera plants cultivated in commercial vineyards (Neuhauser et
al. 2011; Miles and Schilder 2009). There are a few isolates of Roesleria strains found
on the roots of a variety of deciduous trees (Beckwith 1924; Degawa et al. 2015).
Notably, many of the plant species harbouring Roesleria strains belong to the family of
the Rosaceae with the most notable exception being the Vitaceae. They may differ in
their family but all host plants observed to be infected with Roesleria are situated within
the Rosids clade. Notably, nearly all cases of the fungus Roesleria subterranea
recorded are sightings of the ascomycete growing on economically important species.
Therefore, there might be a certain bias within the observations. Historically and
colloquially, Roesleria subterranea is considered a minor parasite of the grapevine
(Neuhauser et al. 2011). Thus observations of R. subterranea and work with it were
not met with appropriate interest and were published in smaller, specialized
publications in local languages. Therefore the information on the fungus did not reach
the viticulturists, even though there is evidence proving that R. subterranea can infect
healthy plants and reduce their growth by 60-70 % (Miles and Schilder 2009).
Neuhauser et al. (2011) determined that 46 % of dieback cases they observed in Vitis
were caused by Roesleria subterranea and infected plants can die within two to three
years. Regardless of the substantial damage an infection with Roesleria subterranea
can cause, the fungus is often underestimated because a causal connection between
yield loss and fungus is not immediately obvious. The aforementioned lack of widely
distributed information on the fungus causes keepers of vineyards to not look for
R. subterranea when plants succumb to dieback. This is compounded by the fact, that
infection with this fungus is hard to detect. The ascomycete grows on the root of the
plant, kills off tissue to feed and thus causes root rot. The resulting above-ground
symptoms are very ambiguous and even if detected and correctly assigned they
appear late in infection when the plant is already irreparably damaged. For early
detection, the observer needs to look at the roots of the vine at a depth of at least
50 cm, but characteristic fruiting bodies of R. subterranea can be hard to spot,
especially in the field. Neuhauser et al. (2009) established a method to isolate the DNA
of the grapevine root system and screen for the presence of R. subterranea using
species-specific primers in a PCR. The feasibility of this method is limited for field use.

To screen a wide area of a vineyard, samples would need to be pooled.
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Roesleria subterranea belongs to the Roesleriaceae family, sharing the taxon only with
Roeslerina spp. (Yao and Spooner 1999). Using the ITS1-5.8S-ITS2 rRNA gene a
phylogenetic tree was generated, suggesting Roesleria subterranea to be closely
related to the genus Hymenoscyphus (Kirchmair et al. 2008), which is a member of the
Helotiaceae family. Information on the members of the Hymenoscyphus genus is
scarce. Some species are believed to live saprotrophically on dead leaves, like
H. albidus. Other species are plant pathogens like H. fraxineus which is the causal
agent of ash dieback in Europe (Gross et al. 2014; Baral et al. 2014). The order
Helotiales containing the Helotiaceae and potentially the Roesleriaceae as well also
harbours severe plant pathogens like Botrytis cinerea, a notable foliage pathogen of
members within the Vitaceae. The interspecies relationships between different strains
of R. subterranea were characterized by Kirchmair et al. (2008) and Degawa et al.
(2015) using the ITS1-5.8S-ITS2 rRNA gene. Strains growing on a host of the same
species regardless of the geolocation are more closely related than European strains
growing on the roots of different host plants. Whereas, notably, the isolates of
R. subterranea not on Vitis roots are very rare, due to the vast differences in the
economic interest in the different host plants driving the identification. To generate
phylogenetic trees with a higher resolution it is important to isolate more strains of

Roesleria in more geolocations and on more roots of deciduous trees.
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1.2 Plant immunity

To gain insight into what shapes the relationship of a plant with its symbiont, we need
to consider the nature of the plant’s immune system. The immune reaction of a plant,
when faced with the attack of a potential pathogen, consists of two, more or less,
distinct layers: a basal defence reaction that mounts a broad immune response against
a variety of pathogens and a targeted, often intense reaction to the presence of a
specific pathogen. The first, basal layer of defence is the so-called PAMP Triggered
Immunity (PTI) (Jones and Dangl 2006). PAMPs are Pathogen Associated Molecular
Patterns that can be recognized by membrane-bound Pattern Recognition
Receptors (PRR) to trigger an immune response (Zipfel and Felix 2005). The term
Microbe Associated Molecular Pattern, MAMP is also gaining more traction, since the
communication between symbionts that do not necessarily define as parasitic, also
relies on the detection of these patterns. Yet, in the context of plant immunity, the term
PAMP is still more prevalent. While we see the value of the term MAMP, we will use
the term PAMP in this work. These PAMPs are oftentimes molecules under strong
evolutionary conservation pressure for the pathogen and thus, do not change rapidly,
if at all. Virulent pathogens that cannot evade the detection of their PAMPs, have
developed so-called effectors they can use to quench the defence reactions of a
mounted PTI. The pathogen injects a variety of effectors that can influence the immune
response of the host (Boller and He 2009) by binding to and directly inhibiting the PRRs
initiating the PTI (Xiang et al. 2016), dephosphorylating important kinases to interrupt
signalling (Zhang et al. 2007), regulating RNA metabolism, influencing the trafficking
of vesicles or suppress the accumulation of phytohormones (Block et al. 2008). With
the help of these effectors, some pathogens can suppress the PTI of the host,
rendering them susceptible once more. Consequently, resistant plants have developed
ways to detect the presence of effectors to mount the specific and often stronger
Effector Triggered Immunity (ETI) (Jones and Dangl 2006). Plants can deploy so-
called Nucleotide Binding-Leucine Rich Repeats (NB-LRR) to either directly detect the
effector itself or, according to the guard hypothesis, by monitoring the integrity of
cellular structures of the host cell (Takken and Tameling 2009) to start an immune
response, once malicious modifications are detected. The signalling of both PTI and
ETI employs similar mechanisms, differing mostly in sequence, intensity and frequency

(Tsuda and Katagiri 2010; Thomma et al. 2011). This blurred dichotomy is also
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mirrored in the defence strategies engaged, of which PTl and ETI share many but vary

in intensity and duration.

To circumvent the ETI, pathogens can develop new effectors to quench the ETI
reaction, which in turn, can then be detected by the plant, given they evolve the
necessary NB-LRRs. This results in an arms race, that can logically only end in either
party being entirely defeated and remaining susceptible or by the partners of the
parasitic relationship finding some sort of mutually beneficial balance in the form of a
mutualistic symbiosis. Hypotheses are stating, that all mutualistic symbioses present
today, have at some point in their co-evolution started as a parasitic relationship and
have, over time, developed into a beneficial partnership (Drew et al. 2021). Sometimes,
the borders between classes of symbioses are hard to define, which would be perfectly
explained by the evolution from parasite to mutualist taking place alongside a

continuum spanning several shades of antagonisms to partners.

In the following sections, we want to highlight examples of stress signalling and

defence reactions associated with plant immunity.

1.2.1 Cytoskeleton and signalling

The cytoskeleton of a cell not only gives it its shape but is an integral part of many
cellular processes, signalling among them. The cytoskeleton of plants consists of two
main components. The microtubules consist of a- and B-tubulin, nucleating in
MicroTubule Organizing Centres (MTOC) containing y-tubulin. a- and B-tubulin form
dimers, 13 of which assemble in hollow tubes with a diameter of 25 nm (Cooper and
Hausman 2016). Microtubules are dynamically unstable, with the rate of polymerization
and depolymerization being regulated by the hydrolysis of the GTP bound to the tubulin
monomers. The second component of the cytoskeleton is the actin filaments. The actin
filaments consist of globular monomers of actin that readily polymerize and
depolymerize at both ends of the filament. The monomers are bound to ATP, whereas
the hydrolysis thereof regulates the rate of polymerization (Cooper and Hausman
2016). Both the microtubules and the actin filaments exhibit a polarity with the plus-
end polymerizing at a considerably higher rate than the respective minus-end. Aside
from their structural function in the cell, actin filaments and microtubules are heavily
involved in the immune response of plants. The cytoskeleton is known to reorganize in
order to facilitate the transportation of organelles and defence compounds to the site

of pathogen recognition to ensure an efficient defence reaction (Wang et al. 2022a).
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Additionally, the cytoskeleton is involved in the signalling of the defence reaction. Qiao
et al. (2010) and Guan et al. (2021) showed that the dynamics of the microtubular
structures influence the intensity of defence-associated gene expression. The
cytoskeleton touches many aspects of stress signalling. It regulates the dynamics of
Pattern Recognition Receptors (PRR) and interacts with the signalling and generation
of Reactive Oxygen Species (ROS) (Cao et al. 2022). This work focuses on the
immunity-related defence reaction, while previous work in our institute has established

that the microtubules are an integral part of cold sensing (Wang et al. 2019).

While the cytoskeletal involvement in the defence reaction is complex and far from fully
understood, it is clear, that it is an integral part of many aspects of defence reaction
and signalling. The observation of the cytoskeleton can give insight into the nature of
a defence reaction. In previous work, our group identified cytoskeletal differences in a
PTI-like and an ETI-like defence reaction (Guan et al. 2013).

1.2.2 Ca?' and the pH shift

An early signal produced by plant cells, recognizing the presence of a pathogen is a
sudden influx of calcium ions from the apoplast into the cytosol of the plant cell (Jiang
and Ding 2022). Plants cells actively create a low concentration of Ca?* in the cytosol
by sequestering the ions into organelles (Hilleary et al. 2020) and exporting them into
the apoplast (Frei dit Frey et al. 2012). This homeostasis is then used to quickly
transduce a signal by opening channels to create a rapid influx of cytosolic Ca?*. The
ions act as a second messenger by interacting with so-called calcium-binding proteins
to regulate downstream defence reactions (Lecourieux et al. 2006). The homeostasis
is reestablished via transmembrane transporters (Demidchik et al. 2018), giving the
Ca?* signature a transient nature. The precise duration, frequency and intensity of the
Ca?* signal are dependent on the elicitor detected and are decoded to mount specific
answers to the challenge faced (Hashimoto and Kudla 2011). Being one of the earliest
signalling mechanisms in plant immunity, the detection of the Ca?* influx is a vital tool
for researchers to determine whether an immune reaction is taking place. The
detection of a Ca?* influx can easily be inferred by measuring the external pH value of
the apoplast because the transport of Ca?* across the plasma membrane coincides
with a pH shift in the extracellular matrix (Felle 2001; Felix et al. 1993). This is caused
by the depolarization of the plasma membrane. While Ca?* ions are transported into

the cell, anions are transported out of the cell into the apoplast. The organic acid anions
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entering the apoplast react with the present H* protons and cause an increase in the
external pH (Felle et al. 2000). This phenomenon explains the quick and transient
increase in pH. Additionally, the plants can also alkalize the external medium for
elongated periods to inhibit the pathogens' advances by decreasing the activity of cell
wall digesting enzymes (Felle 2001). Yet, the alkalization of the medium as the defence
reaction exhibits a delayed onset when compared to the transient increase caused by

the Ca?* influx.

1.2.3 Reactive oxygen species — ROS

Another way the plant employs to signal stress and deal with invading pathogens is
the use of Reactive Oxygen Species (ROS) which are a group of molecules that derive
from Oz that serve multiple functions in the organism. While ROS like superoxide (O2),
hydrogen peroxide (H202), singlet oxygen (*O2) and hydroxyl radicals (OH") are
generated during photosynthesis, an accumulation of these ROS can be very
damaging to the cell. These molecules are very reactive and can attack proteins, lipids
in the membrane and nucleic acids thus causing irreversible damage (Gill and Tuteja
2010). Therefore the generation of ROS and antioxidants is tightly regulated to contain

the potential damage they might cause (Foyer 2018).

Yet, ROS have also gained attention via their involvement in the signalling of abiotic
and biotic stresses. ROS are used as a signal to infer systemic responses to wounding,
salt stress, cold and heat by travelling through the apoplast of Arabidopsis thaliana
(Miller et al. 2009). When plants suffer salinity stress, a lack of H20 can endanger the
balance of ROS and antioxidants, causing an accumulation of ROS (Parida and Das
2005) that can also be measured inside plant suspension cells (Ismail et al. 2012).
During an immune reaction of the plant, the generation of ROS can function both as a
signal (Lee et al. 2020) and the defence reaction itself (Keppler 1989; Peng 1992;
Lamb and Dixon 1997). Detection of a PAMP by a Pattern Recognition Receptor (PRR)
located at the plasma membrane of the cell causes a BIK1-mediated phosphorylation,
thus activating the membrane-bound NADPH oxidase (Li et al. 2014), an enzyme that
produces ROS into the apoplast. This process is entirely dependent on the presence
of Ca?* ions and is inhibited when the Ca?* influx is blocked (Kadota et al. 2015). The
transient ROS burst as a signal can be fine-tuned and regulated by the phosphorylation
and dephosphorylation of the C-terminus of the NADPH oxidase by several kinases

(Lee et al. 2020), amplifying the significance of the ROS burst as an important signal
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in defence reactions. The oxidative burst has been shown to be a signal for
Hypersensitive Response (HR) associated Programmed Cell Death (PCD) and differs
in intensity when different elicitors are detected (Lamb and Dixon 1997; Chang and
Nick 2012). An elongated increase in extracellular ROS with later onset is considered
to be part of the defence mechanism. With an increase in ROS in the apoplast the plant

can inhibit the growth of pathogenic bacteria and fungi (Keppler 1989; Peng 1992).

As can be seen in the interaction of Ca?* and ROS, there is crosstalk between different
signalling pathways, which can facilitate a fine-tuning of the resulting defence reaction,
like Programmed Cell Death (PCD).

1.2.4 Hypersensitive Response and Programmed Cell Death

While the detection of Pathogen Associated Molecular Patterns (PAMP) by the plant
results in a broad basal defence reaction, the detection of effectors, deployed by the
pathogens to quench the basal defence reaction, results in a more specific and intense
defence reaction of the host plant (Jones and Dangl 2006; Jones et al. 2016). Effector
Triggered Immunity (ETI) shares many characteristics with PAMP Triggered
Immunity (PTI) like the signalling pathways engaged and the defence mechanisms
deployed, yet differing in sequence, frequency and intensity (Thomma et al. 2011).
While not entirely exclusive to it, the so-called Hypersensitive Response (HR) is
characteristic of the ETI (Jones and Dangl 2006; Boutrot and Zipfel 2017). The HR
oftentimes culminates in the plant cells initiating Programmed Cell Death (PCD)
(Balint-Kurti 2019). At first glance, this may seem counter-intuitive, for plant cells
detecting a pathogen to simply kill themselves. Yet, in the context of the entire plant
tissue, the sacrificing of local cells inhibits the advancement of the pathogen at the site
of detection, while the surrounding tissue engages defence mechanisms to contain the
potential spread of the pathogen. Certain genotypes of Vitis vinifera sylvestris have
proven to locally accumulate stilbenes to restrict the advancement of a fungal pathogen
(Khattab et al. 2021). The upstream regulation of the HR PCD includes the influx of
Ca?* ions (Atkinson et al. 1990) and the generation of Reactive Oxygen Species (ROS)
(Chang and Nick 2012).

The association of PCD with the immune response of the plant cell can be exploited to
screen for immunoactivity in plants. If the immunoactivity of a given substance or

treatment was to be evaluated, a plant tissue or suspension cell line could be treated

12



Introduction

accordingly with subsequent quantification of a resulting mortality rate to get first

insights, into whether an HR reaction could be taking place.

PCD is a very local response to pathogen invasion and often coincides with the
generation of defence compounds in the directly affected and nearby tissues. The
generation of these secondary metabolites and other defensive preparations can be

regulated via gene expression.

1.2.5 Gene expression of defence-related genes

To mount a successful defence response against an invading pathogen the attacked
plant initiates the expression of a myriad of defence-related genes. The finely-tuned
regulation thereof is integral to appropriately answering the challenge posed by the
encroaching pathogen. Phytoalexins are secondary metabolites plants synthesize to
defend themselves when a pathogen attack is recognized. The word “phytoalexin”
originates from the Greek words “phyto”, which means “plant” and “alekin” which
translates to “to defend”. Phytoalexins are a varied group of metabolites that are not
chemically closely defined and span several classes like flavonoids and alkaloids. In
Vitis species, a group of important phytoalexins is the stilbene family. When attacked
by a fungus, a resistant species of Vitis engaged a local Hypersensitive Response (HR)
with Programmed Cell Death (PCD) and an accumulation of stilbenes in the
surrounding tissue to hinder the advance of the pathogen (Khattab et al. 2021). An
early step in the synthesis of stilbenes is the activity and expression induction of the
Phenylalanine Ammonia Lyase (PAL). This enzyme catalyses the conversion of
phenylalanine towards t-cinnamic acid and thus commits it towards the
phenylpropanoid pathway. Several metabolic steps later an entire family of STilbene
Synthases (STS) facilitates the synthesis of the members of the stilbene family
(Vannozzi et al. 2012). In Vitis, the number of members in the STS family is unusually
large (Parage et al. 2012) with 48 members of which 32 are potentially functional. This
redundancy is likely explained by differences in the promoter region of the different
stilbene synthases, which enable the plant to precisely regulate the expression of the
enzymes. In this work, we quantified the gene expression of PAL, STS27 and STS47
to evaluate the effects on the phenylpropanoid pathway and the synthesis of
phytoalexins. STS47 is the stilbene synthase that catalyzes the generation of trans-
resveratrol. Trans-resveratrol is believed to exhibit beneficial effects on human health

and to partially be responsible for the French paradox (Catalgol et al. 2012).

13



Introduction

Two phytohormones that play pivotal roles in the signalling of abiotic and biotic
stresses alike are Salicylic Acid (SA) and Jasmonic Acid (JA). Both hormones are
involved in the regulation of plant physiology in response to salt-, UV- and drought
stresses while cross-talking with other phytohormones (Aftab and Yusuf 2021). These
stress hormones are also involved in the signalling of biotic stressors like pathogens.
The SA signalling pathway is said to be the major pathway employed in the detection
of biotrophic pathogens, while JA signalling indicates the presence of herbivores or
necrotrophs (Glazebrook 2005; Thaler et al. 2012). The interaction of phytohormones
with different signalling mechanisms, transcription factors and the crosstalk between
them results in a complex web of interconnection. To get insight into what signalling
pathways are being engaged by the detection of an elicitor or to see where a potential
effector might influence the defence reaction of a host plant, it is necessary to monitor
the activity of hormone-related signalling.

In the signalling pathway of jasmonate, the transcription factor JASMONATE ZIM-
domain (JAZ) acts as a repressor for the JA-dependent genes. If JA is conjugated to
isoleucine (JA-lle), it is bound by the receptor CORONATINE INSENSITIVE 1 (COI1)
(Xie et al. 1998). COI1 is forming an SCF complex together with SKP1 and CULLIN
which ubiquitinates JAZ repressors that are subsequently degraded via the 26S
proteasome (Chini et al. 2007; Thines et al. 2007), relinquishing the repression of the
JA-dependent genes. Among the genes activated by the degradation of JAZ is the
gene encoding for JAZ, ensuring the JA signalling pathway negatively regulates itself,
shutting down the gene expression once the JA signal subsides (Chung et al. 2008;
Chico et al. 2008). Therefore, the expression of JAZ can be used as an indicator of JA
signalling taking place and is commonly used as a marker gene to quantify JA-

dependent stress signalling.

In many plants, the hormone Salicylic Acid (SA) is the main agent conferring the so-
called Systemic Acquired Resistance (SAR). After a local detection of a pathogen, SA
is synthesized and dispersed in the plant tissues. Neighbouring cells, detecting the SA
induce the expression of defence-related genes to engage defence mechanisms to
prepare for the containment of an invading pathogen (Tripathi et al. 2019). Very
characteristic of SA signalling is the induction in gene expression of the abundant
Pathogenesis-Related protein 1 (PR1) (Cameron et al. 1999) which exhibits

antimicrobial effects (Gamir et al. 2017). A high level of salicylic acid SA can also be
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detected during the Hypersensitive Response (HR) and the associated Programmed
Cell Death (PCD) (Brodersen et al. 2005). This makes the gene expression of PR1 a
suitable indicator of both SA signalling and HR-associated PCD taking place.

1.2.6 Immunity priming

Innate immunity differs vastly between animal and plant species. Higher animals have
evolved specialized cells to protect their organisms from invading pathogens: T- and
B-lymphocytes. These cells fight off the pathogen and create antigen- and thus
pathogen-specific antibodies to help fight off repeat infections. This adaptive system
does not exist in plants. With some exceptions, every single cell in a plant is inherently
capable of a defence reaction (Nurnberger et al. 2004). The escalating levels of
pathogen recognition and evasion thereof by the aggressor are established on an
evolutionary time scale. But since the immune systems between animals and plants
differ in this regard, a simple “vaccination” of plants against invading pathogens is not

possible.

Previous work has shown that a preceding stimulus that activates the defence reaction
of a plant can enhance the immune response of a subsequent attack (Mauch-Mani et
al. 2017). This is likely due to certain transcription factors already being present,
changed states of phosphorylation and/or changes in intracellular concentrations of
second messengers. Should a pathogen attack during this elevated state of alertness,
the resulting immune response of the plant would be faster and stronger. Since the
interaction between a susceptible plant and its pathogen is very dependent on timing,
a quicker response of the host could render the plant resistant to a pathogen it would
generally be susceptible to. The plant mounts a strong defence reaction before the
pathogen can deploy its effectors to quench the immune response of the plant. For this
phenomenon, coined “priming”, to occur it does not matter, whether the stimulus
triggering the first and low-key defence reaction originates from a pathogen, beneficial
microbes or abiotic signals (Mauch-Mani et al. 2017).

The exploitation of this phenomenon harbours great potential for a sustainable plant
protection system. A substance priming the immune system of the plant is likely
recognized by a receptor of the host cell. This implies two beneficial mechanisms:
Firstly, receptors are very specific, thus it is unlikely that other organisms have the
same reaction when treated with the same compound. This considerably decreases

the likeliness of undesired side effects on the ecosystem, if this plant protection would
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be applied in the field. Secondly, signals detected by a receptor are oftentimes
amplified by the use of second messengers or signalling cascades ensuring that the
detection of mere traces of a pathogen can trigger a suitable defence reaction mounted
by the host cell. This would imply that low concentrations of the priming substance
would suffice to create the desired effect, further decreasing the chance of unintended

side effects.
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1.3 Microfluidics

Curiosity has always been a driving factor for our species, always seeking to
understand our environment and ourselves better. The foundation of the ever-evolving
modern scientific method was conceived in the 17" century and relies on the
abstraction of phenomena observed in the environment to deliberately adjust specific
conditions of the system to observe and measure the effect. With the advancement of
technology, humans have developed new ways to simulate and manipulate natural
phenomena to explore their secrets. Microfluidics is a technology that can create
desired microenvironments to enable high-throughput experiments that are easy to
reproduce. It is a technique to create specific environments for experiments by
miniaturizing a setup to handle small volumes of liquids to enable in vitro observation
from single cells to small organisms exposed to finely tuned stimuli defined by the
design of the microfluidic system (Sanati Nezhad 2014; Frey et al. 2022). The
microfluidic systems are constructed using moulding or drilling of plastics and the flow
of liquids through the system can be tightly regulated by the use of precision pumping
devices and computer-assisted handling of valves. Their size and the use of specific
materials can enable the observation of samples within the microfluidic system during

the entire duration of the experiment.

In the recent past microfluidics have been used to facilitate laborious and time-
intensive experiments and therefore increase the possible frequency of observations.
Subendran et al. (2021) constructed chambers housing single larvae of the zebrafish
Danio rerio. The chambers were designed to fix the larvae in place and to be able to
continuously observe the hydrodynamics of the beating of its tail. The embryos of
Drosophila melanogaster are a well-established model organism but are difficult to
handle in large quantities due to their minuscule size. Shorr et al. (2019) designed a
microfluidic device that automatically arranged large numbers of D. melanogaster
embryos in a defined orientation, lined them up and applied equal mechanical pressure
on all of them at once to observe the resulting gene expression. With classical
methods, the arranging and treatment of an equal amount of embryos would have
consumed a large amount of labour and would be subject to increased variations and
errors due to handling. Lagoy and Albrecht (2015) conducted behavioural studies on
Caenorhabditis elegans using microfluidics. They constructed large chambers hosting
multiple individuals of C. elegans and used the finely controlled flow of mediums
containing attractants to observe the chemotaxis of the species. Using a different
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design of a chamber, they were able to determine the neuronal activity of the worms
during the experiment by using transgenic individuals of the strain CX14887 and fixing
the animal in place. The strain visualizes neuronal activity with a fluorescent signal.
van Treuren et al. (2019) designed a microfluidic system to observe the relationship
between the sea anemone Exaiptasia pallida and its algal symbiont. The expulsion of
the algae by E. pallida due to external stressors is a major cause of catastrophic coral
bleaching. Using their experimental design, they were able to fix larvae of E. pallida in
traps build into the design of their microfluidic system and expose them to different
environmental stressors to see, how they induce the algal expulsion. An ingenious
design by Iftikhar et al. (2021) used precise flow rates and pressures established by
microfluidics to create droplets containing singular fungal spores and a substance with
supposed anti-fungal activity to quantify the sporulation and fungal growth inhibition
caused by the substance of interest. The system was combined with an automatic

observation system to evaluate the effect on many spores simultaneously.

