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Zusammenfassung

In Pflanzen existieren zwei Ebenen an Immunitat gegentuber Pathogenen -
eine basale Immunitét, welche durch die sogenannten Pathogen-assoziierten
molekulare Muster (PAMPs) ausgeldst wird und einem Grofdteil der
Mikrobien gemein sind, sowie einer dieser (bergeordneten, PAMP-
ausgelosten Immunitat, welche sich Uber einen Koevolutionsprozess
zwischen Wirt und Pathogen spezifisch entwickelt hat und dadurch gegen

ein sehr spezifisches Spektrum an Pathogenen effektiv ist.

Die Weinrebe ist die Nutzpflanze mit dem hdchsten Ertrag pro Areal. lhr
Anbau ist jedoch durch einen enormen Einsatz an Pflanzenschutzmitteln, fir
den Kampf gegen mikrobielle Pathogene wie dem Falschen Mehltau
(Downy Mildew) und dem Echten Mehltau (Powdery Mildew), gepragt. In
Europa werden dadurch knapp 70 % an Fungiziden fir den Weinbau
eingesetzt. Das Zlichten von resistenten Weinrebensorten war bislang eine
erfolgreiche Strategie, um die 6kologischen und 6konomischen Schaden zu
reduzieren. Jedoch wurde hierflir immer ein einziger, resistenz-vermittelnder
Genabschnitt tber Introgression aus einer amerikanischen Weinrebe fir die
hiesigen Weinreben gewonnen. Der ¢konomische Erfolg dieser neuen
Varianten hat jedoch bereits eine weitere Runde an chemischer

Kriegsfuhrung zwischen Wirt und Pathogen eingeldutet.

Chitin, eine grundlegende strukturelle Komponente der pilzlichen Zellwand,
ist gut als pathogen-assoziiertes molekulares Muster (PAMP) bekannt. In
Pflanzen werden Pilze Uber die Erkennung von konservierten PAMPS
erkannt und damit die Abwehr aktiviert. Diese geht einher mit einem
Kalziumeinstrom in die Zelle, einer Mitogen-aktivierten Proteinkinasen
(MAPK) Kaskade, Phytoalexin-Produktion, ROS-Bildung und Expression
spezifischer verteidigungsrelevanter Gene. Jedoch treten diese molekularen

Signale rdumlich und zeitlich getrennt zueinander auf und es konnen
IX



verschiedene Signalkaskaden - je nach zugrundeliegendem Stresstyp -

reguliert und aktiviert werden.

In unserem Labor wurden zuvor bereits die zellularen und molekularen
Antwortmechanismen im Zuge der Verteidigung gegeniiber eines der
wichtigsten PAMPS, dem bakteriellen Flagellin, welches die
Verteidigungsreaktionen gegen alle Bakterien aktiviert, entschlisselt. In der
hier vorliegenden Arbeit wurde Chitin als zweitwichtigster Vertreter der
PAMPs und als Ausloser der pflanzlichen Immunantwort gegen Pilze, wie
dem Echten und dem falschen Mehltau, untersucht. Als Induktor wurde
Chitosan, eine deacetylierte Variante des Chitins, verwendet, welche
ebenfalls die Immunantwort der Pflanzen ausldsen kann. Durch die
Verwendung der nordamerikanischen Weinrebe Vitis rupestris TuB6-GFP,
welche gegenliber dem Falschen Mehltau resistent ist, und die Verwendung
von V. vinifera "Chardonnay’, einer fluoreszent mit GFP-markierten Aktin-
Markerzelllinie (GFP-AtFABD?2), wurde die Rolle der Aktin Filamente in

dem Chitin-ausgel6sten Signalweg untersucht.