In the plant sciences, there are microfluidic systems that enable the incubation and
germination of multiple seeds of Arabidopsis thaliana. These systems were designed
to enable the constant observation, quantification and evaluation of the growth of the
root system or the shoot respectively (Busch et al. 2012; Jiang et al. 2014). Agudelo et
al. (2013) designed a microfluidic system that facilitates the observation of tip-growing
cells. The system was constructed to research the behaviour and chemotaxis of the
pollen tube of plants, but its use could easily be extended to host other tip-growing
cells like fungal hyphae. Using an intricate chip design, Allan et al. (2022) were able to
fix a plant root into a microfluidic system. Installing two sets of in- and outlet in the
chamber, on either side of the root, the researchers were able to create two separate
flows of the medium on the two sides of the root and treat these with differing
concentrations of NaCl or PEG. They subsequently observed how the resulting stress
signal is transferred vertically along the length of the root and horizontally from the
epidermis into the central cylinder. This one-sided treatment of the root was only
achievable by microfluidics. In preliminary tests, Allan et al. (2022) were able to find
flow control parameters so that the two separate streams in the microfluidic systems

showed virtually no turbulences.
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The Microfluidic BioReactor (MBR) is a miniaturized cell containment unit, that can
hold 800 puL of plant cell suspension. The cell chamber is separated via a semi-
permeable membrane from a perfusion chamber that is supplied with a liquid medium
using a peristaltic pump. This system has been used before by Finkbeiner et al. (2022)
to research the interaction between plant cells cultivated in separated MBRs connected
via a flow of a medium. They used two MBRs containing the same cell suspension at
different densities to detect a possible proliferation factor, secreted by the high-density
cells to induce proliferation in the low-density culture. In many metabolic pathways,
subsequent steps in the catalyzation of a given compound are separated by
compartmentalization either within organelles of the same cell or between different
tissues of the plant. Finkbeiner et al. (2022) were able to artificially establish a similar
system by cultivating two strains of Catharanthus roseus that differed in their metabolic
activity. Installed in a circular MBR system the combination of the cell lines was able
to generate a metabolite, that each cell strain was not able to produce when cultivated

alone.
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1.4 Scope of the study

The nature of a symbiotic relationship between two species essentially depends on the
communication between the partners. A parasitic symbiosis equates to a signalling
warfare between the invading pathogen and the defending host. The host plant can
detect microbial patterns as a signal of an impending attack, while the aggressor
simultaneously aims to avoid detection by changing or disguising the recognized
signal. In the offensive, the attacking microbes can deploy effectors to act as signals
within the host cells to manipulate their defensive signalling to aid their virulence by
guenching the immune response or by deliberately inducing responses that benefit the

pathogen.

In this work, we aim to prove this concept by investigating whether bioactive
metabolites of Roesleria subterranea act as a signal in suspension cell lines of certain
Vitis lines. Our project partner at the ibwf in Mainz isolated metabolites of
R. subterranea that proved to inhibit the sporulation of fungal spores. Our institute
investigated the effects of these metabolites, Sclerodin and the Acetonadduct of
Entatreventinon on the immune response and the cytoskeleton of different Vitis cell
lines to test whether the compounds act as a signal and to elucidate the potential mode

of action.

Signals that manipulate the host’s immune system without damaging the plant itself
have potential use in plant protection by priming the plant’s defence capabilities. In this
project we aimed to test the feasibility of using Microfluidic BioReactors (MBR) to
identify compounds that act as immunoactive signals. The MBRs were originally
designed and established by Finkbeiner et al. (2022; Finkbeiner 2019). Our project
partner at the IMT of the Karlsruher Institut fir Technologie, Leona M. Schmidt-
Speicher, improved the design of the MBR and developed new methods to facilitate
the detection of immune reactions of plant cells cultivated within. The feasibility of
methods to measure the pH and the H20: concentration of the cultivated cell
suspension was to be tested and the results were to inform further design
improvements. Establishing and streamlining methods to non-invasively measure the
immune response of plant cells cultivating within an MBR could render the MBR a
potent high-throughput system to analyze the reaction of plant cells to substances of
interest added to the liquid medium supplied to the microfluidic system. Additionally,

the capabilities of the MBR system were to be expanded to be able to cultivate fungal
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cell cultures to potentially co-cultivate plant and fungal cells within the same
microfluidic system and quantify the reactions of the cell lines to the presence of the

other culture.

This work aimed to make progress in the field of using the MBR system to streamline
the search for immunoactive compounds that can strengthen the inherent defence
capabilities of crop plants by triggering a defence reaction without damaging the plant.
This causes certain components of the signalling and defence system to already be
active, should an actual pathogen attack. This effectively increases the intensity and
speed of the defence reaction, priming the plant to successfully fend off the invader.
Using immunoactive substances to treat plants, implies the involvement of receptors
recognizing the compound, thus minimizing the potential for unintended side effects
on the ecosystem.
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2. Materials
2.1 Celllines
2.1.1 Vitis vinifera Chardonnay

In our work, the cell line Vitis vinifera cv. Chardonnay (Chardonnay) represented the
cultivated grapevine in most experimentation. Chardonnay is a grapevine that was
bred for maximized yield and taste of the wine for which it is used. This focus on
efficiency and economic profit led to certain deficiencies of the plant, including the
inherent immune strength and resistance of the vine. As a result of climate change,
plants are challenged with new stresses like heat, drought and invading pathogens. To
research the mechanisms plants use to combat these challenges it is imperative to
compare plants, showing certain resistances, to plants, that are susceptible to the
challenge, and identify the differences. The Chardonnay cell suspension was created
by Czemmel et al. (2009) using the modified protocol from Bao Do and Cormier (1991).
The cell line originates from a petiole callus and does not produce functional
chloroplasts. The development thereof is halted at the proplastid stage. The wild-type
of the Chardonnay line was cultivated in standard MS medium (see Chapter 2.2)
without antibiotics. The cell suspension was kept on orbital shakers at 150 rpm, in the
dark and at 26°C ambient room temperature. Chardonnay was subcultivated every
seven days by transferring 5 mL of carry-over volume from the mother culture into
30 mL fresh MS medium.

2.1.2 Vitis vinifera sylvestris Kel5

Vitis vinifera sylvestris Kel5 (Kel5) is an accession of wild grapevine collected on a
peninsula near Ketsch, Germany. Straightening of the Rhine river and general
agricultural land use has diminished the habitat of wild grapevines to a few habitats
strewn across Europe. Since the wild grapevine has been bred over numerous
generations into the productive cultivars we know today, their wild relatives might be a
well of resistances that the cultivars lost during their domestication. During a
conservation project, multiple grapevine accessions were collected on the Ketsch
peninsula and were established in the botanical garden of the KIT and screened for
notable reactions to biotic and abiotic stressors. In previous work, the genotype Kel5
arose with high resistance against downy mildew and Neofusicoccum parvum linked
to a proficient stilbene synthesis (Duan et al. 2015; Khattab et al. 2021). A cell
suspension line of Kel5 was established and cultivated using a standard MS medium

without antibiotics. The cell suspension was kept on an orbital shaker at 150 rpm, in
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the dark at 26°C room temperature. Kel5 was subcultivated every seven days by
transferring 7.5 mL carry-over volume from the mother culture into 30 mL of fresh

MS-medium.

2.1.3 Vitis rupestris

The North American wild grapevine Vitis rupestris has a long history of co-evolution
with many American pathogens that cause havoc in the European vineyards and has
therefore developed resistance against them. V. rupestris shows a quick and intense
cell death response upon elicitation with harpin (Chang and Nick 2012) implying an
efficient Effector-Triggered Immunity (ETI) response of the vine. Due to these qualities,
V. rupestris was used in our work to represent inherently resistant plants. A suspension
cell line of the grapevine was created by inducing calli on young shoot cuttings and
transferring the cells into a liquid medium (Seibicke 2002). The V. rupestris cell line
was cultivated using a standard MS medium without antibiotics. The cells were
cultivated on an orbital shaker at 150 rpm, in the dark and at 26°C room temperature.
The suspension needed to be subcultivated every seven days by transferring 7.5 mL
carry-over volume from the mother culture into 30 mL of fresh MS-medium.

2.1.4 BY2: Nicotiana tabacum Bright Yellow 2

Nicotiana tabacum is a member of the Solanaceae family and thus not closely related
to the Vitis species we observed in this work. Yet, N. tabacum is a well-established
model organism in plant cell biology and especially in our lab. In this work, the
N. tabacum suspension cell line BY2 (Nagata et al. 1992) was used as a control for
the methods used and in the case of the experimentation with the Microfluidic
BioReactor (MBR), the cell line replaced the Vitis cell lines entirely due to an apparent
incompatibility of Vitis with the MBR system (see Fig. 17). The cell line was created in
1972 from a callus induced on a Nicotiana tabacum seedling (Nagata et al. 1992) and
propagated since. Agrobacterium fabrum-mediated transformation of this cell line is
comparably quick, easy and well-established in our group. The wild-type of BY2 was
cultivated in a standard MS medium containing no antibiotics or additives. To
propagate the cell line, 1.5 mL of carry-over volume was transferred from the mother

culture into 30 mL of fresh MS medium.
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2.1.5 BY2 MYB14::gfp

This cell line resulted from experimentation to create a cell line that produces a green-
fluorescent signal once its immune response is triggered (see Chapter 8.1). To achieve
this, a construct was generated in which the gene for the Green Fluorescent Protein
(GFP) was regulated by the promoter MYB14 from Vitis vinifera, a transcription factor
which regulates the expression of biosynthesis genes of stilbenes (Héll et al. 2013;
Duan et al. 2016). This gene construct was introduced into BY2 cells via Agrobacterium
fabrum transformation. The construct contains a selective antibiotic resistance to
hygromycin; therefore the transgenic cell line was cultivated in MS-medium containing
30 ug/mL hygromycin. The cell culture was cultivated on an orbital shaker at 150 rpm,
in the dark at 26°C. It needed to be subcultivated every seven days by transferring
1.5 mL of the mother culture into 30 mL of fresh MS medium containing hygromycin.
The cell line showed a slight baseline expression of GFP and no induction of

expression under biotic or abiotic stress exposure (see sFig. 9)

2.1.6 BY2 TuA3::GFP

This cell line originates from the work of Kumagai et al. (2001). N. tabacum BY2 cells
were transformed via Agrobacterium with a fusion construct of Arabidopsis thaliana a-
tubulin and GFP. This construct contained a kanamycin resistance and was controlled
by the constitutive promoter CaMV 35S, effectively labelling the microtubules of the
plant cell with GFP with little to no impact on the vigour of the cell culture. This cell line
is well-established in our institute. The cell culture is subcultivated weekly by
transferring 1.5 mL of seven-day-old cells into 30 mL of fresh MS medium containing
100 pg/mL kanamycin in a 100 mL Erlenmeyer flask. The cell culture is cultivated at
26°C, in the dark while shaking on an orbital shaker at 150 rpm.

2.1.7 Chardonnay FABD2-GFP

This cell line was generated by Guan et al. (2014) and transformed a wild-type of Vitis
vinifera cv. Chardonnay cell line via Agrobacterium fabrum with a fusion construct of
GFP and the Fimbrin Actin-Binding Domain 2 (FABD2) of Arabidopsis thaliana. This
construct is controlled by a 35S promoter and contains a resistance cassette to
kanamycin. The constitutively expressed fusion protein effectively labels the actin
filament in the living cell, with only little impact on the vigour of the cell line. The cell
line is cultivated at 26°C, in the dark while shaking at 150 rpm on an orbital shaker. To

propagate the cell line, 10 mL of seven-day-old cells are transferred into a 100 mL
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Erlenmeyer flask containing 30 mL of fresh MS medium containing 30 pg/mL

kanamycin.

2.2 Media

All cell lines observed in this work were cultivated in a medium henceforth referred to
as MS medium. MS medium contains 4.3 g/L Murashige and Skoog salts (see Table
2), 30 g/L D(+)-Saccharose (see Table 2), 200 mg/L KH2POu4 (see Table 2), 100 mg/L
Myo-Inositol (see Table 2), 1mg/L thiamine (see Table 2) and 0.2 mg/L
2,4-Dichlorophenoxyacetic acid (see Table 2). 10 mg/mL of thiamine and 2,4-D were
pre-solved in water and ethanol, respectively. After diluting all components in filtered
water, the pH was adjusted to pH 5.8 using 1 M KOH. The MS-medium was divided
into aliquots of 30 mL in 100 mL Erlenmeyer flasks (alternatively 15 mL in 50 mL
flasks) and capped off with aluminium foil. These filled flasks were autoclaved at 121°C
for 15-20 minutes. For transgenic lines, selective antibiotics were added at the time of

subcultivation.
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The following table contains the composition of all media used in the course of this

work.

Table 1: Composition of media used in this work

application

name

composition

gel electrophoresis

gel electrophoresis

general

general

general

general
transformation

transformation

transformation

transformation

transformation

transformation
transformation

transformation

0.5 % TAE Buffer
5x loading buffer

Evans Blue
Solution

LB-Medium

MS-medium

PDA plates
0.6 M mannitol

enzyme solution

MMG solution
Paul's medium

Paul's medium

plate
PEG solution
W1 solution

WS5 solution

20 mM TRIS, 500 nM EDTA, ph=8.3
1 mg/mL Bromophenol blue-Xylenecyanol in 50 % H20,
50 %glycerol

2.5% (w/v) Evans Blue in ddH20

25 g/L LB-medium (Tryptone 10 g/L, Yeast extract 5 g/L,
NaCl 10 g/L, pH=7.0) in ddH20

4.3 g/L Murashige-Skoog salts, 30 g/L D(+)-Saccherose,
200 mg/L KH2PO4, 100 mg/L Myo-Inosiltol, 1 mg/L
thiamine, 0.2 mg/L 2,4 Dichlorophenoxyacetic acid

39 g/L Potatoe Dextrose Agar in ddH20

0.6 M (D)-Mannitol in ddH20

1.5 % (w/v) cellulase-RS, 0.75% (w/v) macerozyme-
R10, 0.6 M mannitol, 20 mM MES, 10 mM KClI, 10 mM
CaClz, 0.1 % (w/v) BSA in ddH20

4 mM MES, 0.4 M mannitol, 15 mM MgCl in ddH20

4.3 g/L Murashige-Skoog basal salts, 1 % (w/v) sucrose
in ddH20, pH=5.8 (adjusted with KOH)

4.3 g/L Murashige-Skoog basal salts, 1 % (w/v) sucrose
in ddH20, pH=5.8 (adjusted with KOH), 0.5 % Phytagel
40 % (w/v) PEG4000, 0.2 M mannitol, 0.1 M CaClz in
ddH20

0.5 M mannitol, 20 mM KCI, 4 mM MES in ddH20

2 mM MES, 154 mM NacCl, 125 mM CaClz, 5 mM KCl in
ddH20

26



Materials

2.3 Chemicals and consumables

The following tables contain lists of chemicals and consumables used in the

experiments of this project.

Table 2: Chemicals used in the project

application name Company
) ) Thermo Fisher Scientific GmbH, Im Heiligen
cDNA Oligo (dT) primer
Feld 17, 58239 Schwerte, Germany
i New England Bioloabs GmbH, BriiningstralRe
cDNA Reverse transcriptase buffer .
50, 65926 Frankfurt am Main, Germany
o ) New England Bioloabs GmbH, Briningstra3e
cDNA RNase inhibitor, murine

gel electrophoresis Agarose NEEO ultra-quality

gel electrophoresis  Midori Green Xtra

general 10x PCR Buffer

2,4-Dichlorophenoxyacetic

general )

acid
general 96% Ethanol
general AIClz
general chitosan
general cis-hexenal
general D(+)-Saccherose
general Danish agar
General/gPCR dNTP mix

50, 65926 Frankfurt am Main, Germany
Carl Roth GmbH+Co0.KG,
SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany

Nippon Genetics Europe GmbH,
Mariaweilerstrafle 28-30, 52349 Diren,
Germany

New England Bioloabs GmbH, Briiningstral3e
50, 65926 Frankfurt am Main, Germany
Carl Roth GmbH+Co0.KG,
SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany

VWR, John-Deere-StralRe 7, 76646 Bruchsal,
Germany

Carl Roth GmbH+Co0.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH, Kappelweg 1,
91625 Schnelldorf, Germany

Sigma-Aldrich Chemie GmbH, Kappelweg 1,
91625 Schnelldorf, Germany

Carl Roth GmbH+Co.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Carl Roth GmbH+Co0.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

BioCat GmbH, Im Neuenheimer Feld 584,
69120 Heidelberg, Germany
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general

general

general

general

general

general

general

general

general

general

general

general

general

general

general

general

general

Evans-Blue

flg22

Hygromycin

Kanamycin

KH2PO4

LB-medium

MeJA

Methanol

MgCl:

Murashige-Skoog basal salts

Myo-Inositol

NacCl

NaNs

nuclease-free water

Phytagel

Rifampicin

Streptomycin

Sigma-Aldrich Chemie GmbH, Kappelweg 1,
91625 Schnelldorf, Germany

GeneScript Biotech, Treubstraat 1, 2288EG
Rijswijk, Netherlands

Carl Roth GmbH+Co0.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Carl Roth GmbH+Co.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Merck KGaA, Frankfurter StraRe 250, 64293
Darmstadt, Germany

Carl Roth GmbH+Co0.KG,
SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH, Kappelweg 1,
91625 Schnelldorf, Germany

Carl Roth GmbH+Co0.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany
Duchefa Biochemie B.V, A. Hofmanweg 71,
2031 BH Haarlem, Netherlands

Duchefa Biochemie B.V, A. Hofmanweg 71,
2031 BH Haarlem, Netherlands

Carl Roth GmbH+Co.KG,
SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany

Carl Roth GmbH+Co0.KG,
SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany

Lonza Group Ltd, Am Rinnentor 13, 64625
Bensheim, Germany

Duchefa Biochemie B.V, A. Hofmanweg 71,
2031 BH Haarlem, Netherlands

Carl Roth GmbH+Co0.KG,
Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH, Kappelweg 1,
91625 Schnelldorf, Germany
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Merck KGaA, Frankfurter StraRe 250, 64293

general thiamine
Darmstadt, Germany
) VWR, John-Deere-Stral3e 7, 76646 Bruchsal,
general Zeocin
Germany
Carl Roth GmbH+Co.KG,
transformation BSA SchoemperlenstraBe 3-5, 76185 Karlsruhe,
Germany
Carl Roth GmbH+Co0.KG,
transformation CaClz Schoemperlenstralle 3-5, 76185 Karlsruhe,
Germany
Duchefa Biochemie B.V, A. Hofmanweg 71,
transformation celluase-RS
2031 BH Haarlem, Netherlands
Carl Roth GmbH+Co0.KG,
transformation D(-)-Mannitol SchoemperlenstralRe 3-5, 76185 Karlsruhe,
Germany
Carl Roth GmbH+Co.KG,
transformation KCI SchoemperlenstraBe 3-5, 76185 Karlsruhe,
Germany
. Yakult Deutschland GmbH, Forumstralie 2,
transformation macerozyme-R10
41468 Neuss, Germany
Carl Roth GmbH+Co0.KG,
transformation MES SchoemperlenstralBe 3-5, 76185 Karlsruhe,
Germany
Carl Roth GmbH+Co0.KG,
transformation PEG4000 SchoemperlenstraBe 3-5, 76185 Karlsruhe,
Germany
Biozym Scientific GmbH, Steinbrinksweg 27,
gqPCR SYBR-Green )
31840 Hessisch Oldendorf, Germany
Promega GmbH, Gutenbergring 10, 69190
gqPCR GoTaq Buffer
Walldorf, Germany
Yves Kessler Vegetationstechnik Garten- &
cell mortality harpin Landschaftsbau GmbH, St.-Michael-Strafl3e

16, 82319 Starnberg, Germany
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Table 3: Consumables used in this project

application name company
| Cellstar Cell Culture Dishes, PS, Greiner Bio-One GmbH, Maybachstrafie 2,
enera
g 35x10mm, with vents, sterile 72636 Frickenhausen, Germany
) i Diagonal GmbH & Co. KG, HavixbeckerstralRe
general pipette tips 10 pL
62, 48161 Munster, Germany
i . Diagonal GmbH & Co. KG, Havixbeckerstralle
general pipette tips, 1000 pL
62, 48161 Munster, Germany
) ) Diagonal GmbH & Co. KG, Havixbeckerstraflie
general pipette tips, 200 L
62, 48161 Munster, Germany
| Reaction vials Mplti® SafeSeal Carl Roth GmbH+Co0.KG, Schoemperlenstralie
enera
g assorted colours, 0.5 ml 3-5, 76185 Karlsruhe, Germany
i Carl Roth GmbH+Co.KG, Schoemperlenstral3e
general Round filters ROTILABO®
3-5, 76185 Karlsruhe, Germany
o Carl Roth GmbH+Co0.KG, Schoemperlenstral3e
general Sealing film PARAFILM®, 100 mm
3-5, 76185 Karlsruhe, Germany
MBR 3M™ Greenback Printed Circuit 3M Deutschland GmbH, Carl-Schurz-Strasse 1,
Board Tape 851, Green, 41453 Neuss, Germany
T Dispensing needle interior-@ MARTIN GmbH, Industriestrasse 17, 82110
0.15mm Germering, Germany
MEBR Luer hose connectors ROTILABO®, Carl Roth, SchoemperlenstraRe 3-5, 76185
Female / hose inner @ 1.6 mm Karlsruhe, Germany
MBR Pump tubing Tygon® LMT 55, Tour Saint-Gobain, 12 place de I'lris, 92400
0.13mm gint, 1.93mm Jext Courbevoie, France
PreSens Precision Sensing GmbH, Am BioPark
MBR SP-HP5-SA
11, 93053 Regensburg, Germany
MEBR Tygon 3350 tubing, 1.6mm Jint, Tour Saint-Gobain, 12 place de I'lris, 92400
3.2mm Qext, 0.8mm wall thickness  Courbevoie, France
—_ 96 Well 0.1 mL 8-TubeStrip Platte, Biozym Scientific GmbH, Steinbrinksweg 27,
g rei3bar, weif3, 31840 Hessisch Oldendorf, Germany
- 96 Well 8-Cap Strip Platte, rei3bar, Biozym Scientific GmbH, Steinbrinksweg 27,
a farblos 31840 Hessisch Oldendorf, Germany
PCR PCR SingleCap 8er-SoftStrips Biozym Scientific GmbH, Steinbrinksweg 27,
a 0.2 mL, farblos 31840 Hessisch Oldendorf, Germany
— SafeSeal SurPhob Spitzen, 100 uL, Biozym Scientific GmbH, Steinbrinksweg 27,
g steril 31840 Hessisch Oldendorf, Germany
S SafeSeal SurPhob Spitzen, Biozym Scientific GmbH, Steinbrinksweg 27,
g 1000 pL, steril 31840 Hessisch Oldendorf, Germany
- SafeSeal SurPhob Spitzen,10 pL, Biozym Scientific GmbH, Steinbrinksweg 27,
q

extra lang, steril

31840 Hessisch Oldendorf, Germany
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2.4 Devices and software

The following tables list devices and software used in this work.

Table 4: Devices used in this project

application

name

company

gel electrophoresis

gel electrophoresis

general

general

general

general

general

general

general

general

general

general

general

general

general

Invitrogen Sage Imager
Blue-Light Transilluminator

Mupid One Electrophoresis
System

Biomedis Tuttnauer
Biometra TSC
ThermoShaker
Biichner funnel

Eppendorf BioPhotometer
D30

Eutech EC-PH510

GFL 3033

IKA KS 260 basic

Memmert BE 600

Nanodrop 1000
Spectrophotometer

Qiagen 85210 TissuelLyser
Universal Laboratory Mixer-

Mill Disruptor
T100 Thermal Cycler

Thermo Scientific Maxisafe
2020

Vacuubrand MZ 2C

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany

Nippon Genetics Europe GmbH,
Mariaweilerstra3e 28-30, 52349 Duren,
Germany

biomedis Vertriebsgesellschaft mbH,
Kerkerader Strale 2, 35394 Giel3en,
Germany

Analytik Jena GmbH, Konrad-Zuse-Stral3e 1,
07745 Jena, Germany

Carl Roth, SchoemperlenstralRe 3-5, 76185
Karlsruhe, Germany

Eppendorf SE, Barkhausenweg 1, 22339
Hamburg, Germany

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany
LAUDA-GFL: Gesellschaft fiir Labortechnik
mbH; Schluze-Delitzsch-Stral3e 4; 30938
Burgwedel; Germany

IKA-Werke GmbH & Co. KG, Janke & Kunkel-
StralRe 10, 79219 Staufen, Germany
Memmert GmbH + Co. KG.; AuBere
Rittersbacher StrafRe 38; 91126 Schwabach;
Germany

Peqlab Biotechnologie GmbH, Carl-Thiersch-
StralBe 2B, 91052 Erlangen, Germany

QIAGEN, Qiagen Stral3e 1, 40724 Hilden,

Germany

Bio-Rad Laboratories GmbH, Kapellenstral3e
12, 85622 Feldkirchen, Germany

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany
Vacuubrand GmbH + co KG, Alfred-Zippe-
Stral3e 4, 97877 Wertheim, Germany
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general

MBR

MBR

MBR

microscopy

microscopy

gPCR

gPCR

transformation

transformation

VWR MicroStar 17

Peristaltic Pump, REGLO
Digital Compact, 4-Channel
12-Roller

pH-1 SMA HP5

Spark Multimode Microplate
reader

Zeiss Axio Imager Z1,
Apotom, Axiocam 503
mono, HXP120, Power
Supply 230

Zeiss Axio Observer.Z1,
Yokogawa Confocal

scanning system CSU-X1
CFX Connect Optics Module

CFX Connect Thermal
Cycler

Nalgene reusable bottle top
filter

Sorvall LYNX 4000

Superspeed Centrifuge

Table 5: Software used in this project

VWR International GmbH; HilpertstraRe 20a;
64295 Darmstadt; Germany

Cole-Parmer GmbH, Futtererstrale 16, 97877

Wertheim, Germany

PreSens Precision Sensing GmbH, Am
BioPark 11, 93053 Regensburg, Germany
Tecan Group AG, Seestrasse 103, 8708
Ménnerdorf, Switzerland

Carl Zeiss AG, Carl-Zeiss-Stral3e 22, 73447

Oberkochen, Germany

Carl Zeiss AG, Carl-Zeiss-Stral3e 22, 73447

Oberkochen, Germany

Bio-Rad Laboratories GmbH, Kapellenstral3e
12, 85622 Feldkirchen, Germany

Bio-Rad Laboratories GmbH, Kapellenstral3e
12, 85622 Feldkirchen, Germany

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany

Thermo Fisher Scientific GmbH, Im Heiligen
Feld 17, 58239 Schwerte, Germany

application name company
) Intas GDS INTAS Science Imaging Instruments GmbH, Gustav-
gel electrophoresis ) _
software Bielefeld-Stral3e 2, 37079 Gottingen, Germany
general Fiji ImageJ https://imagej.nih.gov/ij/
o Origin Lab Corporation, One Roundhouse Plaza, Suite
general OriginPro 2022b
303, Northampton, MA01060, USA
) open source,
general Serial Cloner i ) )
http://serialbasics.free.fr/Serial_Cloner.html
) Carl Zeiss AG, Carl-Zeiss-Stral3e 22, 73447
microscopy ZenBlue

Oberkochen, Germany
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2.5 Kits an

d enzymes

The following tables contain lists of kits and enzymes experiments in this work were

performed wi

th.

Table 6: Kits used in this project
application name company
) . Roboklon GmbH, KantstraRe 65, 10627 Berlin,
general Roboklon Universal RNA Kit
Germany
ViER Amplex™ Red Hydrogen Invitrogen, Thermo Fisher Scientific,

transformation

transformation

Peroxide/Peroxidase Assay Kit
Gateway LR Clonase |l

Enzyme-Mix

Roti-Prep plasmid mini

Table 7: Enzymes used in this project

Dieselstral3e 4, 76227 Karlsruhe, Germany
Invitrogen, Thermo Fisher Scientific,

Dieselstral3e 4, 76227 Karlsruhe, Germany
Carl Roth, SchoemperlenstraRe 3-5, 76185

Karlsruhe, Germany

application  name company
DNA MuLV-Reverse New England Bioloabs GmbH, BriiningstraRe 50, 65926
c
transcriptase Frankfurt am Main, Germany
Qiagen RNase-Free ; ;
general QIAGEN, Qiagen StralRe 1, 40724 Hilden, Germany
DNase Set
| Tag DNA New England Bioloabs GmbH, Briiningstral3e 50, 65926
enera
: polymerase Frankfurt am Main, Germany
gqPCR GoTag polymerase Promega GmbH, Gutenbergring 10, 69190 Walldorf, Germany
o New England Bioloabs GmbH, BruningstraRe 50, 65926
restriction Aflll .
Frankfurt am Main, Germany
o New England Bioloabs GmbH, Briiningstrae 50, 65926
restriction Clal .
Frankfurt am Main, Germany
o New England Bioloabs GmbH, Briningstral3e 50, 65926
restriction EcoRV-HF

Frankfurt am Main, Germany
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2.6 Primers and bacterial strains

The following tables list primers and the bacterial strains used in this project’s work.

Table 8: Primers used in this work

name 5'-3' sequence annealing °C
prMYB14 hoe29 fw CTACTGACGTGCACTAGCCT 60
prMYB14_hoe29 rv GCAAGGCGATCCCTATGAATG 60
STS27_fw CCCAATGTGCCCACTTTAAT 60
STS27_rv CTGGGTGAGCAATCCAAAAT 60
STS47_fw TGGAAGCAACTAGGCATGTG 60
STS47_rv GTGGCTTTTTCCCCCTTTAG 60
UbQ_fw GAGGGTCGTCAGGATTTGGA 60
UbQ_rv GCCCTGCACTTACCATCTTTAAG 60
PAL fw TCCTCCCGGAAAACAGCTG 60
PAL rv TCCTCCAAATGCCTCAAATCA 60
PR1 fw TGCTAACCAGAGATTGGCCATTG 60
PR1 rv CGCATCGGTGCCTGTCAATGAA 60
JAZ1 fw TGCAGTCTGTTGAGCCAATACATA 60
JAZ1 rv CACGTTTCCGGACTTCTTTACAC 60

Table 9: Bacterial strains used in this project

use name company
. A.fabrum Invitrogen, Thermo Fisher Scientific, Dieselstral3e 4, 76227
transformation
LB4404 Karlsruhe, Germany
) ) Invitrogen, Thermo Fisher Scientific, Dieselstral3e 4, 76227
transformation E.coli DB3.1
Karlsruhe, Germany
_ ) Invitrogen, Thermo Fisher Scientific, Dieselstral3e 4, 76227
transformation E.coli DH5a

Karlsruhe, Germany
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2.7 Roesleria subterranea and its metabolites

Our project partners at the ibwf in Mainz collected a strain of Roesleria
subterranea (IB-Rid01-16) on the roots of a grapevine rootstock in a commercial
vineyard in Rudesheim, Germany. The identity of the strain was confirmed by
cultivation and subsequent morphological characterization and ITS sequencing
(personal communication, Stefan Jacobs, ibwf). They screened the fungal metabolites
of the strain for their bioactivity and finally identified and isolated two compounds that
proved to inhibit the sporulation of Magnaporthe oryzae and Phytophthora infestans
spores. These compounds are Sclerodin and the AcetonAduct of
Entatrevenetinon (AaE). Both chemicals were isolated, lyophilised and sent to our
institute to test their effects on the physiology and immune system of plant cells. Upon
arrival, both substances were solved in Methanol (MeOH) to create stock solutions of
10 mM each. The stock solutions were stored in the dark at —20°C.

Sclerodin: Acetonadduct of Entatrevenetinon:
MwW328.32 g/mol MW 398.41 g/mol

™~ =
HO OO OH
0

Fig. 1. Structures of Sclerodin and AaE: The structures of Sclerodin and the AcetonAdduct of

Entatrevenetinon (AaE) were provided by Stefan Jacob, ibwf Mainz
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2.8 Microfluidics: an abstract ecosystem

2.8.1 Microfluidic BioReactor (MBR)

The Microfluidic BioReactors (MBR) originally designed by Finkbeiner et al. (2022)
were constructed with two distinct chambers divided by a semi-permeable membrane
(pore size 5 um). The design of the MBRs was further developed and improved by
Leona M. Schmidt-Speicher at the Institute of Microstructure Technology (IMT). Plant
or fungal cells can be placed into the cell chamber through openings in the top layer.
The perfusion (or supply) chamber is connected to two in- and outlets. These outlets
can be fitted onto a tubing which connects the MBR to the peristaltic pump and
potentially to other reactors in sequence. Fresh medium is pumped into the perfusion
chamber from where solubles can perfuse through the membrane into the cell
chamber. Thus the cells contained within the chip are continuously supplied with fresh
nutrients. Vice versa, waste products and other metabolites can perfuse from the cell
chamber into the perfusion chamber and will be transported off by the unidirectional
medium flow. The system can be installed in a way that the medium runoff will either
be fed into the medium supply, generating a circular system, into a waste receptacle
or subsequent bioreactors. The MBRs are fabricated using polycarbonate plates
(Finkbeiner et al. 2022) in a fashion that cells within the cell chamber are observable

using brightfield microscopy.

Fig. 2: Exemplary setup of three singular MBRs: Three microfluidic bioreactors were installed using
a peristaltic pump to create a unidirectional medium flow. The medium runoff of the MBR was fed back

into the medium source thus creating a circulating system.
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2.8.2 Neofusicoccum parvum

The ascomycete Neofusicoccum parvum is considered a causal agent of Grapevine
Trunk Diseases (GTD) (Carlucci et al. 2015). The fungus generally lives peacefully in
the trunk of the grapevine but switches to an aggressive lifestyle upon detecting an
accumulation of the metabolic intermediate ferulic acid (Khattab et al. 2022). Ferulic
acid is an intermediate in the synthesis of lignin and accumulates if the host plant is
disturbed in the generation of new wood, which may be caused by severe drought or
heat. N. parvum may detect ferulic acid as a sort of “surrender signal” indicating that
its host suffers extreme conditions and may perish soon. It switches to its more
aggressive sexual life cycle and produces the phytotoxin fusicoccin A (Khattab et al.
2022) to kill off its host to gain the additional nutrients necessary for its sexual
reproduction. The resulting spores can subsequently be spread to and infest new hosts
that may not suffer suboptimal conditions.

Neofusicoccum parvum is a fungal model organism to research plant pathogens and
potentially look at its interaction with the host plant. For this set of experiments
N. parvum was cultivated on Potatoe Dextrose Agar (PDA) plates (see Table 1). Every
two weeks a small disk of hyphae-imbued agar was transferred from the old plate to a
fresh PDA plate. To transfer the fungus into a liquid medium, a small disk of one-week-
old hyphae-imbued agar was transferred into 15 mL of liquid MS-medium (see Table
1) and incubated in the dark at 28°C while shaking at 150 rpm. After one week of
incubation, the resulting hyphae cluster was cut into small pieces and transferred into
15 mL of fresh MS medium. The fungal hyphae should now grow more or less
homogenous in the suspension culture and need to be subcultivated weekly by
transferring 750 pL of hyphae suspension from the old culture into 15 mL of fresh MS

medium.
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2.9 Constructs

2.9.1 pDonor vector containing the MYB14 promoter
The promoter region of MYB14 from V. sylvestris was supplied by Duan et al. (2016)

and was contained in a donor plasmid: pDonor::prMYB14

268...295 ronB T2 transcription terminat|

427.. 470 ronB T1 transcription terminat|

537...352 M3 - fw priming site
370651 attP4

pUC origin 27513424

632...670 DonorVectorBinding Site|
713 Clal
EM7 promoter 2622... 2688
Ncol 2618

pDONOR_FZeo MYB14.spe.xdna - 3427 nt

+

Feocin resistance gene 2247 MM

13 - rev priming site 263 2179
EcoRY 2133

1191, 1195 CAAT-box
1198.. 1208 3-Af1 binding site

12591262 CAAT-box{1

5 Py-rich stretch 1859 1868

Fig. 3: Graphic map of pDonor::prMYB14: The 3,427 nt plasmid contained the promoter region of
MYB14 derived from Vitis vinifera sylvestris genotype H629 and a zeocin resistance cassette for

antibiotic selection in bacteria.

The backbone of the donor plasmid contained a cassette for a zeocin resistance. Thus,

zeocin was used as the selective antibiotic.
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2.9.2 pMDC107 Gateway vector containing the prMYB14::GFP construct
The pMDC107 Gateway Vector was supplied from our bacterial stock collection.

[nositerminator 11445..11188]
I 10354.. 10353/

-]

:
|

3-AH binding site 95341 %351
CAAT-box 9534..9538 10,27 M131-RP|

DonorVectorBinding Site 83335, 9013

_|_

28273521 ka cinlresistance

[3312...4132 pBR3ZAorigin|

3563 MNhel

SET9 BsiWl

Fig. 4: Graphic map of pMDC107 prMYB14::GFP: The 11,457 nt big plasmid contained the gene for
eGFP controlled by the Vitis promoter MYB14. The backbone of the plasmid contained a kanamycin

resistance for bacterial selection, while the T-region of the plasmid contained a hygromycin resistance

cassette for the selection of transgenic plant cells.

This vector (prMYB14::GFP) could be used by A. fabrum to transform plant cells.
Between the LB and the RB region, we cloned in the promoter region of MYB14 from
Duan, right in front of the gene for eGFP. This T-DNA also contained a resistance

cassette for hygromycin selection in plants. The plasmid’s backbone contained the

resistance against kanamycin for bacterial selection.
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2.9.3 Control Gateway Vector p2FGW7-FABD2-GFP

T25% 5380, B105
T7 5832, 58w

[1145. 24 FAEDZ Imsert]

f1_0ORI JEEZ. . 5213

11:43...1029 =t E1

o 4170 500 p2F &7 FABDZ-GFPxdna - G105 nt

_|_

1876, 1160 Egfp

[2925.. 1898 255 promoter plus 3 part of om|

2991...2972 SPE

Fig. 5: Graphic map of p2ZFGW7-FABD2-GFP: The 6,106 nt big plasmid contains a fusion of FABD2
to eGFP controlled by the constitutive promoter 35S. Additionally, the plasmid contains a resistance

cassette for ampicillin (AmpR).

The gateway vector p2FGW7-FABD2-GFP contained a fusion of the Fimbrin Actin
Binding Domain 2 (FABD2) with eGFP controlled by the constitutive promoter 35S.
Plant cells transformed with this vector constitutively produce a green fluorescent
fusion of FABD2 which binds to the actin filament of the cell, effectively marking the

actin cytoskeleton of the cell.

40



Methods

3. Methods

3.1 Subcultivation of cell lines

The cell lines used were subcultivated in a seven-day cycle. After seven days a certain
carry-over volume of old cell suspension was transferred from the “mother” cell culture
to the fresh “daughter” Erlenmeyer flask containing autoclaved MS-medium. The
volume of the carry-over depends on the growth rate of the specific cell line. The
volumes used in this work are empirically established. In an established cell line, this
process results in a starting culture with a stable cell density after subcultivation. To
standardise this process even further, one could measure the density of the mother
culture (cell fresh weight per mL suspension) and calculate the carry-over volume on
a case-to-case basis to set a starting cell density for the culture. For specific
information on a specific line, please see Chapter 2.1.

3.2 General methods

3.2.1 Restriction digestion

An isolated vector plasmid can be digested by specific restriction enzymes to get a first
hint regarding the integrity of the sequence of the plasmid. With a known sequence,
the plasmid can be digested in silico by one or more restriction enzymes to get a
characteristic arrangement of resulting fragments. This calculation was performed
using the software SerialCloner (see Table 5). To digest the plasmid in vitro, 1 pug of
the plasmid was added to 5 pL of a compatible reaction buffer for the restriction
enzyme to be used. 10 U of each enzyme was added and the volume was adjusted to
50 uL with ddH20. After 60 min of incubation, the resulting fragments could be

visualised via electrophoresis to confirm the bands that have been calculated in silico.

3.2.2 PCR and Colony PCR

The Polymerase Chain Reaction (PCR) is a process that uses the activity of a
polymerase and specifically designed DNA primers to amplify a specific region of a
template DNA/RNA. A master mix of ingredients was created and aliquoted.
Subsequently, the template DNA was added and the final mixture was treated in a
thermocycler to create ideal conditions for the polymerase to amplify the desired
region. To create the PCR master mix the following ingredients were mixed per sample:
10.9 pL of ddH20, 2.0 pL of 10x PCR buffer (see Table 2), 0.4 pyL of dNTP mix (10mM)
(see Table 2), 0.8 L of the forward primer, 0.8 uL of the reverse primer and 0.1 pL of
the Tag DNA polymerase (5 U/uL) (see Table 7). Of this master mix 15 yL were
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aliquoted into 0.2 mL reaction tubes for each sample and 5 pL of template DNA of the
sample was added. These aliquots were treated in a thermocycler according to a
standard PCR protocol (see Table 10) and subsequently visualised via gel
electrophoresis (see Chapter 3.2.3). Colony PCR was oftentimes used to check
whether colonies growing on plates containing selective antibiotics were the desired
cells. Colonies were picked from the plate with the tip of a pipette and mixed into the
PCR mix by pipetting. The cells were lysed in the first heating step of the PCR, thus
making the DNA template available to the polymerase enzyme. Choosing primers to
amplify a region on the introduced plasmid would produce a PCR product in samples
of colonies that were successfully transformed. For the colony PCR, the
aforementioned master mix was slightly different since the template DNA was added
differently. In this case, 15.4 uL of ddH2O was added. This mix was aliquoted in
volumes of 20 pL into 0.2 mL reaction tubes and the picked colonies were added by
pipette mixing. The tubes were treated in a thermocycler with a standard PCR protocol
(see Table 10) and the resulting amplification product was visualised via gel

electrophoresis (see Chapter 3.2.3).

Table 10: PCR protocol for thermocycler

94°C 1:00 min

94°C 0:30 min

60°C 0:30 min 35x
68°C 0:30 min

68°C 2:00 min

12°C storage
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3.2.3 Gel electrophoresis

To visualise DNA, plasmids, fragments thereof or PCR products these can be loaded
onto agarose gels containing MIDORIC™e" Xtra (see Table 2). Depending on the
fragment size to be observed, the agarose gel can be created using different
concentrations of agarose (see Table 2). In our case, 1 % (w/v) agarose was solved in
40 mL of 0.5 % TAE buffer (see Table 1) using a microwave to heat the mixture until
the agarose was entirely solved. After letting the solution cool until it was just
touchable, 2.4 pL of MIDORI®ren Xtra was added and mixed. The gel was poured into
a casting mould with a comb to create the needed number of pockets. Once the gel
has cooled for 20 min it was transferred into a gel chamber (see Table 4) filled with
0.5 % TAE buffer. The samples were mixed with 5x loading buffer (see Table 2) and
loaded along with a ladder marker into the pockets of the submerged gel.
Subsequently, the chamber was closed and a voltage of 100 V was applied for 20 min.
The gel with the separated fragments was visualised with the Invitrogen Sage Imager

Blue-Light Transilluminator (see Table 4) and the Intas GDS software (see Table 5).

3.3 Roesleria subterranea and the Acetonadduct of Entatrevenetinon

3.3.1 Roesleria subterranea and its metabolites

The relationship between two species is shaped by the communication between them.
Whether a host species detects structural molecules of its pathogen to mount a
defence reaction or whether two species in a mutualistic symbiosis find and adjust their
balance, this communication relies on the production and detection of chemical
signals. In understanding the signalling between two given species lies the potential to
manipulate or exploit these signals to influence the behaviour of the species involved.
The ascomycete Roesleria subterranea lives on the roots of deciduous trees and the
roots of grapevine. It can be considered a significant pathogen of the host (Neuhauser
et al. 2011) as it kills off the host’s tissue to feed, effectively destroying the vital root
system of the plant. As with most symbioses, the interaction of R. subterranea and the
Vitis plant likely relies on a complex back and forth of the plant detecting the fungus
and the ascomycete in turn either evading detection or circumventing the mounted
defence reaction using effectors (see Chapter 1.2). By understanding the
communication and potentially identifying the signals used, it might be possible to
shape the interaction, maybe even finding easy-to-produce substances that might

boost the plant's inherent immune system to successfully repel R. subterranea.
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Our cooperation partner at the ibwf in Mainz has identified several metabolites of
Roesleria subterranea that proved bioactive by inhibiting the sporulation of
Magnaporthe oryzae and Phytophthora infestans spores (personal communication,
Stefan Jacob, ibwf). The partners in the DialogProTec project then tested these
bioactive compounds to see, what effects, if any, they show on the physiology of plants.
Researchers at the IMBP in Strasbourg (France) looked at the impacts of the
components on the roots of Arabidopsis thaliana, while we at the KIT in Karlsruhe
(Germany) made observations of the effect of the compounds on the physiology and
immunity reactions of plant suspension cells. We aimed to elucidate the reaction of
cells of different Vitis lines to these molecules to potentially shed light on the
relationship between Roesleria subterranea and its host and to see if these compounds
act as sginals and would be potential candidates for substances used for plant
immunity priming (see Chapter 1.2.6).

3.3.2 Mortality induced by R. subterranea compounds

A quick and established method to screen for potential immunoactivity of a given
substance is to perform a Cell Death Assay (CDA). During the Hypersensitive
Response (HR) associated with the Effector Triggered Immunity (ETI) plant cells
engage the Programmed Cell Death (PCD) to restrict the advancement of the potential
pathogen attacking the tissue. Therefore, the observation of an increase in cell
mortality could function as a preliminary indication of an immune response taking
place. Whether the mortality originates in a deliberate defence reaction of the cell

needs to be confirmed with subsequent experiments.

To see whether the Roesleria metabolites Sclerodin or AcetonAduct of
Entatrevenetinon (AaE) induce cell death, four different cell suspension lines were
treated with them and cell mortality was quantified using the Evans Blue selective
staining protocol (see Chapter 3.4.2). In this work, the following cell lines were used:
We did testing on Vitis vinifera cv. Chardonnay (see Chapter 2.1.1) to represent
susceptible Vitis plants and Vitis vinifera sylvestris genotype Kel5 (see Chapter 2.1.2)
was used because this wild relative of our local cultivars proved to be quite resistant to
many diseases our cultivars are susceptible to. Additionally, the reaction of the cell line
Vitis rupestris (see Chapter 2.1.3) was also tested. V. rupestris is a North American
wild relative of the grapevine and is known to be resistant to many pathogens ravaging

our vineyards and to excel in quick HR and immunity-related PCD. Finally, all
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experiments were also performed on BY2 wild-type cells as an established model

organism in our institute as a control group for the methods used.

All cell lines were exposed to the Substance of Interest (Sol) on the day of subculturing.
After subcultivating the lines according to their respective protocol (see Chapter 2.1),
the cell suspensions were aliquoted into 2 mL volumes into 35x10 mm Petri
dishes (see Table 3). A triplicate of untreated cells was created for each cell line. As a
control for the effect the solvent of Sclerodin and AaE, a solvent control with the
effective concentration of 0.5 % MeOH was performed in triplicate. Finally, the cells
were treated with the respective Sol by adding 50 uM of the Sol into the cell
suspension. After adding the substances, where applicable, the cell culture dishes
were sealed off using a sealing film (see Table 3). The dishes were then placed on an
orbital shaker (see Table 4) and cultivated at 150 rpm in the dark at 26°C.

Cell mortality was quantified at different time points, depending on the experiment;
samples of both the Sclerodin and the AaE treatment were taken 48 hours after
elicitation. For the AaE treatment, a time course was also created, taking samples at
4 h, 8 h and 48 hours post elicitation. To take the sample, the culture dish was opened,
200 pL of cell suspension was extracted and the dish was subsequently resealed. Cell
mortality in the samples taken was quantified using the Evans Blue selective staining
protocol (see Chapter 3.4.2).