Es konnte gezeigt werden, dass Chitosan den Kalziumeinstrom und die damit
messbar einhergehende apoplastische Alkalisierung, sowie deren dadurch
ausgelosten  Regulation verschiedener Stoffwechselwege (ber die
Aktivierung einer NADPH Oxidase, die Produktion von Phytoalexinen und
die Expression verteidigungsrelevanter Gene steuert. Diese Erkenntnisse
zeigen, dass Chitosan einen neuen Weg der Abwehrmechanismen von

Pflanzen aktiviert.



Abstract

Plant immunity consists of two levels - a basal immunity is elicited by so
called Pathogen Associated Molecular Patterns (PAMPS) that are common
to a whole class of microbial organisms. This basal level is overlaid by more
specific so-called (PAMP)-triggered immunity that usually develops in a
process of coevolution between host and pathogen and usually is effective

only for specific strains of the pathogen.

Grapevine is the crop with the highest cash yield per area but is strongly
challenged by microbial pathogens such as Downy Mildew or Powdery
Mildew requiring tremendous chemical plant protection. For instance,
around 70 % of European fungicide consumption goes into viticulture.
Breeding of new pathogen resistant grapevine variety has been a successful
strategy to reduce the ecological and economical load of fungicide use.
However, these varieties are all based upon a single resistance locus
introgressed from resistant wild North American grape. The economic
success of the new variety has already induced a new round of chemical

warfare between host and pathogen.

Chitin, a vital structural component of the fungal cell walls, is well known
as a pathogen-associated molecular pattern (PAMP). In plants, fungi are
recognized by perception of conserved pathogen-associated molecular
patterns (PAMPs) to induce defence responses in various plant species by
targeting calcium influx channels, mitogen-activated protein kinase (MAPK)
cascades, reactive oxygen species (ROS), phytoalexin production and
expression of defence related-genes. However, due to the spatial and
temporal segregation of those molecular signals, they can regulate and
activate many different signalling pathways depending on the underlying

stress type.

Xl



Previous work in our lab mapped the cellular and molecular defence
responses to one of the most important PAMPs, bacterial flagellin, that can
activate defence to all bacteria. In the current work, we use chitin as an
elicitor for plant immune responses and second most important PAMP,
which activates defence to whole fungi, including important pathogens such
as Powdery Mildew and Downy Mildew. In our study, we used chitosan
derived from chitin by deacetylation and an elicitor of plant immunity. Using
the North American Vitis rupestris TuB6-GFP, which resistant to the
pathogen Downy mildew of grapevine (Plasmopara viticola), and Vitis
vinifera ‘Chardonnay’ expressing the fluorescent actin marker GFP-
AtFABD2, to detect the role of actin filaments in response to chitin

signalling.

The findings show that chitosan can trigger calcium influx (monitored by
apoplastic alkalinisation) which then in turn regulates many signalling
pathways by activating the NADPH oxidase, which leads to the production
of Phytoalexins and expression of defence related genes. These findings

show that chitosan triggered a new pathway of plant defence.
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Introduction

Introduction
Grapevine

1.

1.1
Grape is one of the earliest domesticated fruit crops and, since antiquity, it
has been widely cultivated and prized for its fruit and wine (Myles et al.,
2011). Grapevine is the crop with the highest cash yield per area but is
strongly challenged by microbial pathogens such as Downy mildew or
Powdery mildew requiring tremendous chemical plant protection. For
instance, around 70% of European fungicide consumption goes into
viticulture (Qui et al., 2015). Worldwide, grapevine cultivation is at threat
from various diseases. Shown in (Figure 1.1) is the frequency of various
grapevine diseases for the different regions of the world, among which

Downy and Powdery mildew and Trunk Diseases are strongly represented.

North America
(N=17)

Europe
(N=164)

.94 0.84 ;
0.26 1.99.0 ", 0
0.69 Ty 0.7
212 v \
1.53% /4

- South Africa
(N=12)
10.33

»South America
(N=14)
0.21-10.36 g3

Global (N=214)
0.84 _
.36 -

>
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mbotr
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O Virs
Others
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0.29  0.86
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2.14

Figure 1.1: Grapevine pests and diseases worldwide. The main grapevine diseases for
each region of the world. DowM: Downy mildew, PowM: Powdery mildew, TDis: Trunk
diseases, Botr: Grey mold (Botrytis cinerea), Virs: Virus-related diseases (Bois et al.,
2017).