3.3.3 Cytoskeletal effects induced by R. subterranea compound AaE

The cytoskeleton of the plant cell and the reorganization thereof can be part of the
signalling pathway in defence (Wang et al. 2022b; Sofi et al. 2023). The disintegration
of the cytoskeleton is a common occurrence in Programmed Cell Death (PCD). To
observe how the AcetonAduct of Entatrevenetinon (AaE) affects the cytoskeleton of
the plant, two cell lines have been treated with 50 uM of AaE. The cell lines BY2
TuA3:GFP and Chardonnay FABD2-GFP can be used to either visualize the
microtubules or the actin filament in the living cell respectively (see Chapters 2.1.6 and
2.1.7). To treat the lines with the fungal metabolite, five-day-old cells were aliquoted
into 1 mL volumes in 1.5 mL reaction tubes. For each treatment, three individual
biological replicates were created, including a negative control and two known
disruptors of the respective cytoskeletal elements along with the appropriate solvent
controls. The cell suspension of BY2 TuA3:GFP in the reaction tube was
complemented with 50 uM of Aak, 10 uM of Oryzalin, 0.1 % DMSO or 0.5 % MeOH.
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The cell line Chardonnay FABD2>-GFP was treated with 50 uM AaE, 10 uM
latrunculin B, 0.1 % DMSO or 0.5% MeOH. The samples were incubated for
60 minutes at 26°C in the dark while shaking at 150 rpm on an orbital shaker. After
60 minutes the samples were observed using the Spinning Disc microscope (see
Table 4). The structures of the cytoskeleton were visualised using an excitation filter of
488 nm, an emission filter of 509 nm wavelength and an exposure time of 500 ms to
observe the GFP fused to molecules associated with the respective cytoskeletal
structure. Three or more pictures of representative cells were taken with the z-stack
function of the ZenBlue software (see Table 5). The stack was placed to visualize the
cell starting with the outmost layer of the cortex and ending in the estimated middle of

the cell. The individual layers were fused using an orthogonal projection.

3.3.4 Effect of AaE on the expression of defence-related genes

In a successful defence reaction in plants, Programmed Cell Death (PCD) coincides
with the induction of defensive genes. These can include genes that are associated
with the signalling of biotic stresses and the genes that are involved in the synthesis of
defence compounds, like the so-called phytoalexins. To further illuminate the reaction
the observed plant cell lines exposed to the presence of the Roesleria subterranea
metabolite AcetonAdduct of Enatrevenetinon (AaE), the expression patterns of
commonly observed defence-related genes were quantified. We measured the gene
expression in the Vitis lines Vitis vinifera sylvestris genotype Kel5, Vitis rupestris and
Vitis vinifera cv. Chardonnay. Additionally, we tested Nicotiana tabacum cv. BY2 wild-
type cells as a well-established control group. We quantified the gene expression of
Phenylalanine Ammonia-Lyase (PAL) and the STilbene Synthases 27 and 47 (STS27
and STS47) to get insight into the metabolic pathway that results in the generation of
phytoalexins. We also looked at the expression patterns of Pathogenesis-Related
protein 1 (PR1) and JAsmonate-Zim-domain protein 1 (JAZ1) as marker genes for the

involvement of the salicylic acid and jasmonate signalling pathways, respectively.

The exposure of the cell lines to AaE was started on the day of subculturing. The newly-
generated cell culture was aliquoted into 2 mL volumes inside cell culture dishes (see
Table 3). Of each treatment, three biological replicates were created for each cell line.
The samples were complemented with either 50 uM of AaE or 0.5 % methanol (MeOH)
as the solvent control. After adding the elicitor, the culture dishes of the treated

samples and the untreated control group (CTRL) were sealed using a sealing film (see
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Table 3). All samples were incubated at 26°C, in the dark while shaking at 150 rpm on
an orbital shaker. Samples were taken 4 hours post-elicitation. The cell suspension
was filtered using a Buchner funnel (see Table 4), filter paper, a side-arm flask (see
Table 4) and a vacuum pump (see Table 4). 150-200 mg of dried cells were transferred
into Safe-Seal reaction tubes (see Table 3) containing a milling steel bead and
immediately frozen in liquid nitrogen. By using the steel beads contained in the Safe-
Seal tubes, the samples were homogenized in a mix-mill disruptor (see Table 4).
Subsequently, the total RNA of the samples was extracted using the Roboklon
Universal RNA KIT (see Table 6) following the protocol included. The optional DNA
digestion step was performed using the RNase-Free DNase Set by Qiagen (see Table
7). The quality of the extracted total RNA was confirmed (see sFig. 3) via gel
electrophoresis (see Chapter 3.2.3).

The total RNA was converted into complementary DNA (cDNA) using a MuLV-Reverse
transcriptase (see Table 7). 1 pug of RNA is mixed with 1 pL of 10 mM dNTP mix (see
Table 2) and 0.4 pL of 500 ng/uL Oligo (dT) in a 0.2 mL reaction tube (see Table 3).
The total volume was adjusted to 16 pL with ddH20. In a thermocycler, the sample was
heated to 65°C for 5 minutes. The samples were transferred on ice, while the MuLV-
transcriptase (0.25 yL), with  the  corresponding  buffer (2.00 uL), RNase
inhibitor (0.5 pL) and ddH20 (1.25 pL) were added to each sample. Subsequently, the
samples were incubated at 42°C for 60 minutes, at 90°C for 10 minutes and then

cooled at 12°C until retrieved. The finished cDNA was stored in the freezer at —20°C.

To quantify the gene expression within the samples, a real-time quantitative PCR (RT-
gPCR) was performed. We used a protocol based on the work of Svyatyna et al.
(2014). For each sample, technical triplicates were performed. To achieve this, a
master mix of 61.8 uL was complemented with 3.25 pL of 1:10 diluted cDNA, mixed
and subsequently split into three technical replicates of 20 L, therefore accounting for
volumes lost due to pipetting. The master mix contained final concentrations of 200 nM
per primer (see Table 8 for sequences), 200 nM of each dNTP (see Table 2),
1x GoTaq buffer (see Table 2), 2.5 mM MgClz(see Table 2), 0.5U GoTaq
Polymerase (see Table 7) and 1x SYBR Green (see Table 2). The RT-qPCR was
performed using the Bio-Rad CFX Connect Optics Module and CFX Connect Thermal
Cycler (see Table 4) and the material in Table 3. The gene expression of the genes of
interest; PAL, STS27, STS47, PR1 and JAZ1, was standardized to the unaffected
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housekeeping gene ubiquitin (see Table 8) using a calculation based on the work of

Livak and Schmittgen (2001) to calculate a fold induction of the observed sample:

fold induction: 2744¢"

AC o1 (x) = Clgor(x) — Ctubq(x)
AACt(x) = ACt;p (%) — ACE ;0 (CTRL)

In this calculation X represents the sample, Gol stands for Gene of Interest and CTRL
is the mean of the AC* values of the negative control. This results in a fold induction of
a gene of interest standardized to the expression of the gene in the untreated negative

control of the respective cell line.
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3.4 Microfluidics: an abstract ecosystem

3.4.1 Microfluidics: establishing a system

Immunoactive substances can be used to prime plants to increase their inherent
defence capabilities against pathogen attacks (Mauch-Mani et al. 2017). Therein lies
a huge potential to alleviate the environmental impact of herbi- and fungicide use. The
immunoactivity of such substances often relies on the detection thereof and signal
transduction, which implies both potential signal specificity and amplification. Therefore
these substances have a low potential for unintended side effects on the ecosystem
and can be applied at low concentrations. Detection and identification of immunoactive
components rely on observing multiple physiological phenomena and gene
expression. The application of microfluidic techniques harbours great potential to
establish a high-throughput screening for the immunoactivity of soluble molecules.
Finkbeiner et al. (2022) developed and designed a Microfluidic BioReactor (MBR) that
can cultivate plant cells in a cultivation chamber, supplied via a unidirectional medium
flow. The medium flow is generated by a peristaltic pump. Plant cells inside the
microfluidic chip can be exposed to substances of interest by adding these to the
medium supplied to the system. To evaluate the immunoactivity of the substance it is
key to establish quantification methods to measure the defence reactions of cells within
the MBR system. Leona M. Schmidt-Speicher of the institute IMT at Karlsruher Institut
fur Technologie developed and designed quantification methods within the reactor. In
cooperation with them, our institute tested the application of these methods on plant

cells exposed to elicitors or pathogens.

3.4.2 Cell mortality assay

Cell mortality in the plant cells was quantified via the selective staining protocol using
Evans Blue. The cells were separated from the medium they were cultivated in by
using handmade filters. These filters were crafted by truncating a 2.0 mL reaction tube
and sealing off one opening with a mesh with a 20 um pore size. The filters were placed
on an absorbent tissue paper and the 100-200 uL of the cell suspension to be
guantified were transferred onto the filter. The medium was absorbed and the filter
containing the dried cells was transferred into 2.5 % Evans Blue solution (see Table 2)
so that the cells were completely submerged in the solution. After an incubation period
of 5 minutes, the filter was placed onto the tissue paper until any excess Evans Blue
solution was absorbed. The filters were then placed into ddH20 and continuously

rinsed with clean ddH20 until the majority of excess Evans Blue was separated from
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the cells. The cells were transferred into reaction tubes and visualised via brightfield
microscopy. The Evans Blue molecules only enter dead or dying plant cells through
holes in the plasma membrane and cell wall. Therefore only dead cells appeared blue
or darkened under the microscope. Using the “Tiles” function of the apotome
microscope (see Table 4) and the respective software ZenBlue (see Table 5) large
overview pictures were taken. Cells were counted using the “Multipoint” tool of the
ImageJ software (see Table 5) and the cell mortality was calculated using the following

formula:

#tdead cells
*
#dead cells + #alive cells

cell mortality [%] = 100

3.4.3 MBR plant cell cultivation

The cell chamber of the Microfluidic BioReactor (MBR) can hold a volume of 800 pL,
whereas the effective volume can vary due to random warping of the membrane that
separates the cell chamber from the perfusion chamber. Plant cells cultivated within
the MBR are supplied with a medium via a unidirectional flow generated by a peristaltic
pump. The cells can be exposed to substances of interest by solving these in the
medium supplied. Given the ability to read out the reaction of the plant cells within the

MBR, this enables high-throughput screening of substances.

To check the feasibility of the method, the MBRs supplied were checked for potential
leaks and potential cell lines were tested for their compatibility to be cultivated in the
MBR. Pump tubing (see Table 3) was installed onto the peristaltic pump (see Table 4)
using the clamp included with the multichannel pump. Dispensing needles (see Table
3) were inserted at either end of the pump tubing and connected to Tygon pumping
(see Table 3) using Lur connectors (see Table 3). Tubing was then connected to the
medium source and the MBR. The peristaltic pump was set to maximum speed
(237 pL/min) to quickly fill the tubing and was stopped, once the medium entered the
inlet of the MBR. Using a truncated tip of a 1000 pL pipette (see Table 3) 800 puL of cell
suspension could be transferred to the cell chamber of the MBR. The opening of the
cell chamber next to the inlet was sealed using biocompatible tape (see Table 3) and
the MBR was placed upright so the remaining air pockets in either cell or perfusion
chamber could easily leave the MBR while resuming the filling process. Once the
medium reached the outlet of the MBR, the remaining opening of the cell chamber was

sealed and the MBR was placed horizontally. The pump rate of the peristaltic pump

50



Methods

could now be reduced to 30 uL/min. The outgoing tube of the MBR could be connected
to a waste receptacle, to a subsequent MBR or it could be returned to the medium
source, installing a circular system. During the cultivation, the MBRs were kept in the
dark.

To evaluate the compatibility of a given cell line with MBR cultivation the cells’ mortality
was quantified. The cells were extracted from the cell chamber after seven days of
cultivation by pipetting them through one opening of the cell chamber and cell mortality
was subsequently quantified using the selective staining protocol with Evans Blue (see
Chapter 3.4.2). This was compared to cells cultivated to the established method in our
lab. The cell suspension was subcultivated (see Chapter 3.1) into 30 mL of fresh MS
medium in an Erlenmeyer flask and cultivated in the dark at 26°C while rotating on an
orbital shaker at 150 rpm. These control samples were taken after seven days of
cultivation and mortality was quantified via Evans Blue selective staining (see Chapter
3.4.2).

To test the feasibility of using the MBR to treat cells with a given substance and observe
a phenomenon caused by the said substance, BY2 cells were cultivated in the MBR
and treated with 27 pg/mL harpin, as a known elicitor of ETl-associated PCD. Using
the aforementioned setup solitary MBRs were installed and loaded with BY2 wild-type
cells. The source tubing of the peristaltic pump was put into a standard MS medium
(see Chapter 2.2) and the outgoing tube of the MBR was connected to a waste
receptacle. Triplicates of both the harpin treatment and the untreated CTRL were both
equilibrated in the MBR by supplying the cells with standard MS medium for
60 minutes. After equilibration, the source medium of the harpin-treated samples was
replaced by an MS medium containing 27 pg/mL harpin. Cell mortality in all samples
was quantified after two days of incubation by pipette extracting cells out of the cell

chamber and using the selective staining protocol with Evans Blue (see Chapter 3.4.2).

3.4.4 MBR fungal cell cultivation and co-cultivation

Microfluidic BioReactors (MBR) can be used to co-cultivate different cell types
modularly installed in separate MBRs in sequence. Cells being co-cultivated could be
intra- and interkingdom. Finkbeiner et al. (2022) demonstrated that cells cultivated in
connected MBRs interact with one another. Results culminating from the following

experiments were partially published in the aforementioned paper.
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To evaluate the possibility to cultivate cell types of different kingdoms within the MBR
setup, the cultivation of Neofusicoccum parvum suspension (see Chapter 2.8.2) in the
MBR was tested. N. parvum was cultivated in two variants of MBRs differing in the
pore size of the membrane separating the cell and perfusion chambers. Plant cells
were cultivated in MBRs with a pore size of 5 um. For the cultivation of fungal cells,
MBRs were constructed using a membrane with a pore size of 1 um, since fungal
hyphae are considerably smaller in size. Both MBRs with 5 ym and 1 um pore size
were connected to the peristaltic pump (see Table 4), and ultimately the medium
source by Tygon tubing (see Table 3). A unidirectional medium flow was generated by
using pump tubing (see Table 3) which was connected via dispensing needles (see
Table 3) and Lur connectors (see Table 3) to the general Tygon tubing. The peristaltic
pump was operated at a pump rate of 137 pL/min until the medium reached the inlet
of the MBRs. 800 pL of N. parvum suspension (see Chapter 2.8.2) was transferred into
the cell chamber of the bioreactor using a truncated tip of a 1000 uL pipette. The
opening of the cell chamber closest to the inlet of the MBR was sealed off using
biocompatible tape (see Table 3). The MBR was placed vertically to enable air pockets
to escape the MBR chambers while resuming the pump activity. Once the medium
reached the outlet of the MBRs the MBRs were placed horizontally and the pump rate
was kept at 137 pL/min. The outgoing medium was guided into a waste receptacle
using tubing. During the intended seven-day cultivation, the MBRs were kept in the
dark. The setup was observed daily. Once cultivation was stopped, the growth patterns
of the hyphae growing in the MBR were observed using bright field microscopy via the

apotome microscope (see Table 4).

To attempt a co-cultivation of interkingdom cell types within the same MBR setup,
MBRs containing BY2 wild-type cells were installed in a sequence of MBRs containing
N. parvum suspension to observe the reaction of the BY2 cells to the presence of the
N. parvum cells. For both cell lines, MBRs with a membrane pore size of 5 um were
used. The ascomycete is known to produce phytotoxins to kill off plant cells when
stressed. Therefore, the reaction of the BY2 cells was read out via their cell mortality.
A respective control group was established using a singular chip, only containing BY2
cells and supplied from the same medium source as the co-cultivation sample. Pump
tubing (see Table 3) was installed on the peristaltic pump (see Table 4) using the
included clamps. Dispensing needles (see Table 3) were inserted at either end of the
pump tubing and connected to general Tygon tubing (see Table 3) using Lur
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connectors (see Table 3). The medium-supplying tubes of both co-cultivation and
CTRL were inserted into the same standard MS medium (see Chapter 2.2) source. In
the CTRL MBRs, the medium runoff was directly guided into the waste receptacle. In
the co-cultivation group, the outlet of the first MBR is connected to the inlet of the
second MBR in sequence. The outlet of the latter MBR was connected to the waste.

Fig. 6: Exemplary setup of a co-cultivation setup with respective CTRL: In the co-cultivation
treatment two MBRs were installed in sequence connecting the outlet of the first chip to the inlet of the
latter using Tygon tubing. The first chip was loaded with a cell suspension of N. parvum, whereas the
latter MBR was used to cultivate BY2 wild-type cells. The outlet of the second MBR was connected to
the waste receptacle. A control group was established by installing a singular MBR filled with a cell
suspension of BY2 wild-type. Both groups were supplied with the same MS medium at a pump rate of
30 yuL/min. In the actual experimentation, there were three replicates of both treatments run

simultaneously.

The peristaltic pump (see Table 4) was operated at a pump rate of 137 pL/min until the
MS medium reached the inlet of an MBR. The pumping was then arrested and the
MBR was filled with 800 uL of the respective cell suspension using a truncated tip of a
1000 pL pipette. The cells were inserted into the opening of the cell chamber closest
to the outlet of the MBR while tilting the bioreactor to facilitate an even distribution of
the suspension in the chamber. The BY2 wild-type culture was seven days old, while
the N. parvum suspension was used a day after subcultivation. Subsequently, the
opening closest to the inlet of the MBR was sealed off using biocompatible tape (see
Table 3). The reactor was then placed vertically to allow air pockets to leave the

chambers of the MBR easily while the pumping process was resumed. Once the
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medium reached the outlet of the MBR the remaining opening of the cell chamber was
sealed off and the MBR was placed horizontally in its final position. Once all MBRs
were loaded, the pump rate of the peristaltic pump was reduced to 30 puL/min. Both co-
cultivation and CTRL were cultivated for two days while darkening the clean bench
used.

After two days of cultivation, BY2 cells of each sample were extracted using a truncated
1000 pL tip. A sufficient amount of cell suspension was gathered through an opening
in the top layer of the cell chamber and cell mortality was quantified using the Evans

Blue staining protocol (see Chapter 3.4.2).

3.4.5 MBR measurement of transgenic fluorescence

Within this work, we intended to generate a transgenic cell line that would produce a
green fluorescent signal, once its basal immune defence was engaged. This was
attempted by cloning the promoter of MYB14 from Vitis vinifera sylvestris H629 in front
of a gene translating to eGFP. Ultimately, this proved unsuccessful (see Chapter 8.1).
This cell line would have been loaded into the MBR and treated with known elicitors of
plant immunity to observe the generated green fluorescent signal directly by putting
the entire MBR under a fluorescence microscope. Since the transgenic cell line was
not established, no experiments with the cell lines in the MBR were performed.

3.4.6 MBR pH measurement

An early signal used in the signalling of a basal defence reaction of the plant is an influx
of Ca?* ions (Lecourieux et al. 2006). This transport of Ca?* coincides with a change in
the extracellular pH, due to the movement of ions across the membrane (Jabs et al.
1997; Nurnberger and Scheel 2001) and the depolarization of the cell membrane (Felle
2001). Measuring the extracellular pH is a well-established method of detecting a basal
defence reaction.

Leona M. Schmidt-Speicher designed connector screws to create an interface to
measure the pH of the cell suspension within the MBR. In this work, the pH was
measured using optic means with the pH-1 SMA HP5 system developed by PreSens
Precision Sensing GmbH (see Table 4). This system uses glass fibre to send light to a
sensor spot placed in the medium to be measured. The sensor spot reflects the light
signal and the sensor interprets the pH of the medium using the parameters of the light
reflected. Depending on the pH of the solution the sensor spot is in, it reflects the light

differently. Schmidt-Speicher designed a connector screw that can be screwed into
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one of the top layer openings of the MBR cell chamber. An SP-HP5-SA sensor spot
(see Table 3) was placed on the bottom part of the screw. Upon installation, this part
was situated inside the cell chamber. The glass fibre was then fixed into an opening
on the upper part of the screw, situated outside of the MBR. The sensor spot was
calibrated for the required range of pH using the multipoint calibration tool included in
the software of the sensor. It was calibrated using aliquots of MS medium adjusted to
the pH values of pH 9, pH 7, pH 6, pH 5 and pH 4. If not in use, the connector screw
with the sensor spot was stored in a standard MS medium, which was replaced

regularly.

Fig. 7: pH measurement within the MBR system: In the MBR system, the pH was measured by optic
means. A light signal was sent via the glass fibre to a sensor spot that reflected the light, which changed
depending on the pH of the solution the sensor is in. The sensor interpreted the change in the reflected
light to measure the pH of the solution. Using a connector screw designed by Leona M. Schmidt-
Speicher, the sensor spot was placed inside the cell chamber of the MBR while the glass fibre was
connected to the spot on the outside through dentation in the screw top. The glass fibre was fixed in

position using biocompatible tape. The pH was measured every 30 seconds.

To set up the measuring of the pH within the MBR, a pumping tube (see Table 3) was
installed onto the peristaltic pump (see Table 4) using the included clamp. The pumping
tubing was connected to general Tygon tubing using dispensing needles (see Table 3)
and a LUr connector (see Table 3). One side of the pumping tube was connected to
the medium supply using Tygon tubing (see Table 3) and the other end was connected
to an MBR. The peristaltic pump was operated at 137 pL/min pump rate until the
medium reached the inlet of the MBR. It was then stopped and 800 pL of a seven days
old BY2 cell suspension was introduced into the cell chamber through an opening using
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a truncated tip of a 1000 uL pipette. The cell chamber opening closest to the inlet of
the MBR was sealed using biocompatible tape (see Table 3) and the MBR was placed
upright to facilitate the expulsion of any remaining air pockets upon resuming the
pumping process. Once the medium reached the outlet of the MBR the remaining
opening of the cell chamber was sealed by inserting the aforementioned connector
screw and the glass fibre was installed and fixed with the biocompatible tape (see
Table 3). The outlet of the MBR was connected to a waste receptacle using Tygon

tubing. The peristaltic pump was operated continuously at 137 pL/min.

Before starting any measurement of the pH, the system was equilibrated for
90 minutes. Subsequently, a baseline pH is measured for 30 minutes. To induce an
extracellular alkalization the cells were treated with 25 pg/mL of chitosan. In previous
work, it was shown that this concentration of chitosan induces a defence reaction in
Vitis rupestris with an accompanying alkalization of the cell medium (Sofi et al. 2023).
The chitosan stock of 10 mg/mL was solved in 1 % acetic acid. Therefore in addition
to the chitosan treatment, a solvent CTRL with acetic acid was performed as well. After
the 30-minute pre-measurement, either the chitosan or the respective solvent was
added to the medium supplied to create a final concentration of 25 pg/mL chitosan and
0.0025 % acetic acid respectively. After adding the substance of interest, the pH was
continuously measured for two hours. The pH was measured every 30 seconds. Due
to the availability of a single pH-1 SMA HP5 system replicates of either chitosan

treatment or solvent CTRL were not performed simultaneously but separately.

To standardize the pH measurements, the ApH was calculated. The values of each
30-minute baseline measurement were averaged and defined as the pHbaseline. TO
calculate the ApH of each timepoint of the measurement its respective pHbpaseline Was

subtracted from the absolute pH value at timepoint t.

ApH; = pH; — pHpgsetine

These calculations were performed per replicate and subsequently, the replicates were
used for statistical analysis. AApHchitosan Was calculated by subtracting ApHsoivent from

the ApHechitosan to correct for the shift in pH that the solvent of chitosan has caused.
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3.4.7 MBR pH measurement - chitosan double pulse

To see, whether the MBR system could be used to deliver two distinct impulses of a
given signal, we conducted an experiment to treat BY2 cells with 25 pg/mL of chitosan
at two different subsequent time points, separated by a period of supplying standard
MS medium. We established a control group to see, whether the second pulse of
chitosan caused a defence reaction of bigger amplitude if a preceding stimulus of
chitosan was present and if this potential difference was measurable with the MBR
system. The MBR setup was installed and BY2 cells were introduced in the system as
detailed in Chapter 3.4.6. The system was equilibrated for 45 minutes and a baseline
pH was measured for 30 minutes. After measuring the baseline, the first treatment of
either 0.0025 % acetic acid or 25 pg/mL chitosan was performed, by transferring the
supply tube into an MS medium containing the respective elicitor for 10 minutes.
Subsequently, the supplied medium was reverted to standard MS medium and the pH
was measured for 45 minutes before the second treatment with either acetic acid or
chitosan was repeated for another 10 minutes, as mentioned before. After the second
treatment, the pH was measured for 45 minutes and the experiment was concluded.
During the entire experiment, the pH was measured every 30 seconds and ApH was
calculated as detailed in Chapter 3.4.6. Three separate experiments were performed
in triplicates each. First, the BY2 cells were treated with 0.0025 % acetic acid in both
the first and second treatments as solvent control (slvCTRL). In the second
experiment, the first treatment was performed with 0.0025 % acetic acid while the cells
were treated with 25 pg/mL of chitosan in the second treatment (singlePulse). In the
third experiment, the cell suspension was treated with 25 ug/mL of chitosan in both

treatments (doublePulse).