Breeding of new pathogen resistant grapevine varieties has been a successful
strategy to reduce the ecological and economic load of fungicide use.

However, these varieties are all based upon a single resistance locus
1



Introduction

introgressed from resistant wild North American grape. The economic
success of the new variety has already induced a new round of chemical
warfare between host and pathogen - already first strains of Downy mildew

have developed in Germany that are able to break the resistance.

1.2 Plant stress

Plant stress 1s defined as an inimical condition or factor that alters the plant’s
growth, reproduction, metabolism, root development (Gaspar et al., 2002).
Plants are exposed to a wide range of abiotic and biotic stresses (Chang et
al., 2017). In order to avoid that their growth and development is damaged,
they must adjust themselves, which requires a rapid response of several
intracellular and intercellular signalling pathways that are often
interconnected at the level of perception, transduction, and response (Wang
etal., 2017).

1.2.1  Abiotic stresses

Environmental stresses caused by climate change are amongst the biggest
challenges plant are facing. Plants are living in an inherently tough
environment ever since their emergence (He et al., 2018). A large variety of
physical or chemical factors referred to as abiotic stress factors, are hostile
to them, including low or high temperature, deficient or excessive water,
high salinity, heavy metals, and ultraviolet (UV) radiation (He et al., 2018).
Abiotic stress reduces average yields for most crop plants by more than 50%
(Bray et al., 2000). It leads to a series of biochemical, physiological,
morphological, and molecular changes that adversely affect productivity and
plant growth (Wang et al., 2021). These stresses are posing a severe threat

to agriculture the ecosystem and economy, accounting for large crop yield
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loss (Wania et al., 2016). Due to plant nature, since they cannot runaway,
plants have to resist the stresses and develop potent adaptive tactics to avoid
or tolerate their effects so as to survive (Shepherd and Griffiths et al., 2006).
A large number of physiological, morphological, and cellular defences have
been established (Yeats and Rose, 2013; Fich et al., 2016).

1.2.2  Biotic stresses

In addition to abiotic stresses, under normal conditions, plants have to face
infections by pathogens (including fungi, viruses, bacteria, and nematodes),
or attack by herbivore pests (Atkinson & Urwin, 2012). The habitat of pests
and pathogens can be influenced by climate changes, for example increasing
temperatures are known to facilitate pathogen spread to the North (Luck et
al., 2011; Madgwick et al., 2011; Nicol et al., 2011). Plants are under
constant assault by biotic agents, especial fungal pathogens. For example,
grapevine Downy mildew is caused by oomycete Plasmopara viticola and
Grapevine Powdery mildew is caused by the Uncinula necator, are the most
major disease affecting the grape quantity and quality worldwide (Hao et al.,
2020; Crisp et al., 2006). In the second half of the 19" century, these
pathogens entered Europe caused by economic globalization (Hao et al.,
2020), and cause losses due to damage to berries and reduced bunch weight.
The disease is controlled mainly by regular application such as synthetic
fungicides (Crisp et al., 2006). Viticulture, in particular, depends on frequent
applications of fungicides to protect the commonly grown, the application of
fungicides achieved significant success for controlling the pathogens but also
several reports have shown the side effect of the fungicide on the human
health such as (neurologic dysfunctions and diseases, endocrine disruption
and increase in the incidence of cancers) (Saracci et al., 1991; Blair et al.,
1993; Kamel and Hoppin, 2004; Hao et al., 2020). Different research has

identified potential replacements for fungicides, such as fungal chitin
3
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bacterial flagellin that are recognised by surface pattern recognition
receptors (PRRs), activating so-called pathogen-associated molecular
pattern (PAMP)-triggered immunity (PTI) (Chang et al., 2017).