3.4.8 MBR H202 measurement
The generation of Reactive Oxygen Species (ROS) in plants can function both as a
signal to biotic and abiotic stresses (Lee et al. 2020) and as the actual defence
mechanism (Keppler 1989; Peng 1992; Lamb and Dixon 1997). In our institute, Ismalil
et al. (2012) previously showed that the application of salt stress induced an increase
in ROS levels as part of a signalling pathway. In this work, the feasibility of quantifying
ROS levels in the runoff of the Microfluidic BioReactor (MBR) system was to be
evaluated. To induce an increase in ROS, BY2 wild-type plant cells were cultivated in
an MBR and were treated with 150 mM NaCl, a known elicitor of ROS induction (Ismail
et al. 2012).
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To treat the N. tabacum BY2 wild-type cells within the MBR system, a single MBR was
installed per treatment. Pump tubing (see Table 3) was installed on a peristaltic pump
(see Table 4), connected to general Tygon tubing (see Table 3) via dispensing needles
(see Table 3) and Lur connectors (see Table 3). This tubing was used to connect the
inlet of the MBR to the pump and finally a medium source. The peristaltic pump was
operated at a pump rate of 137 pL/min creating a unidirectional flow of MS medium
(see Chapter 2.2) to the perfusion chamber of the MBR. Once the medium reached
the inlet of the MBR the pumping process was arrested and 800 uL of a seven days
old BY2 wild-type cell suspension was transferred into the cell chamber of the MBR
via pipetting the suspension through an opening of the cell chamber with a truncated
tip. Subsequently, the opening of the cell chamber closest to the inlet of the MBR was
sealed off using biocompatible tape (see Table 3) and the MBR was placed vertically
while the pumping was resumed at 137 pL/min. This facilitates the expulsion of
remaining pockets of air from the cell chamber. Once the medium reached the outlet
of the MBR, the remaining opening was sealed with biocompatible tape and the MBR
was installed in the final horizontal orientation. The outlet of the MBR was connected
to a waste receptacle using Tygon tubing. In both the salt treatment and the negative
control treatment the system was pre-flushed with a standard MS medium (see
Chapter 2.2). After the entire system was filled, the source tube of the salt treatment
was transferred into an MS medium containing an additional 150 mM NaCl. The pump
was continuously operated at 137 pL/min for 60 minutes. After this hour, medium runoff
from both treatments was collected in subsequent technical triplicates. To quantify the
ROS levels in this medium the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay
Kit (see Table 6) was used according to the respective protocol. In addition to the
samples, a standard curve was created and measured to quantify the absolute levels
of H202 and the induction thereof. The fluorescence intensity in the samples of the
treatments and the standard curve was measured with a Spark Multimode Microplate

reader (see Table 4).

58



Methods

3.4.9 Cleaning of the MBR system

With the notable exception of the Microfluidic BioReactors (MBR) that were operated
for the cultivation of the N. parvum culture (see Chapter 4.2.3), MBRs could be reused
when cleaned properly. After the respective experiment concluded, the system was
first run dry by removing the source tube from the medium source and operating the
peristaltic pump (see Table 4) at a pump rate of 137 pL/min for a short while. In the pH
measurement experiments (see Chapter 3.4.6), the connector screw with the SP-HP5-
SA sensor spot was uninstalled and transferred into a standard MS medium (see
Chapter 2.2) for storage. The entire system was then flushed with 70 % ethanol for
30 minutes and subsequently run dry. The MBR was then rinsed by holding the
opening of the cell chamber directly under a tap for desalinated water. It was then
incubated in 70 % EtOH for 60 minutes, removed from said ethanol and dried
overnight. The tubing was rinsed inside and outside with desalinated water and 70 %

EtOH and autoclaved before reuse.
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4. Results
4.1 Roesleria subterranea and the Acetonadduct of Entatrevenetinon

4.1.1 Mortality induced by R. subterranea compounds

To check whether the metabolites of Roesleria subterranea Sclerodin or the
AcetonAduct of Entatrevenetinon (AaE) induce an increase in cell mortality that might
potentially be associated with a defence reaction, three Vitis cell lines and BY2 were
treated with 50 uM of the respective substance. For Sclerodin and AaE the mortality
was quantified after 48 hours of incubation by extracting samples and applying the

Evans Blue selective staining protocol (see Chapter 3.4.2).
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Fig. 8: Sclerodin-induced mortality after 48 h: The cell lines were aliquoted into volumes of 2 mL
and treated with 50 pM Sclerodin, 0.5 % methanol (MeOH) or were untreated (CTRL). Samples were
incubated at 26°C, in the dark, while shaking at 150 rpm on an orbital shaker. Samples were extracted
after 48 h and mortality was quantified via Evans Blue staining (see Chapter 3.4.2). Each treatment was
performed as three biological replicates and statistical analysis was performed via Fisher LSD ANOVA

with a significance level of 0.05.

When treating Kel5, V. rupestris, Chardonnay and BY2 with 50 uM of Sclerodin and
the respective solvent control we observed only minor differences in cell mortality

exhibited by the lines. In Kel5 there was a slight but significant decrease in mortality
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when comparing the Sclerodin-treated sample with the respective negative CTRL. In
V. rupestris there was a significant increase in cell mortality when treated with the
solvent, MeOH. In BY2 the treatment with Sclerodin caused a significant but small
increase in mortality when compared to the negative CTRL. In Chardonnay, the
treatments caused no significant change in cell mortality. Yet in all cell lines, the
change in mortality induced by Sclerodin was never significantly different from the

respective solvent control (MeOH).
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Fig. 9: AaE-induced mortality after 48 h: 2 mL aliquots of all cell lines were treated with 50 uM of
AaE, 0.5 % methanol (MeOH) or were entirely untreated, respectively. The samples were incubated at
26°C, in the dark while shaking on an orbital shaker at 150 rpm. Samples were extracted after 48 h and
cell mortality was quantified via Evans Blue staining (see Chapter 3.4.2). Treatments were performed
as biological triplicates and significance levels were calculated using the Fisher LSD ANOVA with a

significance level of 0.05.

The treatment with 50 uM of AaE caused major shifts in cell mortality in the cell lines
Kel5, V. rupestris, BY2 and Chardonnay. In Kel5 50 uM of AaE caused an increase
in mortality to 39.63 % (SE £ 5.43) which is significantly higher than the respective

MeOH control with 9.44 % (SE + 0.66) and negative CTRL with 9.61 % (SE £1.35). In
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Vitis rupestris, we observed a baseline mortality of 12.91 % (SE £ 1.97) in the negative
CTRL. Comparing the AaE treatment to the CTRL a small but significant increase to a
rate of mortality of 20.49 % (SE + 1.42) was quantifiable. Yet, this difference is not
significantly different from the respective solvent control (MeOH) with a mortality rate
of 19.39 % (Se + 4.51). In BY2 we observed an extreme increase in cell death in the
AaE-treated samples. The mortality rate increased to 94.45 % (SE + 4.22) which was
significantly higher than both negative CTRL and MeOH control with mortality rates of
2.33 % (SE £ 0.38) and 2.68 % (SE + 0.26) respectively. Treating the Chardonnay cell
suspension line with 50 uM of AaE caused a significant increase in cell mortality to a
rate of 21.77 % (SE = 0.51) when compared to the respective controls. The negative
CTRL of Chardonnay exhibited a cell mortality rate of 10.25 % (SE + 0.32) and the
MeOH control showed a mortality of 10.47 % (SE £ 0.38).
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Fig. 10: Timecourse of AaE-induced mortality: 2 mL aliquots of each cell line were treated with
50 uM of AaE and the respective solvent control of 0.5 % methanol (MeOH) and untreated
control (CTRL). The samples were incubated at 26°C, in the dark while shaking on an orbital shaker at
150 rpm. Samples were extracted and quantified via Evans Blue staining (see Chapter 3.4.2) at4 h, 8 h
and 48 h post-elicitation. Biological triplicates were generated and statistical analysis was performed
via Fisher LSD ANOVA with a significance level of 0.05.

The cell mortality caused by AaE was further investigated by quantifying the mortality
at earlier time points. Additional samples were taken at 4 and 8 hours post-elicitation
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and quantified via Evans Blue selective staining protocol (see Chapter 3.4.2). When
treating the Kel5 suspension cell line with 50 uM of AaE, there is no significant
increase in cell mortality observable 4 hours post-elicitation. After 8 hours of
incubation, the cell mortality in the AaE-treated sample was significantly increased with
25 % (SE £ 1.03) when compared to the respective negative and solvent controls. At
the 48 hours time point, the mortality rate of the AaE treatment is significantly higher
than its respective controls and reaches 39.63 % (SE % 5.43). In Vitis rupestris the
treatment with AaE and its solvent did not cause a significant increase in cell mortality
at the time points 4 and 8 hours when compared to their respective negative CTRL. At
the 48 hours time point post-elicitation the treatments with methanol and AaE exhibited
elevated levels of cell mortality when compared to the negative CTRL. Yet, there is no
significant difference between the AaE-treated sample and the methanol
control (MeOH) with mortality rates of 20.49 % (SE + 1.42) and 19.39 % (SE + 4.51)
respectively. BY2 cells exhibited high levels of cell mortality at all three time points
when treated with 50 uM of AaE, significantly higher than their respective controls in
all cases. The mortality increased from 41.39 % (SE * 6.85) at the 4 hours time point
to 76.57 % (SE * 2.53) at 8 hours post-elicitation. At the 48 hours time point, the cell
mortality rate induced by AaE reached 94.45 % (SE * 4.22). In Chardonnay, the 50 uM
AaE treatment caused no significant change in mortality at the 4 hours time point. After
8 hours of incubation, the mortality rate increased significantly from its respective
controls to 15.55 % (SE + 1.65) and increased even further at the 48 h time point to

21.77 % (SE £ 0.51) while still being significantly higher than the respective controls.

4.1.2 Cytoskeletal effects induced by R. subterranea compound AaE

To see whether the AcetonAdduct of Entatrevenetinon (Aak) has an effect on the actin
filaments within the plant cell, cells of the Chardonnay FABD2-GFP line were treated
with 50 uM of AaE. Additionally, a positive control with latrunculin B (LatB) was
performed. LatB binds to actin monomers, effectively stopping the filaments from
polymerizing. Biological triplicates of AaE- and LatB treatment were carried out with
their respective solvent control of MeOH and DMSO, respectively, and an entirely

untreated negative CTRL.
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CTRL LatB 10uM — 60 min AaE 50uM — 60 min

Chardonnay — FABD, line

Fig. 11: Effects of AaE on the actin filament of Chardonnay — FABD2-GFP: Cells of the transgenic
line Chardonnay-FABD2-GFP were treated with 50 uM of AaE and 10 uM of latrunculin B (LatB) for
60 minutes. The fluorescence was visualised using excitation filters of 488 nm and emission filters of

509 nm wavelength. For solvent controls please see sFig. 1.

The negative control (CTRL) treatment of Chardonnay FABD2-GFP cells exhibited an
undisrupted habitus. The fluorescent signal could be seen as fine filaments spanning
the cortex of the cell with occasional aggregates of intense signals visible in the
outskirts of the nucleus and rarely in the cell cortex (see Fig. 11). Treating the cells for
60 minutes with 10 uM of LatB caused the majority of the green fluorescent signal to
disintegrate. The signal appeared more diffuse with the filaments visible in the CTRL
appearing to be broken into smaller pieces. Additionally, the appearance of signal
aggregates was more common and more evenly distributed in the cell cortex. In the
AaE-treated samples, the aggregates of the signal were slightly more commonly found

than in the CTRL samples, yet the filaments of the green fluorescent signal appeared
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undisrupted as seen in the CTRL samples. The solvents had little effect on the signal

detected in the cells (see sFig. 1).

To visualise the effect of AaE on the microtubules of the plant cell, cells of the BY2
TuA3:GFP cell culture were treated with 50 uM of AaE and 10 pM of oryzalin
respectively for 60 minutes. Additionally, there were samples of negative
control (CTRL) and solvent controls of MeOH and DMSO. All samples were performed

in biological triplicates.

CTRL Oryzalin 101M ~ 60 min AaE 50uM — 60 min

BY2 — TuA3 line

Fig. 12: Effects of AaE on the microtubules of BY2 TuA3:GFP: The cell lines BY2 TuA3:GFP was
treated with 50 uM of AaE and 10 uM of oryzalin respectively for 60 minutes. The pictures were taken
using fluorescence filters with 488 nm of excitation wavelength and 509 nm of emission wavelength with

an exposure time of 500 ms. For the solvent controls please see sFig. 2.

The untreated samples of BY2 TuA3:GFP exhibited an undisturbed habitus of the cell

line. The green fluorescent signal has shown a background signal but also formed
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visible filaments spanning across the cortex of the cell. In the oryzalin-treated samples,
the filaments have almost entirely disintegrated. There was a strong diffuse green
fluorescent background signal with occasional, broken filaments. In samples treated
with AaE, there was also a strong background signal of green fluorescence, yet the
filaments of the signal seem to be similar to the ones exhibited in the negative CTRL.
The controls for the solvents of the elicitors, MeOH and DMSO had little effect on the

intracellular signals (see sFig. 2).

4.1.3 Effect of AaE on the expression of defence-related genes

To quantify the gene expression of commonly observed defence-related genes in plant
cell lines exposed to 50 uM of AaE, cells of Kelb5, V. rupestris, Chardonnay and BY2
were treated with AaE for 4 hours, and their total RNA was extracted and converted to
cDNA (see Chapter 3.3.4). Gene expression was quantified using RT-qPCR and fold
induction of the gene of interest was calculated relative to the expression of the
housekeeping gene in the negative control. We looked at the expression pattern of the
genes PAL, STS27 and STS47 to get insight into the metabolic activity of the synthesis
of phytoalexins. We also quantified the expression of PR1 and JAZ1 as markers for

the salicylic acid and jasmonate signalling respectively.
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Effect of 50uM AaE on gene expression in Kel5 after 4h
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Fig. 13: Gene expression with 4 h 50 uM AaE treatment in Kel5: Suspension cells of V. vinifera
Kel5 were treated with 50 uM of AaE for 4 hours, and RNA was extracted and converted into cDNA.
Gene expression in the samples was quantified using RT-gPCR and the fold induction was standardized
to the housekeeping gene ubiquitin in the negative CTRL. Significance was calculated using the Fisher
LSD ANOVA with a significance level of 0.05.

In Kelb5, the exposure to 50 uM of AaE caused no significant difference in the
expression of PAL after 4 hours of incubation. Both stilbene synthases STS27 and
STS47 exhibited a significant and almost ten-fold reduction of expression when AaE
was present (see Fig. 13). STS27 was at a 0.20-fold (SE + 0.01) expression and
significantly different from both negative and MeOH control. STS47 exhibited a
0.14-fold (SE £ 0.01) expression. This value was significantly different from the
respective controls. The expression of PR1 was significantly induced to a level of
9.5-fold (SE + 0.92) (see Fig. 13). The fold induction of the AaE treatment was
significantly higher than both negative CTRL and the MeOH treatment. The MeOH
treatment showed a slightly but significantly higher expression of PR1 than the

respective negative control with a 1.87-fold (SE + 0.26) induction. In the presence of
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AaE, the expression of JAZ1 was significantly increased 3.43-fold (SE + 0.25) when

compared to both the negative and the solvent control (see Fig. 13).

Effect of 50uM AaE on gene expression
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Fig. 14: Gene expression with 4 h 50 uM AaE treatment in V. rupestris: Cells of the suspension line
V. rupestris were treated for 4 hours with 50 uM of AaE and the respective solvent control. Total RNA
was extracted and converted into cDNA. Expression patterns of the genes were quantified using
RT-gPCR. The fold induction was calculated and standardized to the housekeeping gene ubiquitin in
the negative CTRL. The significance of differences was calculated via ANOVA using the Fisher LSD

with a significance level of 0.05.

In Vitis rupestris, the treatment with 50 uM of AaE did not significantly change the
expression of PAL when compared to the negative CTRL. Yet, the solvent control,
0.5 % methanol caused a 32.05-fold (SE + 4.35) induction of PAL (see Fig. 14). This
is significantly higher than both the negative control and the AaE treatment. The AaE
treatment caused no significant change in the expression of STS27 (see Fig. 14). The
gene STS47, on the other hand, was significantly induced by a factor of
24.99 (SE = 2.83) due to the methanol treatment. The STS47 expression in the AaE
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treatment was significantly reduced when compared to the MeOH control but did not
significantly differ from the expression in the negative control (see Fig. 14). In PR1 the
expression increased 44.85-fold (SE + 6.22) when treated with 0.5 % methanol. This
expression was both significantly higher than the negative control and the 50 uM AaE
treatment (see Fig. 14). The gene expression due to AaE was increased to
8.14-fold (SE + 2.83) but failed to be significantly different from the negative control.
The JAZ1 expression in V. rupestris showed a tendency to be increased in the
methanol control and the AaE treatment to be reduced when compared to said control,

yet all treatments failed the tests for significance (see Fig. 14).

Effect of 50uM AaE on gene expression in BY2 at 4h
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Fig. 15: Gene expression with 4 h 50 uM AaE treatment in BY2: BY2 wild-type cells were treated
with 50 uM of AaE. After 4 hours, the total RNA was extracted and converted into cDNA. The gene
expression in the samples was quantified via RT-gPCR and fold induction was calculated by
standardizing to the expression level of the housekeeping gene ubiquitin in the negative CTRL. The
significance of the differences was calculated via the Fisher LSD ANOVA using a significance level of
0.05.
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The expression levels of the defence-related genes were tested in BY2 using the same
primers as were used in the Vitis lines. The primers were designed for use in Vitis and
thus, did not perfectly bind to the respective primer sites in the Nicotiana tabacum line.
This was reflected in the melting curve analysis of the RT-qgPCR (data not shown). This
resulted in the standard error of the measurements in BY2 being bigger as compared
to the Vitis lines. In BY2 the solvent of AaE, methanol did significantly
induce (5.77-fold (SE = 0.25)) the expression of PAL when compared to both the
negative CTRL and the AaE treatment (see Fig. 15). The expression of PAL in the
AaE-treated sample did not significantly differ from the expression level in the negative
control. N. tabacum does not have naturally occurring stilbene synthases, therefore
the expression levels of STS27 and STS47 were not able to be reliably quantified and
were therefore omitted. PR1 and JAZ1 showed similar expression patterns. For both
genes, the treatment with 0.5 % MeOH showed a tendency to induce an increased
expression of the respective gene, yet failed to be significantly different from the
negative control, due to high error margins (see Fig. 15). In both genes, the expression
in the AaE-treated sample was significantly lower than compared to the respective
methanol control, but not when compared to the negative CTRL.
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Effect of 50uM AaE on gene expression
in Chardonnay after 4h
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Fig. 16: Gene expression with 4 h 50 uM AaE treatment in Chardonnay: To quantify the gene
expression in Chardonnay, suspension cells have been treated with 50 uM for 4 hours. The total RNA
was subsequently extracted and converted to cDNA. The gene expression was quantified using an RT-
gPCR. The fold induction was calculated using the expression of the housekeeping gene ubiquitin of
the negative CTRL to standardize. The significance levels between the samples were calculated using
the Fisher LSD ANOVA with a significance level of 0.05.

In Vitis vinifera cv. Chardonnay the treatment with 50 uM AaE caused a significant
reduction of expression in PAL, STS27 and STS47 after 4 hours. The expression of
PAL was reduced to 0.038-fold (SE £0.002), the expression of STS27 to
0.006-fold (SE £ 0.001) and the expression of STS47 to 0.002-fold (SE + 0.0002).
These expression levels were all significantly reduced when compared to their
respective controls, whereas the solvent control of 0.5 % methanol (MeOH) did not
significantly differ from the negative control (see Fig. 16). The expression level of PR1
was increased 3.08-fold (SE £ 0.32) in the 4 h AaE treatment when compared to the
respective controls (see Fig. 16). The expression level of PR1 was not significantly

altered from the level in the CTRL by the presence of 0.5 % MeOH. The level of JAZ1
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expression was slightly but not significantly higher in the MeOH-treated samples when
compared to the negative control. The treatment with 50 uM of AaE caused a
significant induction of JAZ1 of 2.45-fold (SE + 0.38). This induction was significantly

different from both negative and methanol control (see Fig. 16).
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4.2 Microfluidics: an abstract ecosystem

4.2.1 Plant cell cultivation
When detecting a leak in the Microfluidic BioReactors (MBR) during any sort of
experimentation, the cause of the leak was identified in cooperation with the

cooperation partner and subsequently, design and fabrication were improved.

To test the viability of different cell lines cultivated inside of the MBR, 800 puL of either
BY2, Chardonnay, Kel5 or Vitis rupestris cell suspension were loaded into the cell
chamber of the MBR. The cell suspension within the MBR was supplied with a steady
flow of standard MS medium (see Chapter 2.2) at a pump rate of 30 pL/min for seven
days. After seven days a sample of the cell suspension was taken from the cell
chamber by extracting it through an opening in the MBR and cell mortality was
guantified using the Evans Blue selective staining protocol (see Chapter 3.4.2). The
mortality of the MBR cultivation was compared to the mortality of the respective cell
suspension cultivated with an established Erlenmeyer flask cultivation (see Chapter
3.1).
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Fig. 17: Cell mortality in long-time MBR cultivation: 800 pL of cell suspension of BY2, Chardonnay,
Kel5 and Vitis rupestris were loaded into separate MBRs and cultivated for seven days at an MS
medium flow rate of 30 pL/min. Control samples were cultivated in Erlenmeyer flasks for seven days, in
the dark at 26°C while shaking at 150 rpm on an orbital shaker. Cell mortality was quantified by
extracting a sample after seven days and applying the Evans Blue selective staining protocol (see
Chapter 3.4.2). Samples of Chardonnay, Kel5 and V. rupestris visibly deteriorated within a few days.
Therefore the experiment was prematurely stopped and the samples were not quantified via Evans Blue.
Of the BY2 samples, biological triplicates were performed. The significance of the difference in the

values was calculated using a Fisher LSD ANOVA with a significance level of 0.05.
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The cell suspensions of BY2, Chardonnay and Kel5 were easy to transfer into the cell
chamber of the MBR using a truncated tip of a 1000 pL pipette. The tip was truncated
in a way the diameter of the resulting tip opening was just smaller than the diameter of
the opening of the MBR’s cell chamber. Thus, closing the opening as air-tight as
possible, the pipetting forced the cell suspension into the chamber with minimal
pushback. The cell suspension of Vitis rupestris proved more difficult due to cell
aggregation. The cells did not enter the cell chamber easily and mainly remained in
the opening of the chamber. After closing all openings of the cell cultivation chamber,
pumping was resumed and the system was checked daily. All Vitis line samples
visually deteriorated after a few days. The colour of the cell suspension changed from
greenish-yellow to a darker brownish tone, indicating that the cells were dying quickly.
At this point, the experiments cultivating the lines Chardonnay, Kel5 and V. rupestris
were terminated prematurely. After seven days the colour of the BY2 cultivation did not
change but one MBR proved to be leaky. The corresponding replicate was stopped
because a constant supply of fresh MS medium was not guaranteed. Samples were
taken from both the remaining MBR systems and the respective flask-cultivated control
and cell mortality was quantified in all biological replicates.

The cell mortality observed in the flask-cultivated samples (n=3) of BY2 was
3.19% (SE % 0.56) and was significantly lower than the mortality observed in the MBR-
cultivated cells (n=2) with a mortality rate of 16.09 % (SE + 1.23) (see Fig. 17). Since
extreme cell mortality was observable in the Chardonnay, Kel5 and V. rupestris
samples within a few days, the experiment was stopped and the precise cell mortality

was not quantified (see Fig. 17).

4.2.2 Plant cell cultivation with elicitation

To check the feasibility of the cells incubated within a Microfluidic BioReactor (MBR)
system to react to a substance that is supplied via the medium flow of the system, BY?2
wild-type cells were loaded into an MBR, were supplied with an MS medium containing
27 ng/mL of harpin. Harpin is a known elicitor of an Effector Triggered Immunity (ETI)
response with a corresponding Hypersensitive Response (HR) cumulating in
programmed cell death (PCD) (see Chapter 1.2.4). Therefore, the potential reaction of
the BY2 culture was read out by quantifying the cell mortality induced by an harpin

treatment of two days.

74



Results

60 60 60

50

40 -

30

mortality [%]

20

10

*p<=0,05 * p<=0,01 ***p<=0,001

Fig. 18: Cell mortality in harpin-treated BY2 wild-type cells in the MBR system: 800 uL of BY2
wild-type cells were loaded into each MBR and continuously supplied with a medium via a peristaltic
pump at a pump rate of 30 yuL/min. Both the harpin-treated and the control (CTRL) samples were
equilibrated with an untreated MS medium for 60 min. Subsequently, the harpin-treated samples were
switched to an MS medium containing 27 pg/mL harpin. Cell mortality was quantified after two days of
incubation via Evans Blue staining (see Chapter 3.4.2). Each set of experimentations was performed
with triplicates of CTRL and harpin treatment. The entire experiment was performed thrice to observe
variations in the results at different dates. The significance of differences was calculated via a Fisher
LSD ANOVA with a significance level of 0.05.

In addition to three biological replicates per treatment (CTRL and harpin), the entire
experiment was repeated three times on three separate dates to look at the variations.
In the first set of experiments (see Fig. 18 A), the cell mortality in the CTRL MBRs was
at 8.36 % (SE + 0.7) and the mortality in the harpin-treated samples was significantly
increased with a mortality rate of 40.31 % (SE * 3.7). In the second set of experiments
on a later date (see Fig. 18 B) the baseline mortality in the negative CTRL was slightly
higher with a rate of 14.13 % (SE + 0.79). The respective harpin treatment exhibited a
significantly higher cell mortality of 26.59 % (SE £ 1.7). In the third and final set of
experiments (see Fig. 18 C) a mortality rate of 9.12 % (SE £ 3.17) was observable in

the CTRL with a significantly higher mortality of 23.43 % (SE % 3.16) in the harpin-
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treated samples. In all three technical replicates, the mortality in the control was higher
than the death rate observed in the flask treatment (see Fig. 17), yet there was a

significant difference observable between the respective treatments.

4.2.3 Fungal cultivation in MBR

Microfluidic BioReactors (MBR) could potentially be used to install multiple MBRs in
sequence, with the single MBRs containing different kinds of cells. This could be used
to cultivate similar cells that individually overexpress different enzymes to create an
artificial metabolic cascade (Finkbeiner et al. 2022) or it could be used to co-cultivate
cells belonging to different kingdoms like fungal and plant cells. This harbours the
potential to screen the reaction of plant cells to the presence of different fungal strains

and then identify communication signals in the medium, should a reaction be observed.

To test the feasibility of cultivating a cell suspension of Neofusicoccum parvum within
the cell chamber of an MBR, 800 pL of a one-day-old cell suspension of N. parvum
was loaded onto an MBR to conduct long-time cultivation of seven days. The MBR
system was supplied with fresh MS medium using a peristaltic pump operating with a
pump rate of 137 puL/min. The fungal suspension was loaded into MBRs that were
constructed with both a membrane with a pore size of 5 um or a pore size of 1 pm
respectively. The system was supplied with sufficient amounts of standard MS
medium (see Chapter 2.2) and checked daily. Yet, in all replicates, regardless of the
membrane installed the setup broke down within two or three days: the Tygon tubing
(see Table 3) connected to the inlet of the MBR popped off due to a pressure building
in the inlet. After the long-time cultivation was forcefully prematurely terminated, the
MBR containing N. parvum was observed using brightfield microscopy (see Table 4).
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Fig. 19: Hyphae of Neofusicoccum parvum in the cell chamber of the MBR system: Brightfield
microscopy picture of the hyphae of N. parvum growing in the cell chamber of an MBR system. The
picture was taken with brightfield filters and an exposure time of 15 ms. The cell debris in the picture
originated from an earlier cultivation of BY2 wild-type cells in the MBR that were not properly cleaned

out.

The entire cell chamber of the MBR was filled with the hyphae of N. parvum, evenly
distributed. The picture in Fig. 19 was taken near the centre of the MBR to represent

the density of hyphae found throughout the cell chamber.
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Inlet: Outlet:

Fig. 20: Hyphae of N. parvum growing into the inlet and outlet of the MBR system: Brightfield
microscopy pictures were taken of both the inlet and outlet of the MBR with an exposure time of 15 ms.
An overview schematic of an MBR visualises where the pictures were taken. Hyphae of N. parvum grew
into both inlet and outlet of the MBR with the density of hyphae being higher in the inlet. The membrane

installed into the MBR observed had a pore size of 1 um.

First cultivation experiments with N. parvum were performed using MBRs that
contained a membrane with a pore size of 5 um. The fungus was easily able to grow
into the inlet and outlet of the MBR, thus blocking the flow of the MS medium into the
inlet. This caused pressure to build and the Tygon tube connected to the inlet to loosen.
To restrict the access of the fungus to the perfusion chamber and thus the inlet, the
cooperation partner installed a membrane into the MBR with a pore size of 1 um. Yet,
even in the MBRs with drastically smaller pores, the fungus was still able to grow into
the inlet and outlet of the MBR (see Fig. 20). The density of hyphae in the inlet was
higher than the density of hyphae in the outlet (see Fig. 20).

4.2.4 Co-Cultivation of fungus and plant

To test the feasibility of co-cultivating two cell types belonging to different species
across kingdoms barriers, a co-cultivation experiment was conducted cultivating both
a Microfluidic BioReactor (MBR) containing fungal cells of Neofusicoccum parvum and
an MBR containing BY2 wild-type cells in the same system. The fungal MBR was filled

with 800 uL of a one-day-old suspension cell line of N. parvum and the plant MBR was
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filled with 800 pL of seven-day-old BY2 wild-type cells. Both MBRs were installed in
sequence so the unidirectional MS medium flow generated by the peristaltic pump
supplied first the cells in the fungal MBR and subsequently reached the MBR cultivating
the BY2 cells (see Chapter 2.1.4). Therefore potential metabolites of the fungus were
able to be transported into the MBR with the plant cells. The reaction of the BY2 cells
to the presence of the prior N. parvum culture was quantified as the resulting mortality
rate by extracting BY2 cells after two days of co-cultivation and applying the Evans
Blue selective staining protocol (see Chapter 3.4.2). This was compared to a control
(CTRL) group consisting of singular MBRs cultivating only BY2 wild-type cells. Both

the co-cultivation and the CTRL were supplied with the same standard MS medium.
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Fig. 21: Cell mortality observed in BY2 cells during co-cultivation with N. parvum: The co-
cultivation (N. parvum + BY2) consisted of two MBRs installed in sequence. The first MBR contained
800 pL of one-day-old N. parvum culture and the latter 800 pL of seven-day-old BY2 cells. The CTRL
consisted of singular MBRs with 800 pL of BY2 cells. All treatments were supplied with standard MS
medium. Cell mortality was quantified after two days of cultivation via Evans Blue staining. Three
biological replicates were performed each and significance levels were calculated using Fisher LSD
ANOVA with a significance level of 0.05.

In the negative control (CTRL) the extracted samples of the BY2 culture exhibited cell
mortality of 10.6 % (SE = 2.67). The mortality rate of the BY2 cells grown in the co-
cultivation treatment (N. parvum + BY2) was significantly higher with a value of
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83.36 % (SE * 5.98). All experiments were performed in biological triplicates and due
to the restricted two-day period of the experiment, no sealing of the connecting tubes
to the fungal MBR failed (see Fig. 21). The results described above are published in
Finkbeiner et al. (2022).

4.2.5 MBR pH measurement

The observation of a shift in the extracellular pH of plant cells is an established method
to detect early signalling in the defence reactions of plants. This is due to the influx of
Ca?* ions being an integral part of early signalling (Lecourieux et al. 2006). The
transport of Ca?* across the membrane causes a shift in the extracellular pH due to
the effects of the depolarization of the membrane and the shift of ion balance (Jabs et
al. 1997; Nurnberger and Scheel 2001, Felle 2001). To see whether it would be feasible
to measure a shift in pH within the Microfluidic BioReactor (MBR) during the cultivation
process, a cell suspension of BY2 wild-type was transferred into the cell chamber of
an MBR. After an equilibration period, a pre-measurement of 30 minutes was
performed to calculate a baseline. Subsequently, the cells were exposed to 25 pg/mL
of chitosan, a known elicitor of a basal defence reaction coinciding with a shift in pH.
The pH was continuously measured for 120 minutes with optic means using a pH
sensor system by PreSens (see Table 4). The interface between this sensor and the

MBR was designed by the cooperation partner (see Chapter 3.4.6).
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Fig. 22: Extracellular pH of BY2 cells treated with chitosan measured in the MBR system: 800 pL
of seven-day-old BY?2 wild-type cells was cultivated inside of the cell chamber of an MBR. The system
was equilibrated for 90 minutes and a pre-measurement was done to calculate a baseline pH. The
supplied medium was changed to MS medium containing 25 pg/mL chitosan and the time point was
defined as 00:00. The pH was measured for 120 minutes with measurements every 30s. The graph
shows the ApH of both the chitosan treatment, the solvent control (CTRL) and the calculated AApH of
chitosan. The significance of the difference between chitosan and the solvent control was calculated via

a Student’s t-test and is visualised via a heat map aligned with the time scale.

The ApHsowvent decreased starting at an estimated 9 minutes after the elicitor was added
to the MS medium supplied. The pH value decreased until 40 minutes after elicitation
started and reached a value of -0.44 (SE £ 0.08). This value did not change severely
for the remainder of the measurement. ApHchitosan ONly decreased slightly and stabilised
near O (SE + 0.05). Correcting for the ApHsowvent that the solvent of chitosan caused, the
AApHchitosan Of chitosan rises sharply at 15 minutes post elicitation, reaches a plateau
at around 40 minutes post elicitation and stabilizes around 0.5. A significant difference
between the ApHchitosan and ApHsovent Was detectable as early as 17 minutes post

elicitation (see Fig. 22).
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4.2.6 MBR pH measurement - chitosan double pulse

To test whether the MBR system could be used to treat plant cells cultivated within
with multiple subsequent pulses of a signal while continuously measuring the pH, BY2
cells situated in the cell chamber of an MBR were treated with pulses of 0.0025 %
acetic acid and 25 pg/mL chitosan. After an equilibration period, the pH was measured
for 30 minutes to calculate a baseline. To pulse a signal, the medium supplied to the
MBR system was switched for 10 minutes to an MS medium containing the substance
of interest. After the first treatment concluded, the pH was measured for 45 minutes
after which the second treatment was started.
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Fig. 23: Extracellular pH of BY2 cells treated with a double pulse of acetic acid: 800 uL of BY2
cells were cultivated in an MBR system supplied with standard MS medium. The system was
equilibrated for 45 minutes and a pH baseline was measured for 30 minutes. For the treatments, the MS
medium was switched with an MS medium containing 0.0025 % acetic acid for 10 minutes. The start of
the first treatment was defined as the time point 00:00. The second treatment was started after
measuring 45 minutes once the first treatment concluded. This graph shows the ApH of three replicates
of the solvent control treatment and their mean with the respective standard error visualised as a ribbon

graph.
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In all three replicates of the solvent control (slvCTRL), the pH continuously decreased
before the first treatment was started at 00:00. In replicate three (R3), the pH slightly
increased the entire duration of the experiment after the first treatment started. In both
replicate one (R1) and two (R2), the pH kept decreasing during the entirety of the
measurement. After the second treatment, there appears to be a minor peak in R1 and
R2 at around 01:27 (see Fig. 23). The standard error of the mean is too big to validate

the peak after the second treatment.
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Fig. 24: Extracellular pH of BY2 cells treated with pulses of acetic acid and chitosan: 800 pL of
BY2 cell suspension was introduced into the MBR system supplied with a standard MS medium. After
equilibrating the system for 45 minutes a baseline was measured for 30 minutes. For the treatments,
the supplied MS medium was switched for 10 minutes with an MS medium containing a substance of
interest. The start time of the first treatment was defined as 00:00. The second treatment was started
after measuring the pH for 45 minutes once the first treatment concluded. The singlePulse treatment
was first treated with 0.0025 % acetic acid and subsequently with 25 pg/mL chitosan. In the doublePulse
treatment, the cells were elicited with 25 pg/mL chitosan in both treatments. The graph shows the mean
ApH of both singlePulse and doublePulse subtracted by the ApH slvCTRL. The standard error is

visualised as a ribbon graph.
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In Fig. 24 the ApH of both singlePulse and doublePulse were standardized to the
sIvCTRL (see Fig. 23). Starting at -00:15, the means of both treatments kept increasing
during the experiment to a maximum of above ApH 0.10 (see Fig. 24). The ApH values
of the singlePulse treatment were consistently below the values of the doublePulse
treatment. Yet, the standard error is too wide at all times to validate any differences
between and within the treatments (see Fig. 24). In the doublePulse treatment, there

was no additive increase in pH caused by the second pulse of chitosan.
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4.2.7 MBR H202 measurement

An increase in Reactive Oxygen Species (ROS) levels can be used as an indicator to
detect stress signalling in plants. In our institute, rising ROS levels have been
measured in relation to the application of salt stress (Ismail et al. 2012). To see whether
a stress-related increase in ROS levels would be detectable within the Microfluidic
BioReactor (MBR) system, BY2 wild-type cells cultivating in the cell chamber of the
MBR were treated with 150 mM of NaCl and the H20: levels in the medium runoff have
been quantified using the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit
(see Table 6) and using a microplate reader to measure the resulting fluorescence. To

quantify the H20:2 levels, a standard curve has also been created and measured.
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Fig. 25: H,O, measurement in medium runoff of the MBR: BY2 cells cultivating inside of the cell
chamber of the MBR were treated with 150 mM of NaCl added to their MS medium for 90 minutes.
Afterwards, the medium transported out of the outlet of the MBR was collected and H20: levels within
were quantified using the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit. Absolute values of
the H202 concentration were calculated using a standard curve. The data represents one biological
replicate for CTRL and NaCl treatment with three technical replicates each. Significance levels were
calculated using a Fisher LSD ANOVA with a significance level of 0.05.

Using the standard curve (see Fig. 25) the relative fluorescence measured in the
samples in the technical replicates of either CTRL and NaCl treatment was converted
into a concentration of H202 in the medium runoff. In the CTRL we were able to detect
a concentration of 194.11 nM (SE £ 10.64) H20:2. In the BY2 samples that were treated
with 150 mM of NaCl the concentration of H202 was significantly increased to

502.06 nM(SE % 34.22). The replicates analysed here were technical replicates.
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5. Discussion and Outlook
5.1 Roesleria subterranea and the Acetonadduct of Entatrevenetinon

5.1.1 Mortality induced by R. subterranea compounds

To get first insights into the potential immunoactivity of the isolated metabolic
compounds that the ascomycete Roesleria subterranea produces, Sclerodin and the
AcetonAdduct of Entatrevenetinon (AaE) were tested on three Vitis cell lines and BY2
wild-type cells. An Effector Triggered Immunity (ETI) response oftentimes coincides
with Programmed Cell Death (PCD) of cell tissues to hinder the advance of an
attacking pathogen. Therefore, an easy-to-quantify method to detect potential immune
reactions is to look for an increase in cell mortality when treating plant cells with a
Substance of Interest (Sol). In this work, we treated cell suspension lines of V. vinifera
slyvestris Kel5, V. rupestris and Chardonnay with 50 uM of either Sclerodin or AaE
and quantified the mortality rate of the cells after predetermined amounts of time. The
same procedure was also performed on Nicotiana tabacum BY?2 wild-type cells as a

well-established control group.

The treatment of the cell lines with 50 uM of Sclerodin for 48 h yielded no significant
changes in cell mortality in all cases. In Kel5 there was a small but significant decrease
in cell mortality, but this difference was not significant when compared to its respective
solvent control of 0.5 % methanol (MeOH) (see Fig. 8). Additionally, this decrease,
albeit significant, is negligible in comparison to the changes in mortality observed in
the AaE-treated samples (see Fig. 9). In Vitis rupestris, 50 uM of Sclerodin did not
induce cell mortality, but the MeOH control showed increased levels of cell mortality.
Combining this with findings in the gene expression (see Fig. 14) methanol seems to
activate immunity signalling in V. rupestris. Munnik et al. (1995) showed that methanol
could activate the phospholipase D. V. rupestris likely relies on this signalling pathway
during its defence response more than the other Vitis lines observed do. In BY2 the
treatment with Sclerodin slightly but significantly increased the mortality when
compared to the negative CTRL, but not compared to the MeOH control (see Fig. 8).
In Chardonnay, there were no changes in mortality regardless of the treatment (see
Fig. 8). We can confidently say, that 50 uM of Sclerodin did not cause cell death, nor
an ETl-associated PCD in the lines Kel5, V. rupestris, Chardonnay and BY2.

Treating these cell lines with 50 uM of AaE, on the other hand, caused drastic and

significant increases in the mortality rates in Kel5, Chardonnay and BY2, but
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surprisingly did not so in Vitis rupestris (see Fig. 9). After 48 hours of incubation, BY2
exhibited an extreme mortality rate of 94.45 % (SE £ 4.22) while the V. rupestris
samples treated alike showed no significant increase in mortality when compared to
the respective MeOH control (see Fig. 9). This was surprising since in our lab we
consider BY2 cells to be rather inactive regarding the speed and intensity of the
defence reaction, while V. rupestris is generally accepted as a cell line that reacts
rather quickly and intensely, when faced with a challenge to the immune system,
especially regarding PCD. In the two European lines of Vitis, Kel5 and Chardonnay,
the treatment with 50 uM AaE caused a significant increase in mortality levels after
48 hours when compared to the controls (see Fig. 9). The cell lines are relatively
closely related, yet exhibited differing mortality rates. Kel5 showed a mortality of
39.63 % (SE * 5.43) and Chardonnay died at a rate of 21.77 % (SE £ 0.51).

A time course was created to get insight into the rate at which mortality increases. In
BY2 the significant increase in mortality already set in at 4 hours with
41.39 % (SE + 6.85). At 8h post-elicitation, the rate of mortality was at
76.57 % (SE £ 2.53) and at 48 h reached 94.45 % (SE + 4.22) (see Fig. 10). In all Vitis
lines, there was no mortality observable at 4 hours. In Vitis rupestris, general mortality
increased in all treatments at 48 h, yet AaE had no significantly different effect (see
Fig. 10). In Kel5 and Chardonnay, the increase in mortality set in at 8 h post-elicitation
and increased even further at 48 h of incubation (see Fig. 10). The PCD set in late and

increased further at later time points.

We believe the AcetonAdduct of Entatrevenetinon (AaE) to be a specific signal, that is
recognized by some cell lines. These subsequently engage PCD upon detection of
AaE. For one, the mortality observed is likely caused by deliberate mechanisms and
signal transduction that need time to be engaged since, with the exception of BY2, the
onset of cell mortality is delayed (see Fig. 10). If the mortality was caused by general
toxicity, we would assume the cells start dying quicker. Additionally, cell lines that are
closely related differ in the intensity of their reaction, like Kel5 and Chardonnay. Kel5
is a wild relative of the local cultivar Vitis vinifera cv. Chardonnay. More striking, the
North American relative Vitis rupestris seems entirely unreactive concerning cell
mortality. These differences between close relatives imply a signal specificity of AaE

and the underlying signalling pathways to differ between the species.
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5.1.2 Cytoskeletal effects induced by R. subterranea compound AaE

Changes in the integrity and composition of the cytoskeleton can be signs of a defence
reaction (Wang et al. 2022b; Sofi et al. 2023) or cell death. To see whether the
detection of AaE engages signalling pathways that include effects on the cytoskeleton,
we treated cells of the lines Chardonnay FABD2-GFP and BY2 TuA3:GFP with 50 pM
of AaE for 60 minutes. These cell lines are marker lines for the actin filaments and

microtubules respectively (see Chapters 2.1.6 and 2.1.7).

After 60 minutes of treatment, AaE did not affect the actin filament or the microtubules
of the respective cell lines (see Fig. 11 and Fig. 12). To be able to compare the effect
to a positive control that disintegrates the respective cytoskeletal element controls with
latrunculin B and oryzalin were included. AaE-treated cells resembled cells of the
untreated CTRL in both cell lines. Additionally, the solvent controls for AaE had little
effect on the cell lines (see sFig. 1 and sFig. 2). Therefore we propose that AaE
signalling does not engage the reorientation or disintegration of both actin filament and
microtubules within one hour of treatment. This would imply that the signalling
pathways triggered would not involve the cytoskeleton. Yet, to make sure, it might be
necessary to look at later time points once sufficient amounts of AaE would be

available.

5.1.3 Effect of AaE on the expression of defence-related genes

To get insight into the mode of action, the reaction of plant cells to the detection of AaE
applies, we treated cell suspension lines of Vitis vinifera sylvestris Kel5, V. rupestris,
and V. vinifera cv. Chardonnay with 50 uM of AaE and quantified gene expression
4 hours after elicitation. The same procedure was performed on cells of BY2 as a well-
established control group within our institute. The 4-hour time point was chosen,
because the cell mortality, which was potentially caused by a defence reaction of the
plant was observed at 8 hours post-elicitation (see Fig. 10). Therefore, the respective
signalling processes must have necessarily been taking place before. We observed
the expression patterns of PAL, STS27 and STS47 to get insight into the metabolic
processes generating the so-called phytoalexins, secondary metabolites the plants
synthesize to defend themselves. Additionally, we quantified the expression of both
PR1 and JAZ1l as marker genes for the salicylic acid and jasmonate signalling

pathways, respectively.
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In all Vitis lines, the treatment with 50 uM AaE for 4 hours did inhibit the expression of
genes associated with the synthesis of phytoalexins. In both Kel5 and Chardonnay,
the expression of STS27 and STS47 was downregulated from the baseline of negative
and solvent control (see Fig. 13 and Fig. 16). In V. rupestris the expression of STS47
was induced by the solvent of AaE, 0.5 % methanol. The AaE-treated sample of this
line, on the other hand, was significantly downregulated when compared to the solvent
control. Therefore, it seems as though AaE downregulated the expression of STS47
that was caused by the solvent it was in (see Fig. 14). PAL, the enzyme committing
phenylalanine into the phenylpropanoid pathway and thus towards the generation of
phytoalexins, was also downregulated by AaE in V. rupestris and Chardonnay. In
Kels, the genes seemed to be unaffected (see Fig. 13). In BY2 the expression of PAL
was downregulated when compared to the level that the solvent of AaE induced. Due
to the expression levels in PR1 and JAZ1, it seemed as if the salicylic acid and the
jasmonate signalling pathways were engaged in Kel5 and Chardonnay (see Fig. 13
and Fig. 16). This was juxtaposed with negative regulation of these signalling pathways
in BY2 and V. rupestris. Whereas the expression of JAZ1 in V. rupestris only hints at
inhibition and fails the significance test (see Fig. 14). Here, repetition of the experiment

might produce more reliable results.

AaE seems to have been able to inhibit the expression of genes that are involved in
the synthesis of phytoalexins in Kel5 and Chardonnay, while the signalling pathways
of salicylic acid and jasmonate were engaged. While Vitis rupestris is relatively closely
related to these species, it starkly differed in the expression levels of PR1 and JAZ1.
While AaE seemed to induce signalling in both pathways in Kel5 and Chardonnay, it
inhibited them in V. rupestris. This might imply a certain signal specificity in the
signalling of the detection of AaE. The notion, that the signalling between the species
differs is also supported by the fact that in Vitis rupestris the expression of PAL and
STS47 was induced by MeOH. This might be caused by the possible involvement of
phospholipase D (Munnik et al. 1995) in the signalling in V. rupestris, and the lack

thereof in the European species.
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5.1.4 Resumé and Outlook

Looking at both the results of the mortality assay and the observation of the gene
expression in the Vitis lines, an interesting pattern emerges. 50 uM of AaE induced an
increase in cell death in both Vitis vinifera sylvestris Kel5 and Vitis vinifera
cv. Chardonnay starting at 8 hours post-elicitation and increasing even further until
48 hours post-elicitation (see Fig. 10). This coincided with a decrease in the expression
of PAL, STS27 and STS47 involved in the synthesis of the defence compounds
phytoalexins (see Fig. 13 and Fig. 16), while characteristic genes for stress signalling
involving salicylic acid and jasmonate were induced. The closely related species, Vitis
rupestris, exhibited no significant increase in mortality when treated with AaE, yet was
also inhibited in the expression of PAL and STS47 (see Fig. 10 and Fig. 14).
Contrasting the pattern in Kel5 and Chardonnay, the expression of PR1 was
downregulated, with JAZ1 hinting at a similar pattern while failing the significance
test (see Fig. 14), implying both the salicylic acid and jasmonate signalling pathway
were inhibited by AaE in V. rupestris. We believe the cell mortality we observed to be
Programmed Cell Death (PCD) normally inherent to a successful defence reaction of
the plant. This claim is supported by the late onset of mortality at 8 hours post-
elicitation(see Fig. 10), implying the involvement of deliberate mechanisms to induce
cell death and signalling. The fact that the European Chardonnay and Kel5 differed
so starkly from their close relative V. rupestris in both cell death and gene expression
also supports the claim of the involvement of signal detection and transduction. The
molecular structures of Sclerodin and AaE are quite similar (see Fig. 1), but they had
contrasting effects on the cell lines, also hinting at a signal specificity. Additionally, the
expression of the stress-signalling genes PR1 and JAZ1 hints at the cell death
occurring to be PCD, especially with PR1 and its association with salicylic acid being
a marker gene for PCD (Brodersen et al. 2005). With the mortality observed likely
caused by PCD inherent to defence reactions, the inhibition of synthesis genes of
phytoalexins in Kel5 and Chardonnay (see Fig. 13 and Fig. 16) is remarkable!
Roesleria subterranea might be able to uncouple the expression of certain defence
genes from the PCD of a defence reaction using AaE as a signal and effector, thus
using inherent defence mechanisms of the plant to Kkill its tissue to generate dead

material to nourish the parasitic fungus.