1.3 Chitin Elicitor

Chitin is most abundant polymer in nature. It is a polymer of N-acetyl-d-
glucosamine that is a major component of fungal cell walls, internal
structures of invertebrates and exoskeleton of insects, crabs and shrimps but
it is not found in plants (Kaya et al., 2016; Jalil et al., 2015). It has been
recognized as a general elicitor of plant defence responses. Plants have an
innate immune system to recognize the existence of microbial invaders by
receptors that detect microbial-derived molecules, or receptors that
recognize plant-manipulating activities of pathogens (Eckardt et al., 2008;
Wan et al., 2008). During fungal infection, plant cells secrete chitinases that
accumulate at the site of invasion. In addition to the direct effect of limiting
fungal invasion by degrading the fungal cell wall, chitinases release chitin
fragments (chitooligosaccharides or chitin oligomers) from fungal cell walls
that can function as elicitor of many downstream defence response genes
against the invading pathogen (Schlumbaum et al., 1986; Shibuya et al.,
2001; Stacey et al., 1997). In plant, chitin elicits activate a variety of defence
responses including the phenylpropanoid pathway, jasmonate pathway and
production of pathogenesis-related (PR) proteins such as chitinases,
peroxidases (Kaku et al., 2006; Miya et al., 2007). Chitosan was discovered
in 1859 by Rouget. Chitosan is derived from chitin by deacetylation
(Shigemasa et al., 1996), and is a vigorous elicitor for plant immunity. In
grapevine, chitosan has been shown to elicit a variety of defence reactions

such as phytoalexin production, chitinase and glucanase activities leading to
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resistance of Downy mildew and against grey mould that are caused by
Plasmopara viticola, Botrytis cinerea, respectively (Brulé et al., 2019; Aziz
et al., 2006).

1.4 Plant innate immunity

In contrast to most animals, plants are sessile organisms, which makes
immunity even more crucial in warding off intruders. To deal with biotic
attacks, plants have developed mechanisms to defend and adapt themselves
against biotic stress factors, that have to be understood from the co-
evolutionary interaction between host and pathogen. Plants have evolved a
particular two-layer of innate immune system, the first layer is pathogen-
associated molecular patterns (PAMPs)-triggered immunity (PTI) and
effector-triggered immunity (ETI) (Guan et al., 2020; Khattab et al., 2020;
Jiao et al., 2016; Wang et al., 2020).

1.4.1 PAMPs-triggered immunity (PTI) and effector-
triggered immunity (ETI)

Cell surface-localized pattern recognition receptors (PRRs) that respond to
slowly evolving pathogen-associated molecular patterns (PAMPS) or
microbial-associated molecular patterns (MAMPS) such as fungal chitin or
bacterial flagellin are leading to so called PAMP-triggered immunity (PTI)
known as plant basal immunity (Jonathan et al., 2006; Zipfel & Felix, 2005).
The pattern recognition receptors (PRRs) which mediate the conserved
microbial signatures, which reveal plant endogenous molecules released by
hydrolytic enzymes during interaction with the pathogen are called damage-
associated molecular patterns (DAMPS) (Brulé et al., 2019; Boller and Felix,

2009). This mechanism confers immunity to whole classes of microbial
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pathogens. Since the trigger is linked with essential molecules of the
pathogen, pathogens cannot respond to the selective pressure by a loss of
these PAMPs. Instead, more specialised (often biotrophic) pathogens have
evolved so-called effector molecules that can repress PTI (Chang et al.,
2017). In response, plants have acquired additional receptors that specifically
recognize the effectors, resulting in initiation of the second layer of immune
system so called, effector-triggered immunity (ETI) (Tsuda and Katagiri,
2010). The second layer of immune receptors includes intracellular immune
receptors, the R proteins (Jones and Dangl, 2006; Tsuda and Katagiri, 2010).
These intracellular receptors directly or indirectly recognize effectors
secreted by pathogens into the host cell and activate effector-triggered
immunity (ETI) (Jones and Dangl, 2006; Gouveia et al., 2016). The two
layers of plant immunity have been described by the so called zig-zag model
(Figure 1.2) (Jones and Dangl, 2006). The model explains different phases
of plant immunity. In the first, the plant recognizes MAMPS/PAMPs via
PRRs and reaches PTI. In the second phase, successful pathogens introduce
effectors that disrupt PTI, leading to ETS. Subsequently, the plant can
recognize the effector and activate ETI, which is an intensified form of PTI.
In the fourth phase, pathogens can again gain new effectors after changes

and a further overcoming of ETI is possible.
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PTI ETS ETI ETS ETI

"""""""""""""""""" ° ..0
Pathogen ® o
effectors

Figure 1.2: A zigzag model illustrates the quantitative output of the plant immune
system (Jones and Dangl, 2006). pathogen-associated molecular patterns (PAMPS);
PAMP-triggered immunity (PTI); effector-triggered susceptibility (ETS); effector-
triggered immunity (ETI).

The sets of genes induced during PTI and ETI seem to use a common
signalling machinery in response to different stimuli. Cellular responses are
activated by PTI such as calcium influx followed by activation of mitogen
activated protein kinase (MAPK) cascades, apoplastic oxidative burst,
generation of reactive oxygen species (ROS), activation of WRKY
transcription factors and transcription of defence-related genes (Navarro et
al., 2004; Chinchilla et al., 2007; Chang et al., 2017).

The characteristic structure of PRRs has been identified by the presence of
an intracellular kinase domain, a ligand-binding ectodomain, and a single
transmembrane domain. The structure of the ectodomain determines binding
specificity: PRRs containing a lysin motif (LysM) bind to carbohydrates,

such as chitin from fungi, PRRs containing a leucine-rich repeat ectodomain
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mostly bind to peptides, such as flagellin or elongation factor from bacteria
(Boutrot and Zipfel, 2017; Brulé et al., 2019) seems to differ. For example,
during flagellin triggered PTI of grapevine cells, while calcium influx
precedes oxidative burst, the temporal order of these two stress inputs is
reversed after elicitation with Harpin, a bacterial trigger of an ETI like
response culminating in programmed cell death (Figure 1.3) (Chang and
Nick, 2012).

fig msc
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Figure 1.3: Plant defence mechanisms triggered by flg22 and Harpin in grapevine
cells (Chang and Nick, 2012). flgr, flg22 receptor (grapevine homolog of AtFLS2), MTs
(microtubules), msc (mechanosensitive ion channel), mAFs (membrane-associated actin
filaments), iAFs (intracellular actinfilaments), StSy (stilbene synthase gene), Res (trans-

resveratrol), d-Vin (d-viniferin; Pic, trans-piceid)

Various microbial patterns are composed of N-acetylglucosamine (GlcNAc),
including fungal chitin or bacterial peptidoglycan), present in microbial cell
walls (Brulé et al., 2019; Gust et al., 2012). Pathogen-associated molecular
patterns (PAMPs) from fungal cell walls are representative by chitin and

known to activate the immune responses in a wide range of plant cells,
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including both dicots and monocots. The conserved mechanism of the
chitooligosaccharides in a wide range of plant species has been perceived
(Brulé et al., 2019; Shinya et al., 2015). In plants, chitin activate various
defence responses including the activation of mitogen-activated protein
kinase (MAPK), rapid production of reactive oXxygen species,
phenylpropanoid pathway and production of pathogenesis-related (PR)
proteins such as chitinases, peroxidases, or thaumatin-like proteins (Miya et
al., 2007; Boller and Felix, 2009; Narayan Das et al., 2013; Kawasaki et al.,
2017; Brulé et al., 2019).