It would be interesting to see whether AaE treatment can downregulate an induction of
defence genes caused by other elicitors.
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5.2 Microfluidics: an abstract ecosystem

5.2.1 Plant cell cultivation

To test the feasibility to cultivate different established cell lines inside of the Microfluidic
BioReactor (MBR), cell suspensions of BY2, Chardonnay, Kel5 and Vitis rupestris
were cultivated inside the cell chamber of the MBR. The aim was to compare the
general cell mortality observed after seven days of the established flask-based
cultivation in our lab to the seven-day cultivation within the MBR. Therefore 800 pL of
each cell suspension were loaded into separate MBRs, supplied with fresh MS medium
(see Chapter 2.2) at a pump rate of 30 uL/min (see Chapter 3.4.3). The systems were
checked daily and the samples for the comparative quantification of cell mortality were
taken after seven days of incubation in either MBR or the flask-based control groups
(see Chapter 3.1).

As described in Chapter 4.2.1, all Vitis lines observed quickly deteriorated when
cultivated inside of the MBR. The colour of the cell suspension quickly changed from
a greenish-whitish-yellow to a darker brownish tone. This can also be observed in flask-
based cultivation if the culture ages way beyond its point of subcultivation and is a clear
sign of the culture dying. Since all the Vitis lines showed this indication of massive cell
death occurring within a few days, the experiments with the lines Chardonnay, Kel5
and V. rupestris were prematurely stopped and the cell mortality in neither flask-based
control nor the MBR cultivation was quantified for these samples (see Fig. 17). The
cells of the V. rupestris suspension line tend to form small aggregates in suspension.
Generally, this does little to negatively affect experiments done with the line, yet proved
detrimental to the cultivation of the line in the current iteration of the MBR system. Due
to the size of the cell clumps, the cell line was not able to easily enter the cell chamber
of the MBR while transferring the liquid culture into the system. The vast majority of
the V. rupestris cells aggregated in the cell chamber opening, thus rendering an equal
distribution of nutrients to the cells of the culture improbable. Additionally, it appeared
as though the cultivation within the MBR proved inherently stressful to the Vitis lines,
as all samples of Chardonnay, Kel5 and V. rupestris exhibited extreme mortality within

a few days.

On the other hand, the cultivation of BY2 wild-type cells within the MBR proved
uncomplicated. The cell suspension was of an agreeable viscosity to enter the cell

chamber easily and did not change its colour during the long-time cultivation
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experiment. Yet, one replicate of the MBR system was leaky and was terminated, since
it was not guaranteed the cells were sufficiently supplied with MS medium. After seven
days, samples of the remaining MBR systems were taken, as well as samples of a
respective flask-based control (see Chapter 3.1). Cell mortality in all samples taken
was quantified and compared. The cell mortality in the MBR system proved to be
significantly higher at 16.09 % (SE + 1.23) when compared to the mortality rate of
3.19% (SE % 0.56) in the Erlenmeyer flask cultivated control group (see Fig. 17). Yet,
the increased mortality in the MBR treatment was still well within an acceptable range
of cell mortality to experiment with. Thus, BY2 wild-type suspension cells were deemed
compatible with the cultivation within this MBR setup. Therefore, the majority of the

MBR experimentation in this work was done with suspension cells of BY2 wild-type.

For future applications, it would be important to reevaluate the feasibility of the MBR
cultivation of different species and to expand the efforts for Vitis cultivation. It would be
interesting to check, whether cell suspension cells of Arabidopsis thaliana are
compatible with the MBR system. As an extremely well-established and widespread
model organism, work with A. thaliana harbours great potential for transferring results
from and to the work with the MBR to different fields. Additionally, a lot of transformants

of A. thaliana already exist and the transformation of the organism is very streamlined.

5.2.2 Plant cell cultivation with elicitation

To perform a proof of concept experiment, BY2 cells cultivated within the cell chamber
of a Microfluidic BioReactor (MBR) were treated with 27 ug/mL of harpin, a known
elicitor of immunity-related Programmed Cell Death (PCD). The experiment was
designed to see whether a cell suspension in the MBR would react to a substance of
interest mixed into the medium supplied to the system. The reaction of the cell line was
guantified by observing the mortality rate of the suspension cells after two days of

incubation with the elicitor (see Chapter 3.4.2).

The experiment has been repeated on three separate dates with three replicates per
treatment. In all three instances, there was a significant difference observable between
the CTRL group and the respective harpin treatment (see Fig. 18 A, B and C). The
considerable variation between the absolute values between the different sets of
experiments was likely caused by differences in the handling of the MBR system. In
early experiments with the system, ideal placements of the MBR itself and the tubing

used were still uncertain. This may have also been amplified by naturally occurring
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shifts in the state of the BY2 wild-type cell culture. While BY2 is quite stable, it still can

underly slight variations in vigour at different times of the year.

Since the harpin treatment proved to exhibit significantly higher mortality than its
control in all cases, the proof of concept was deemed successful. The MBR system
can be used to treat BY2 cells cultivated in the presence of the substances of interest

in the supplied medium.

5.2.3 MBR fungal cell cultivation and co-cultivation:

5.2.3.1 Fungal cultivation

To co-cultivate different cell types belonging to different species, even kingdoms, this
work tested the feasibility to cultivate fungal cells in the Microfluidic BioReactor (MBR)
system. A suspension cell line of Neofusicoccum parvum was transferred into the cell
chamber and attempted to be cultivated for longer periods (see Chapter 3.4.4). The
transferal of the N. parvum cells into the MBR via pipetting through an opening of the
MBR cell chamber proved easy enough. The ascomycete entered the cell chamber
easily and grew throughout the chamber (see Fig. 19). The fungus was first cultivated
in MBRs that were constructed using a membrane with a pore size of 5 um to separate
the cell- and perfusion chamber. N. parvum was easily able to grow through the
membrane and into the perfusion chamber. There it grew into the inlet and the outlet
of the MBR, progressively blocking the flow of medium into the perfusion chamber.
This caused pressure to build within the inlet and finally, the tube sealing connecting
the peristaltic pump to the MBR to fail. This caused the system to break down after two
to three days. To restrict the access of the hyphae to the perfusion chamber, the project
partner installed membranes into the MBR system with a pore size of 1 um. Yet, even
in the MBRs with a pore size of 1 um, the hyphae of N. parvum were able to grow into
the perfusion chamber and thus inlet and outlet (see Fig. 20) and finally blocking the
inlet, causing the sealing to fail. Notably, the density of hyphae seems to be higher in
the inlet when compared to the outlet of the same MBR (see Fig. 20). This is likely due
to the fungus growing along the gradient of nutrients and thus towards the inlet of the
MBR, where fresh MS medium is introduced into the chamber. The hyphae of
N. parvum should grow at a minimal diameter of 2 um and should not be able to fit
through the pores. Yet, possible explanations for that might be tears in the membrane
due to the fabrication process of the MBR. Additionally, in the production process of

the membrane, multiple single 1 um pores might happen to be placed too narrowly,
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thus creating a bigger combined pore, through which the hyphae could easily pass

(personal correspondence with cooperation partner).

The cultivation of N. parvum in the cell chamber has caused the MBR system to break
after two to three days but the cultivation in principle is possible for shorter periods.
Therefore, the MBR with a pore size of 5 um was used to cultivate the fungus in the
co-cultivation experiments and the co-cultivation period was restricted to two days (see
Chapter 3.4.4).

5.2.3.2 Co-cultivation

In the co-cultivation experiment, a significantly higher and extreme mortality rate was
observed in the BY2 wild-type culture growing in the MBR that was installed behind
the MBR containing an N. parvum culture (see Chapter 2.8.2). This implies that a
bioactive substance has been transported from the N. parvum culture via the
unidirectional MS medium flow into the MBR containing the BY2 wild-type cells. The
plant cells reacted to or were affected by the presence of this substance and died at a
significantly higher rate when compared to the respective CTRL (see Fig. 21). Whether
the observed mortality was caused by Programmed Cell Death (PCD) inherent to a
defence reaction mounted in response to the detection of a fungal metabolite or
whether it was caused by a phytotoxin produced by N. parvum cannot be deduced with
the present results and requires further investigation. To elucidate the nature of the
mortality the plant culture could be tested for characteristic signs of defence, i.e. the
expression of defence-related genes or DNA laddering inherent to PCD. These results
achieve the proof of concept, that the MBR system can be used to co-cultivate differing
cell types and observe the reaction of the cell to the presence of one another. The
component responsible for the reaction of the cells in a latter MBR must have
necessarily been transported via the medium flow. Therefore analytical methods to
identify the substance can be concentrated onto the medium. Given that streamlined
methods to quickly detect the defence reaction of a cultivated plant cell line in the MBR
are established, this system can potentially be used to perform high-throughput
screening of cultivated fungal strains or other plant cells that were cultivated previously
in the sequence of MBRs installed in a system. This could be used to quickly screen

for bioactive molecules or metabolites that trigger a plant's immune system.
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5.2.4 MBR pH measurement

Efficient use of the Microfluidic BioReactor (MBR) system requires the ability to monitor
the physical reaction of cell cultures cultivated within. Early signalling of a defence
reaction relies on the transport of Ca?* from the apoplast into the cytoplasm of the plant
cell. This transport across the plasma membrane coincides with a shift in the
extracellular pH due to the depolarization of the membrane and the movement of ions
across it (Jabs et al. 1997; Nurnberger and Scheel 2001; Felle 2001). To detect a basal
defence reaction of plant cells within the MBR a system was designed by a cooperation
partner to interface optic means of measuring the pH with the MBR system (see
Chapter 3.4.6).

The connector screw designed by the project partner in the IMT was installed into an
opening of the cell chamber of the MBR, thus situating an SP-HP5-SA sensor spot
inside the cell chamber. This allowed for a non-invasive pH measurement during cell
cultivation. BY2 wild-type cells cultivated in the MBR were treated with 25 pg/mL of
chitosan added to the MS medium supplied while the pH was measured every
30 seconds. Correcting for the ApH that 0.0025 % acetic acid caused, a significant
increase in the extracellular pH was measurable 17 minutes after adding chitosan to
the medium. While the peristaltic pump was operated at a flow rate of 137 puL/min, the
elicitor added to the medium reached the MBR with a considerable delay, since it was
transported through a length of tubing before it reached the cells (see Fig. 22). In
previous work, Sofi et al. (2023) showed that a drastic increase in pH starts within a
minute, but this discrepancy is easily explained by the delay in transportation.
Additionally, the pH in the MBR does not spike, but increases after a delay and
subsequently plateaus. This is likely due to the diffusion of the elicitor throughout the
cell chamber of the MBR. In established measurement methods, a cell suspension is
elicited by adding the chitosan into the suspension and mixing the suspension by
shaking the vessel on an orbital shaker while the pH is continuously measured by a
pH electrode (see Table 4). Due to the immediate mixing of the elicitor and cell
suspension, all cells are triggered simultaneously, causing an instant increase and
subsequent decrease in pH. In the MBR, the elicitor slowly diffuses throughout the cell
chamber, causing a wave of elicitations of cells dispersing in the MBR. This culminates
in an increase in pH that does not decrease quickly, since at every given moment
during this measurement period some new cells are mounting defence signalling and
initiate an influx of Ca?*.
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The aim to prove whether this method is applicable was achieved successfully. The
connector screw can be used to place a sensor spot within the cell chamber of an MBR
and seals the system without creating leaks. We were able to continuously and non-
invasively measure the pH of the cell suspension in the MBR for a period of 2.5 hours.
Longer periods should not pose additional challenges but were not yet attempted. The
pH shift measured due to a continuous elicitation with 25 pg/mL chitosan was observed
to be significant, therefore the method proved to be precise enough to generate
guantifiable results. An elicitation with other substances of interest is likely to work as
well but has not yet been attempted. Arguably, there are already well-established
methods to measure the reactive change in extracellular pH of plant cell suspensions,
that are more streamlined at this point. Yet, the treatment in the MBR offers the novel
option to treat the cell suspension with pulses of an elicitor. In classical approaches,
the elicitor is added to the cell suspension and then the reaction is quantified. There it
is cumbersome to rid the cell suspension of the elicitor. With the MBR system, the
medium supplied can easily be switched to a medium containing a substance of
interest for a defined period and then returned to the baseline medium, effectively

creating a “pulse” treatment of the plant cells in the MBR.

5.2.5 MBR pH measurement - chitosan double pulse

It has been shown, that plants react quicker and more intensely to the presence of a
pathogen if an immunoactive stimulus was preceding (Mauch-Mani et al. 2017). We
wanted to see, whether we would be able to use the MBR system with the integrated
pH measurement to treat plant cells within with two separate stimuli of chitosan and
continuously measure the pH. The aim was to establish the parameters of an
appropriate experiment and evaluate whether the system would be able to measure a

difference in a secondary reaction if a stimulus was preceding.

As can be seen in Fig. 23, after 45 minutes of equilibration, the baseline pH did not yet
settle. Additionally, there was a considerable standard error in the solvent
control (slvCTRL) already, due to a difference in replicate 3. The slIvCTRL was used to
standardize both experiments, evaluating the shift in pH due to a single stimulus of
chitosan (singlePulse) and to two subsequent stimuli of chitosan separated by
45 minutes (doublePulse). Replications within each treatment created a wide margin
of error in both treatments (see Fig. 24). While both singlePuls and doublePuls

continuously increased in pH during the experiment and the doublePulse values were
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consistently above the values for singlePulse, the standard error prevents any
validation of differences between and within the treatments (see Fig. 24). In the
doublePulse treatment, the second pulse of chitosan did not cause an additive
increase in pH. A second elicitor stimulus could have caused a second movement of
Ca?* across the membrane, further shifting the pH. Due to the size of the error margins
and the slow diffusion of chitosan described in Chapter 5.2.4, we cannot determine
whether this might be due to a potential refractory period, a lacking separation of

chitosan signals or due to variance in the replications.

During the introduction of the cell suspension into the cell chamber of the MBR, the
random folding of the membrane separating perfusion and cell chamber can gravely
affect the ability of the cell chamber to receive the cells. While we were able to transfer
the cell suspension evenly distributed into the cell chamber in slvCTRL R1 and R2,
starting at slivCTRL R3, the membrane shifted and blocked easy access. The cells
remained mainly within the opening of the cell chamber, creating a higher density of
cells at the site of the SP-HP5-SA sensor spot (see Table 3). The difference in the ApH
values between R1, R2 and R3 of the slvCTRL illustrates the importance of the local
cell density during the measurement. Yet, this parameter was hard to control, with the

random warping of the dividing membrane.

Additionally, the time between pulses of treatment would need to be increased. In Fig.
22, the pH shift caused by the presence of chitosan subsisted and did not exhibit a
transient nature, implying a slow diffusion of chitosan throughout the cell chamber (see
Chapter 5.2.4). This would suggest, that a long time would be necessary to treat the
cell suspension in the MBR with standard MS medium to rid the suspension of
remaining chitosan before a second stimulus could be applied. We would suggest
separating the second pulse from the first by overnight incubation with an elicitor-free

MS medium.

The decreasing pH values of the sIvCTRL between -00:30 and 00:00 (see Fig. 23)
suggest, that the 45 minutes of equilibration did not suffice and should be increased to

90 minutes, as was the case in Chapter 3.4.6.

5.2.6 MBR H202 measurement
Reactive Oxygen Species (ROS) are involved in the mechanism of plant defence and
the signalling thereof in addition to the signalling to abiotic stresses (Lamb and Dixon

1997; Lee et al. 2020). This work aimed to check whether it is possible to detect an
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increase in extracellular ROS levels in the runoff of the MBR system. BY2 wild-type
cells cultivated in a Microfluidic BioReactor (MBR) were treated with 150 mM of NacCl,
a known elicitor of an increase in H20:2 levels (Ismail et al. 2012) for 90 minutes. The
MS medium leaving the outlet of the MBR was collected after the treatment period and
H202 levels within were quantified using the Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit (see Table 6) according to the respective protocol.
Measurement of the resulting fluorescence was performed with a Spark Multimode

Microplate reader (see Table 4).

After 60 minutes of salt stress treatment, the BY2 wild-type cell suspension in the MBR
produced enough H202 that a concentration of 502.06 nM (SE £ 34.22) was
measurable. Additionally, this result was significantly higher than the
194.11 nM (SE % 10.64) H202 that was observed in the respective negative CTRL (see
Fig. 25). These results were achieved using only one biological replicate per treatment
with three technical replicates each. Yet, with these technical replicates, we were able
to detect a significant difference between treatment and CTRL and thereby prove, that
it would be technically feasible to detect ROS levels in the outgoing medium of the

MBR system.

The procedure of the measurement itself needs streamlining. To use the MBR for high-
throughput screening, a method is needed to measure the H202 levels within the
system. To achieve efficiency it would be beneficial to be able to continuously measure
fluorescent signals in the medium flow and be able to add necessary reagents into the
medium supplied. An option found would be a “mikron 17 fluorimeter” by the company
F. F. Runge GmbH in Berlin, Germany. These could potentially be designed to
continuously observe the unidirectional medium flow generated by the peristaltic pump
that supplies the MBR system. The reagents of the Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit would be unsuitable to use in the given system. The
reagents are too expensive and too unstable for long-time storage, once the reagents
are prepared. Yet, the fact remains, that the levels of ROS generated due to stress
experienced by plant cells within the MBR are reliably detectable in the medium runoff

and the methods for the detection thereof is subject to change and improvement.
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6. Summary and outlook

In this work, we aimed to investigate the mode of action of the isolated Roesleria
subterranea metabolites Sclerodin and the AcetonAdduct of Entatrevenetinon (AaE) to
see whether they act as signals that manipulate the host’'s immune response. While
the metabolite Sclerodin proved unremarkable, AaE was identified as a potential
effector able to uncouple the synthesis of important phytoalexins from the Programmed
Cell Death (PCD) inherent to a successful defence reaction. Surprisingly, even though
AaE induced an increase in cell mortality in Ke15 and Chardonnay while engaging the
jasmonate and salicylic acid signalling pathways, it inhibited the expression of STS27,
STS47 and PAL. R. subterranea may be able to exploit the plant’s hypersensitive PCD
to generate dead tissue for its nourishment combined with the repression of the
generation of defence compounds. To get further insight into the possible function of
AaE, we need to look at further defence genes and quantify the plant’s reaction while
blocking specific signalling pathways. This interaction of Roesleria subterranea with its
host plant highlights the importance of signals for the outcome of a pathogen invasion.
Both defending host and attacking microbe deploy many signals during an invasion,
essentially waging warfare with chemical signals. The host sends signals to engage
defensive reactions in the affected and neighbouring tissues while the pathogen injects
effectors into the host cells to act as signals either quenching an immune response or
to manipulate the host’s signalling to induce beneficial effects for the pathogen. In this
work we were able to use an isolated compound to act as a signal and drastically
change the plant’s immune response, lending credence to the possibility to use such

components to manipulate the defence capabilities of crop plants.

Such immunoactive substances have potential use in plant protection by using them
to prime the defence capabilities of crop plants (see Chapter 1.2.6). Searching for and
identifying such compounds is a time and labour-intensive procedure. In this work, we
took exploratory steps in using Microfluidic BioReactors (MBR) to non-invasively
guantify the immune responses of plant cells cultivated within. This would enable high-
throughput screening for immunoactivity of substances of interest contained in the
medium transported to the plant cell containing MBR. These compounds could
originate from cells cultivated in a preceding MBR or substances of interest could be
solved to a desired concentration into the medium supplied to the system.
Immunoactive compounds identified with the given setup could potentially be used in

plant protection by priming the plant's immune system. To efficiently screen the
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reaction of plant cells to the presence of fungal strains, we tested the feasibility to co-
cultivate plant and fungal cells in separate MBRs. We were able to illustrate the
possibility of using optical means to continuously measure the pH in the cell chamber
of the MBR. The resolution of the measurement was sufficient to detect the defence-
related shift in extracellular pH induced by the detection of the fungal elicitor chitosan.
Additionally, we were able to detect significant differences in the concentration of H202
in the outgoing medium of the MBR, representing Reactive Oxygen Species (ROS)
produced due to the application of salt stress. Therefore, it is possible to detect biotic
and abiotic stress responses of the plant cells during MBR cultivation. Yet, to perform
high-throughput screenings, these methods need to be streamlined. For a potential co-
cultivation of fungal and plant cells within separate MBRs in the same system, the MBR
design needs to be adjusted for the appropriate containment of fungal cells. In this
work, we were able to co-cultivate BY2 cells and Neofusicoccum parvum suspension
cells for two days and detect increased mortality in the BY2 cells, proving that co-
cultivation enables substances to be transported from one cell type to the other. After
two days, the fungal hyphae, able to penetrate the separating membrane of the MBR,
blocked the inlet of the MBR, causing a breakdown of the system. To enable long-time
co-cultivation, the MBR design needs to be adjusted to restrict the access of fungal

hyphae to the perfusion chamber.

In summary, we were able to identify AaE as an important signal in the “chemical
warfare” taking place between Roesleria subterranea and the host plant being invaded,
giving a striking example of the concept, that single signal molecules can drastically
alter the nature of a symbiosis. AaE proved a potential effector uncoupling the
hypersensitive PCD from the synthesis of phytoalexins inherent to a successful
defence reaction, effectively exploiting the plant’'s own immune system by initiating
PCD to create dead tissue for nourishment while repressing genes that would
synthesise defensive compounds. Additionally, this sheds light on the relationship
between Roesleria subterranea and its host plant the grapevine. The research into
AaE requires further experiments to elucidate the mode of action by blocking certain
signalling pathways and looking at the expression of further genes. New experiments
need precise planning since the fermentation of R. subterranea and the isolation of its
metabolites is very time intensive. The preliminary experiments into the on-chip
guantification of immune responses in the MBR system showed promising results. We

were able to successfully quantify the pH shift and ROS generation, both important
100



Summary and outlook

indicators for stress signalling. With further improvements to MBR design, detection
systems and handling, these quantification methods could be streamlined to surpass
established methods and enable high throughput screening for immunoactive
substances. Additionally, we performed preliminary experiments in a novel double-
exposure treatment in the MBR (see Chapter 4.2.6) and the generation of a potential
reporter line, generating a green fluorescent signal upon elicitation of the basal defence

reaction (see supplementary Chapter 8.1).
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8. Supplementary

CTRL DMSO CTRL — 60 min MeOH CTRL - 60 min

Chardonnay — FABD, line

sFig. 1: Effects of solvents on the actin filament of Chardonnay — FABD,-GFP: Suspension cells
of Chardonnay — FABD2-GFP were treated with either 0.5 % methanol or 0.1 % DMSO for 60 minutes
and subsequently observed using fluorescent microscopy. Pictures were taken using an excitation filter

with a 488 nm wavelength and an emission filter with 509 nm of wavelength and an exposure time of
500 ms.
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CTRL DMSO CTRL - 60 min MeOH CTRL - 60 min

BY2 — TuA3 line

sFig. 2: Effects of solvents on the microtubules of BY2 TUA3:GFP: Cells of BY2 TUA3:GFP were
treated for 60 minutes with either 0.5 % methanol or 0.1 % DMSO. Subsequently, fluorescence
microscopy pictures were taken using an excitation filter with a 488 nm wavelength and an emission

filter with a 509 nm wavelength and an exposure time of 500 ms.
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sFig. 3: Total RNA extracted from Kel5, V. rupestris, BY2 and Chardonnay: Total RNA extracted
from the cell lines Kel5, V. rupestris, BY2 and Chardonnay when treated with 50 uM of AaE for 4 hours
with respective controls. RNA was extracted using the Roboklon Universal RNA Kit (see Table 6) and
loaded onto a 0.5 TAE-Buffer gel with 2 % agarose. RNA was stained using Midori Green Xtra (see
Table 2). The electrophoresis was run for 20 minutes at 100 V and visualised using a Blue-Light
Transilluminator (see Table 4). The two bands showed the rRNAs 25S and 18S.

111



Supplementary

‘Restriction Digestion: Afll -

1kb ladder . =
pDonor::prMYB14 (1)
.. pDonor;:prMYB‘M (2).