Chitosan is derived from chitin by deacetylation and was identified as an
elicitor of plant defence. Various responses are activated by chitosan
including activation of MAP-kinases, phytoalexin production, oxidative
burst, hypersensitive response (HR), jasmonate, chitinase and glucanase
activities leading to resistance against Botrytis cinerea and Plasmopara
viticola, the causal agents of grey mould and Downy mildew, respectively
(Aziz et al., 2006; Iriti and Faoro, 2009; Brulé et al., 2019).

1.5 The mechanism of chitin perception and signalling in

plants
Chitin are recognized as PAMPs either by lysine motif (LysM) receptor-like
kinases (LYKs) or LysM RLPs in plants. The chitin perception and
signalling mechanism in plant cells were characterized in rice with the
identification of the chitin elicitor binding protein (CEBIP), for the first time
(Narayan Das et al., 2013; Kaku et al., 2006). Structurally, CEBIP is a
receptor protein that contains three extracellular LysM domains but lacks a
recognizable intracellular signalling domain via

glycosylphosphatidylinositol (GPI). However, it was shown to form
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heterodimers with OsCEBIP (O. sativa chitin elicitor receptor protein) and
OsCERKZ1(O. sativa chitin elicitor receptor kinase 1), a protein which
contains an intracellular kinase domain in a ligand-dependent manner and to
act in concert with CEBIP in rice, required for signal transduction.
Consequently, LysM proteins are required for chitin perception and
signalling (Shimizu et al., 2010; Gust et al., 2012; Hayafune et al., 2014).
Furthermore, Arabidopsis thaliana, AtCERK1/LYK1, a homolog of
OsCERK1 was identified as the key element for chitin receptor in this plant
(Miya et al., 2007; Wan et al., 2008). A different study identified that
AtCERKI/LYK1 directly bind to long chain chitin oligomers
(Liu et al., 2012). Furthermore, a recent study points that member of the
LysM-RK genes family in Arabidopsis may also be involved in chitin
pereception (Figure 1.4) (Cao et al., 2014; Brulé et al., 2019).

10



Introduction

- o=

Chitosan Chitin fragments

OsCEBIP  Homodimer

OsCERK1 of OsCEBIP
)

Cell wall

Uninduced state of
COS receptors

— i
/ < Activation of TFs” \\
(FIRRRTTT
Nucleus L, Actvationof
\ dofense gence /

Figure 1.4: A model for chitin and chitosan induced activation of chitin receptors

and subsequent chitin signalling pathway in plants (Narayan Das et al., 2013). During
fungal infection, after releasing chitin and chitosan from fungal cell walls and bind to the
membrane receptors, in Arabidopsis (AtCERK1) and in rice (OsCEBIP) harboring LysM
domains. induces homodimerization of AtCERK1 and hetero-oligomerization of
OsCEBIP which could lead to form unknown complex protein. BIK1, a cytoplasmic
receptor-like kinase could be an interaction partner with the unknown complex protein.
In the similar way to flg22-mediated signalling, (Zhang and Zhou, 2010), upon
phosphorylation BIK1 may be detached from the complex and activate other cytoplasmic
proteins. After activation of the complex a MAPK cascade is activated which in turn

phosphorylates transcription factors that regulate chitin-responsive genes.
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1.6 Classic signal transduction in plant immunity

1.6.1 The calcium influx

Calcium is an essential structural, metabolic and signalling element. Calcium
as an important secondary messenger is used extensively in plants, animals
and microorganisms to stimulate extracellular and intracellular responses
and to coordinate a wide range of endogenous processes. It is a key for many
growths and developmental processes and plays a crucial role in stress
signalling (Demidchik et al., 2018; Edel et al., 2017; Wang et al., 2017;
Reddy et al., 2011). Calcium ion are observed in many different cell types in
response to a diverse range of biotic stress, such as, pathogens elicitor, fungal
and bacterial signals (Knight et al., 1991; Ranf et al., 2008; Kosuta et al.,
2008) and abiotic stress such as, osmotic, salt and drought signals, oxidative
stress, light and cold stress and plant hormones (Ranf et al., 2008; Shacklock
et al., 1992; Allen et al., 2001). Furthermore, the second messenger Ca?* is
an important component for plants in order to decode the different stimuli
and activate the suitable response, for example recognition of plant
pathogenic microbes and expression of stress genes in plants (Lenzoni et al.,
2018; Whalley and Knight, 2013).