1% Agarose

sFig. 4: Aflll restriction digestion of pDonor::prMYB14: 1 ug of the pDonor::MYB14 plasmid was
digested with 10 U of the Aflll restriction enzyme. An in silico digestion of the plasmid resulted in two
bands of both 2,559 bp and 868 bp which was confirmed by the fragments observed in the gel. Two
separate stocks of the same plasmid were tested for their integrity.

Restriction Digestion: EcoRV-HF
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sFig. 5: EcoRV-HF restriction digestion of pMDC107: 1 pg of the isolated pMDC107 plasmid was
digested by 10 U of the EcoRV-HF restriction enzyme. An in silico analysis of the digestion resulted in
two bands of 9,120 bp and 2,624 bp in size. The transformed E. coli cells were plated on two separate
plates and three colonies were tested on each plate. In all six samples, the resulting fragments confirmed
the prediction done in silico.
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pMDC107:-:MYB14 -_'I-Digestion': Clal

{14

1kb NEB ladder
pMDC107::MYB14 - 1
PMDC107 :MYB14 -2
/ pMDC107::MYB14 -3

1% Agarose

sFig. 6: Clal restriction digestion of prMYB14::GFP: 10 U of the restriction enzyme Clal is used to
digest 1 ug of the isolated plasmid prMYB14::GFP (pMDC107::MYB14). The in silico analysis of the
digestion results in two fragments in the sizes of 9,685 bp and 1,772 bp. E. coli transformed with the
plasmid are plated on three separate plates and one colony was tested each. The fragments observed

confirmed the prediction done in silico.
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sFig. 7: PCR amplifying eGPF on prMYB14::GFP: A PCR was performed (see Chapter 3.2.2) using
the primers eGFP_fw and eGFP_rv (see Table 8) to amplify the region of the plasmid prMYB14::GFP
encoding the GFP. Three colonies of A. fabrum (formerly known as A. tumefaciens) hailing from two
separate LB plates were selected due to their ideal and isolated growth and tested. Both a negative
control (-CTRL) lacking the template and a positive control (+CTRL) using the prMYB14::GFP plasmid
pre-transformation as the template were added to confirm the resulting fragment in the tested colonies
to be the amplified region on the desired plasmid.

8.1 Establishing a reporter line
Cloning of pDonor::prMYB14

OVernight Cultures (OVC) of pDonor::prMYB14 were prepared in LB-medium
containing 25 pug/mL zeocin (stock 50 mg/mL) and grown in the following condition:
shaker with 180 rpm and 37°C in shaded conditions (indirect light) overnight (~18 h).
Inoculation should occur in the afternoon and observation in the subsequent morning.
The plasmid pDonor::prMYB14 was extracted from the OVCs using the “Roti-Prep
Plasmid Mini” kit from Carl Roth according to protocol with the notable exception of
using 40 pL of ddH20 for the elution step. The elution step was performed by using the
same 40 pL of ddH20 twice to elute the maximum amount of DNA. The integrity of the

plasmid was confirmed via restriction digestion (see sFig. 4) and sequencing.

Cloning of pMDC107 Gateway Vector

The isolated plasmid pMDC107 was transformed into the E. coli strain DB3.1 for

plasmid multiplication via a heat shock protocol and subsequently plated onto selective
114



Supplementary

LB plates containing 50 pg/mL kanamycin. The plates were incubated in an incubator
at 37°C overnight. Colonies that grew on the selective plates were used to inoculate
OVernight Cultures (OVC) in liquid LB-medium containing 50 pg/mL kanamycin and
cultivated on a shaker at 37°C in the dark, overnight (~18 h). The gateway vector
pMDC107 was extracted from these overnight cultures the next day by using the “Roti-
Prep Plasmid Mini” kit from Carl Roth according to the respective protocol. The plasmid
was eluted in 40 pL of ddH20 and the integrity of the plasmid was confirmed via

restriction digestion (see sFig. 5) and sequencing.

LR reaction of pDonor::MYB14 into pMDC107

To create the desired construct; the promoter of MYB14 controlling the eGFP in the
pMDC107 vector, the respective sequence was transferred from the donor plasmid into
the gateway vector via an LR reaction. To start the reaction 150 ng of each plasmid
was mixed with 1 yL of the LR clonase Il mix (Gateway LR Clonase Il Enzyme-Mix)
and filled to 4 pL with TE buffer (pH=8.0). The mixture was incubated at 25°C for at
least 3 hours, whereas overnight incubation periods (~18 h) yield better results. The
LR reaction was terminated by adding 1 pL of proteinase K solution, briefly vortexing
and incubating at 37°C for 10 min. 1 uL of the LR reaction product (prMYB14::GFP)
was transformed into the E. coli strain DH5a via a heat shock protocol to multiply the
plasmid. The transformed cells were plated on LB plates containing 50 pg/mL
kanamycin. The integrity of the resulting plasmid was confirmed via restriction

digestion (see sFig. 5) and sequencing.

Reaction of reporter line BY2 MYB14::GFP to elicitors

The transgenic line BY2 MYB14::GFP was intended to be used to screen substances
for their ability to induce the plant’'s immune system. Controlling the expression of
eGFP with the promoter of MYB14 should cause eGFP to be expressed when the
synthesis of stilbenes should be induced (Holl et al. 2013), thus having the cells
produce a green fluorescence when immune defence mechanisms are triggered. To
test the feasibility of the cell line created, the cells were treated with different known
elicitors and the fluorescence within the cells was measured. To quantify the
fluorescence, the cells were transferred to objective slides and pictures were taken
with an apotome microscope (see Table 4) using two sets of filters. A baseline of blue
autofluorescence of the cells was measured using an excitation wavelength of 353 nm,

an emission wavelength of 465 nm and an exposure time of 1,000 ms. The green
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fluorescence, supposedly produced by the expression of the eGFP controlled by the
MYB14 promoter, was measured using filters to produce an excitation wavelength of
488 nm, an emission wavelength of 509 nm and an exposure time of 3,000 ms. After
taking the pictures, the fluorescence in the respective channels was quantified using
the ImageJ software (see Table 5). The fluorescence was quantified in large overview
pictures of a myriad of cells by measuring the mean grey value of the entire cell area.
A time course observation was first performed with harpin. 4 days old BY2
MYB14::GFP cells were cultivated in 15 mL MS-medium with 27 pg/mL harpin, as a
known inducer of the ETI response. A respective negative control with untreated MS
medium was created as well. After adding the elicitor, the cell cultures were incubated
at 26°C, in the dark, while shaking on an orbital shaker at 150 rpm. The fluorescence
in the cells was observed and quantified at 4, 8 and 24 hours post-induction.
Afterwards, a wider screening of stress elicitors was conducted. 4 days old BY2
MYB14::GFP cells were cultivated in 15 mL of MS medium, with one biological
replicate per sample due to time and space restraints. A negative control with untreated
MS-medium was performed. The other treatments included 1 puM flg22, 3 uM
fusicoccin A, 200 uM AICls, 100 pM MeJA, 150 nM NaCl and 5 puM of cis-hexenal (see
Table 2). The treatments were incubated at 26°C, in the dark, while shaking at 150 rpm
for 24 hours. Subsequent to the incubation, the cells were observed, and the

fluorescence was measured and quantified.
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sFig. 8: Relative fluorescence in BY2 MYB14::GFP exposed to harpin: 4 days old BY2
MYB14::GFP cells were treated with 27 pg/mL harpin. Both the treated samples and the control (CTRL)
were prepared in biological triplicates and the fluorescent signal was measured at 4 h, 8 h and 24 h
post-elicitation. The green fluorescence (ex488 nm/em509 nm) was standardized to a baseline blue
autofluorescence (ex353 nm/em465 nm). The significance of differences was calculated via a Fisher
LSD ANOVA with a significance level of 0.05.

The untreated samples of BY2 MYB14::GFP showed a strong and evenly distributed
green fluorescence. When treated with 27 pg/mL harpin the fluorescence intensity was
significantly lower when compared to the respective CTRL in all time points observed
(see sFig. 8 B). Comparing the samples within a treatment there was no significant

difference observable between the different time points (see sFig. 8 A).

To check whether the reporter line BY2 MYB14::GFP produces a green fluorescent
signal in reaction to different stressors, the cell line was treated with elicitors of different
biotic and abiotic stresses. Time and spatial restrictions limited the number of replicates
for each treatment to one for the preliminary screening. The cells were treated with
1 puM of flg22, 3 uM Fussicoccin A, 200 uM AIClsz, 100 uM MeJA, 150 nM NaCl and
5 UM cis-hexenal (see Table 2).
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sFig. 9: Relative fluorescence in BY2 MYB14::GFP exposed to different stressors: 4 days old cells
of BY2 MYB14::GFP were treated with either 1 pM flg22, 3 pM Fusicoccin A, 200 pM AICI3, 100 pM
MeJA, 150 nM NaCl and 5 pM cis-hexenal. Fluorescence was observed after 24 h of treatment. A green
fluorescence (ex488 nm/em509 nm) was standardized to a baseline blue autofluorescence

(ex353 nm/em465 nm). There was no statistical analysis due to the lack of replication.

In the reporter line treatments with flg22, fusiccocin A, AICl3, MeJA or NaCl there was
little difference to the respective negative control (see sFig. 9). Treating BY2
MYB14::GFP with 5puM of cis-hexenal produced a higher level of the relative
fluorescence of 2.50424 compared to the relative fluorescence of 0.86443 in the

negative control.

To further elucidate the reporter line’s reaction to the treatment with cis-hexenal,
biological triplicates of BY2 wildtype cells and the BY MYB14::GFP line were treated
with cis-hexenal and NaNs to check whether the increase in fluorescence was caused
by cell death. The cell lines were incubated in 15 mL of MS medium at 26°C, in the
dark while shaking at 150 rpm and were treated with the respective substance at 4
days old. Both cell lines were treated with either 5 uM of cis-hexenal or 0.1 % (w/v)

NaNs with a respective untreated negative control. After starting the treatment, the cells
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were incubated as mentioned before. Observation of the induction of fluorescence was
performed at 1 h, 4 h and 8 h post-induction. The cells were observed using an
apotome microscope (see Table 4) with two sets of filters. A baseline blue fluorescence
was measured using an excitation wavelength of 353 nm, an emission wavelength of
465 nm and an exposure time of 1,000 ms. The green fluorescence, intended to be
produced by the expression of eGFP in the transgenic cell line, was measured using
an excitation wavelength of 488 nm, an emission wavelength of 509 nm and an
exposure time of 3,000 ms. The increase in green fluorescence was standardized to
the blue baseline fluorescence that remained largely unchanged by the treatments

applied.
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sFig. 10: Relative fluorescence: cis-hexenal exposure in BY2 wild-type and BY2 MYB14::GFP: 4
days old cells of BY2 wild-type (wT) and the reporter line BY2 MYB14::GFP (RL) were treated with 5 pM
of cis-hexenal and 0.1 % NaNs respectively. These treatments and an untreated control were prepared
in triplicates. Fluorescence was observed at 1 h, 4 h and 8 h post elicitation, whereas the green
fluorescence (ex488 nm/em509 nm) observed was standardized to a baseline blue autofluorescence
(ex353 nm/em465 nm). Whether the treatments differed significantly was calculated via a Fisher LSD

ANOVA test using a significance level of 0.05.
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In all time points observed, there was no significant difference between the control
treatment (CTRL) and the NaNs treatment; both within a specific cell line nor when
comparing the wild-type (wT) treatments to the respective reporter line (RL) treatments
(see sFig. 10). In all treatments, both the wild-type and the reporter line treatment with
5 UM cis-hexenal resulted in a significantly higher fluorescence when compared to
control and NaNs treatments. At time points 1 h and 4 h there was no significant
difference between the cis-hexenal treatments of BY2 wild-type and BY2 MYB14::GFP
(see sFig. 10). At the 8 h time point there was a slightly but significantly higher
fluorescence in the cis-hexenal treatment of the reporter line when compared to the

respective treatment of the wild-type line (see sFig. 10)

The transgenic reporter line BY2 MYB14::GFP was transformed with a genetic
construct that controls the expression of eGFP with the promoter of MYB14 from Vitis
vinifera sylvestris H629 (Holl et al. 2013; Duan et al. 2016). This was intended to create
a cell line, that produces a green fluorescent signal once its immune system is
engaged. The cloning of the construct and its transformation into the BY2 cell line was
confirmed to have been successful (see sFig. 5, sFig. 6 and sFig. 7). The cell line
produced a steady ground level of green fluorescence irrespective of the treatment
(see sFig. 10). This might be due to a certain occurrence of reporter leakage. When
testing the cell line for its intended purpose, BY2 MYB14::GFP showed no increase in
fluorescence when treating the cells with 27 pg/mL harpin (see sFig. 8). Contrary to
the assumption, the signal did not increase but significantly decreased when exposed
to harpin. This was likely caused by the cell death induced in the effector-triggered
immune response mounted by the cell line. The untreated control reproduced
unhindered and expressed further fluorescent proteins, whereas the harpin-treated
cells halted their lifecycle and engaged the programmed cell death, which ultimately
caused the cells' structures to be dismantled. This might explain why the fluorescent
signal in the harpin treatment significantly decreased when compared to the respective
control group (see sFig. 8 B).

Since harpin treatment did not yield the intended result, a wider screening for
transgenic activity was conducted to see whether the promoter would be engaged in
other signalling pathways. BY2 MYB14::GFP was treated with 200 uM AICI3 and
150 nM NaCl to check whether the promoter would be triggered when signalling abiotic

stresses. The line was also exposed to 100 uM MeJA to test for the involvement of
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MYB14 in the jasmonate signalling pathway. Lastly, the reporter line was treated with
1 uM of flg22, 3 uM Fusicoccin A and 5 uM of cis-hexenal to elucidate the reaction to
biotic stressors. Due to certain constraints, there was only one replicate of each. None
of the treatments yielded any big change in relative fluorescence except for the
treatment with 5 uM cis-hexenal (see sFig. 9). In the cis-hexenal treatment, a 2.9-fold
increase in fluorescence could be observed but the habitus of the cell line hinted at the
cells dying and the fluorescence potentially being the result of autofluorescent bodies
present during cell death. To evaluate this possibility, BY2 MYB14::GFP cells, as well
as a wild-type control of BY2 cells, were both treated with 5 uM cis-hexenal and
0.1 % NaNs as a positive control for cell death. NaNs is cytotoxic by inhibiting the
cytochrome oxidase in mitochondria. The treatment with 5 uM cis-hexenal caused a
significant increase in fluorescence in both the wild-type line and the reporter line BY2
MYB14::GFP (see sFig. 10). The difference was already observed in the earliest time
point of 1 h post elicitation and increased at the 4 h and 8 h time points. After 8 h of
incubation with cis-hexenal, there was a significant difference between the cis-hexenal
treatment of the wild-type and the reporter line (see sFig. 10). NaNs did not cause an
increase in fluorescence but did also not alter the general habitus of the cells, implying
the treatment with 0.1 % NaNs did not cause the cells to die. Irrespective of the fact
that there was a significant difference between the cis-hexenal treatment of the reporter
line and the wild-type at the 8 hours time point, the fact remains that a significant
increase in fluorescence was generated in the non-transgenic wild-type cell line.
Therefore, the increase in fluorescence in the reporter line observable upon treatment
with cis-hexenal cannot be attributed to the construct and an intended expression of

eGFP when an immunity-related signalling pathway would be triggered.

The promoter of MYB14 used in this set of experiments was derived from the genotype
Vitis vinifera sylvestris H629 (Duan et al. 2016). The transcription factor MYB14 is
known to regulate and induce the synthesis of stilbenes in grapevine (Holl et al. 2013;
Wong et al. 2016) during the mounting of a defence reaction to pathogen presence.
The promoter of said transcription factor was transformed into cells of Nicotiana
tabacum BY2. Currently, no stilbene synthases have been discovered in the genome
of N. tabacum, therefore it is quite possible that BY2 does not have a similar sequence
to prMYB14 in its transcriptional mechanism or the inherent defence reaction does not
rely on the induction thereof. Defence reactions of BY2 and Vitis sylvestris sylvestris
H629 might just be too different for prMYB14 to be activated by the defence reaction
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of BY2. The BY2 cells were chosen as the preferred transformant due to their ease of
handling and general vitality. To address this incompatibility it would be necessary to
transform Vitis cells. To transform Vitis cells, an established transformation protocol for

rice (Page et al. 2019) was slightly altered and tested on Vitis vinifera sylvestris Ke.

Transformation of Vitis protoplasts

In our lab, there are well-established routines to transform plant cells of Nicotiana
tabacum BY2. The Agrobacterium fabrum-mediated transformation protocol is easy,
quick and efficient and the resulting transgenic cells are quick to regenerate.
Transferring the same protocol to the transformation of Vitis cells has proven difficult.
To easily create transgenic cell lines of Vitis accessions to test constructs in these lines
it is therefore important to establish improved protocols. A big barrier to the
transformation of plant cells can be their cell wall. Page et al. (2019) established a
method to rapidly generate protoplasts from rice seedlings to transform them by co-
incubating the protoplasts with plasmids. The majority of the resulting transformations
are transient. In this work, the protocol by Page et al. (2019) was slightly altered to test

its feasibility to transform Vitis cells.

A slightly modified protocol by Page et al. (2019) was performed on Vitis vinifera
sylvestris cells of the genotype Kel5. 4 days old cells of Kel5 were filtered using a
Nalgene bottle top filter carefully replacing the MS medium the cells were cultivated in
with 0.6 M mannitol (see Table 1). 40 mL of 0.6 M mannitol with the suspended Kel5
cells was transferred into a 50 mL reaction tube. The cells were incubated at room
temperature (RT ~25°C) while gently shaking for 15 min to initiate plasmolysis. After
incubation, the 0.6 M mannitol solution was drained off the cells by covering the
reaction tube with a fine mesh and pouring out the solution. 30 mL of the enzyme
solution (see Table 1) was added to the cells and incubated in the dark, at RT for 4 h
while gently shaking the cells to aid the digestion of the cell wall. To stop the digestion
30 mL of W5 solution (see Table 1) was added to the solution and shaken gently. The
cells were filtered through a mesh with a 40 um pore size, thereby letting protoplasts
pass and retaining cells with partially or entirely undigested cell walls. To improve yield,
the cells can be rinsed with an additional 60 mL of W5 solution. The protoplast-
containing solution was carefully centrifuged at 250 g for 3 min at room temperature
(~25°C). The supernatant was gently decanted and the pellet was washed by

resuspending the cells in 10 mL W5 buffer. The cells were centrifuged at 250 g for
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3 min, the supernatant decanted and finally resuspended in 2 mL MMG solution. To
increase the chances for a successful transformation 5 pug of the plasmid was to be
diluted into 10 pL of ddH20 to mix with 60 uL of the protoplast suspension in MMG.
Extraction of the plasmid p2FGW7-FABD2-GFP yielded a maximum concentration of
76.2 ng/pL using the Roti-Prep plasmid mini kit (see Table 6). A full 10 pyL of the
plasmid sample with the highest concentration was used, yet the target concentration
was not within reach. 70 uL of the PEG solution (see Table 1) was added to the
plasmid-protoplast mixture, gently mixed by inverting the reaction tube and incubated
in the dark at RT for 25 min. After these 25 minutes, the transformation process was
stopped by adding 280 pL W5 solution and mixing by gently inverting the reaction tube.
The protoplasts were centrifuged at 250 g for 3 min at RT and the supernatant was
carefully aspirated. The pellet was resuspended in 500 uL WI solution (see Table 1)
and separated into 125 pL aliquots. These aliquots were incubated for 16 h, preferably
overnight at RT. During this time, transformed cells would accumulate the introduced
transgenic proteins, if applicable. After the incubation period, Vitis vinifera sylvestris
Kel5 protoplasts transformed with p2FGW7-FABD2-GFP were observed using the
apotome microscope (see Table 4) using a filter set to visualise the potentially induced
actin-bound eGFP. The filters create an excitation wavelength of 488 nm and an
emission wavelength of 509 nm. Pictures were taken of the green fluorescent channel
mentioned before and the brightfield channel with an exposure time of 1,000 ms and
15 ms respectively. Additionally, pictures were taken before the transformation and
subsequent 16 h incubation, only using the brightfield channel to evaluate the vitality

of the protoplasts generated.

To check the general vitality and integrity of the protoplasts generated by the altered
protocol of Page et al. (2019) a sample of protoplasts was taken right before the mixing
of the protoplasts with the plasmid to be introduced into the cells. The Kel5 protoplasts
were visualised using the brightfield channel of the apotome microscope (see Table
4).
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sFig. 11: Protoplasts of V.vinifera sylvestris Kel5 cells, pre-transformation: Vitis vinifera
sylvestris genotype Kel5 cells were treated according to a slightly altered protocol derived from the work
of Page et al. (2019). The protoplasts were visualised in the pre-transformation step using the brightfield

microscopy of the apotome microscope (see Table 4) and an exposure time of 15 ms.

Among cell debris, some protoplasts appeared to be healthy and contained intact
proplastids, nuclei and vacuoles. There were different sizes of protoplasts in the

sample observed (see sFig. 11).

To see whether the protoplasts were successfully transformed samples of cells that
were treated to be transformed with the plasmid p2FGW7-FABD2-GFP and a
respective control group (CTRL) were observed using the apotome microscope using
filters to visualise the eGFP present in the plasmid construct. The filters create an

excitation wavelength of 488 nm and an emission wavelength of 509 nm.
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p2FGW7-FABD2-GFP

sFig. 12: Protoplasts of V. vinifera sylvestris Kel5 cells, post-transformation: Vitis vinifera
sylvestris genotype Kel5 cells were treated according to a slightly altered protocol from Page et al.
(2019). The protoplasts were visualised post-transformation using a brightfield channel with 15 ms
exposure and a green fluorescent channel using a filter pair to create an excitation wavelength of 488 nm
and an emission wavelength of 588 nm with an exposure time of 1,000 ms. The protoplasts were
transformed with the plasmid p2FGW7-FABD2-GFP. A control group of cells (CTRL) was treated

accordingly with no plasmid added during the transformation step.

Using a filter set (ex488 nm/em509 nm) to visualise the potential eGFP expressed in
the transformed cell line, a green fluorescent signal was both visible within cells that
were transformed with the p2FGW7-FABD:2 plasmid and within cells of the control
group (CTRL) that had no plasmid added during the transformation process (see sFig.
12).

Transformation of Nicotiana tabacum BY2 cells is well-established and time-efficient
but certain genes or promoters from different organisms might be inactive or behave
differently. To research or exploit this genetic material it can help to transform them
into cells closer related to the species of origin. The promoter of MYB14 from Vitis
vinifera sylvestris H629 appeared to be inactive when transformed into BY2 cells (see
sFig. 9). To create a transgenic cell line that produces eGFP controlled by prMYB14,
BY2 cells were unsuitable. The same construct, prMYB14::GFP could be tested in Vitis
cells. The closer relation of the cell line V. vinifera sylvestris Kel5 to V. vinifera
sylvestris H629 increases the likelihood of the promoter being engaged. The
transformation protocol used to transform BY2 cells proved less efficient when applied
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to Vitis cells, therefore establishing a new protocol specifically for Vitis cells is
desirable. In this work, a protocol to transiently transform rice protoplasts (Page et al.
2019) was altered to test the feasibility of transferring the protocol to transform Vitis

cells of the genotype Kel5.

In the original publication, Page et al. (2019) used plant tissue of rice to generate
protoplasts. To generate protoplasts of Vitis cells growing in liquid suspension culture,
this step was replaced by substituting the MS medium the cells grow in a mannitol
solution using a bottle-top filter. The rest of the protocol was transferred as is. Using
the protocol on cells of V. vinifera sylvestris Kel5 yielded a sufficient amount of healthy

protoplasts (see sFig. 11) to initiate transformation.

The transformation of the Kel5 cells with the control construct p2FGW7-FABD2-GFP
according to the protocol yielded protoplasts that kept their integrity. The protoplasts
were tested for green fluorescence via microscopy to check for successful
transformation with the construct that constitutively produces GFP. Yet, green
fluorescence was observed in both the transformed samples and the non-transformed
control samples (see sFig. 12). It seems like the stress of generating protoplasts and
the subsequent treatment for transformation caused the cell lines to generate
substances with an auto-fluorescence in the same wavelength spectrum as GFP.
Therefore, a successful transformation of the cell line could neither be confirmed nor

ruled out.

The generation of protoplasts from Vitis cell lines using the protocol of Page et al.
(2019) proved easy and efficient but the success of the subsequent transformation
remains elusive. To confirm whether the transformation of the cell line is possible, the
spectrum of the auto-fluorescence of the cells needs to be tested and the to-be-
transformed construct to be chosen to avoid redundant spectra. Alternatively, the
protoplasts could be selected via introduced antibiotic resistances and test their ability

to regenerate.
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