The essential question about how specific calcium signatures are decoded to
appropriate response is not known yet (Lenzoni et al., 2017). The specific
information about calcium signature in plants is decoded by number and
diversity of for example 250 proteins in Arabidopsis thaliana which carry
one or more EF-hand Ca?*-binding motifs such as like calmodulin (CaM),
CaM like proteins (CMLs), calcineurin B like proteins (CBLs), Ca*
dependent protein kinases (CDPKs or CPKSs), and calcium/CaM dependent
protein kinase (CCaMK) (Day et al., 2002; Galon et al., 2010; Hashimoto
and Kudla, 2011; Santulli et al., 2017; Kudla et al., 2018). The mechanism
for decoding calcium signatures to control plant immunity via calcium

binding proteins, for example calmodulin binding protein amplify each
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calcium signature into three active signals, regulating, simultaneously and
expression (Zhang et al., 2010; Kim et al., 2002; Finkler et al., 2007;
Lenzoni et al., 2017).

1.6.2 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) play a key signal transduction role in
different aerobic organisms. ROS can be produced in a variety of organelles
with a highly oxidizing metabolic activity or with an intense rate of electron
flow, such as chloroplasts, mitochondria and plasma membranes. They are
involved in the regulation of growth, development, responses to
environmental stimuli and cell death. However, the production of reactive
oxygen species (ROS) is required for a successful recognition of infection
and activation of plant defences (Mittler et al., 2004, 2011; Suzuki and
Mittler, 2006; Torres et al., 2010; Suzuki et al., 2011). Decreasing the
electron transport chain with limitation of CO, fixation is the main cause of
ROS production in the chloroplast. The major mechanisms of ROS
production in the mitochondria is decreasing of the electron transport chain.
In the peroxisomes, the mechanisms of H,O, production is when glycolate is
oxidized to glyoxylic acid during photorespiration (Davidson and Schiestl,
2001; Mittler et al., 2004; Suzuki and Mittler, 2006).

ROS, such as singlet oxygen(0O?), hydrogen peroxide (H.0z), superoxide
anion(0%), and hydroxyl radical (HO«), they play multifaceted signalling
functions mediating the establishment of multiple responses and can act as
toxic molecules that can cause oxidative damage to DNA, proteins and lipids
(Mittler et al., 2011; Miller et al., 2010; Mittler et al., 2004).
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Several enzymatic mechanisms in the plasma membrane such as respiratory
burst oxidase homologues (RroHSs) can be responsible for the ROS detected
in the apoplast, combine different of signal transduction pathways with ROS
signalling, and are a key signalling node in the ROS signal network (Sazuki
and Mittler, 2011; Mittler et al., 2011). In recent studies identified Rboh-
dependent ROS with the association of hypersensitive response has been
activated plant defences in response to pathogens (Zhang et al., 2007; Proels
et al., 2010). The plant plasma membrane-localized NADPH oxidases
mediate other plant biotic interactions such as growth, development and
many other process root hair growth, plant defence reactions and abscisic

acid signalling (Marino et al., 2011).

In case of the grapevine defence system, the rapid generation of reactive
oxygen species ROS is induced by flg22 and harpin. A recent study clarified
that flg22 activated oxidative burst and defence related transcripts. ROS act
as downstream signals in the flg22 induced defence pathway (Chang and
Nick, 2012). However, ROS production are requisite for the induction of

defence genes triggered by harpin (Chang et al., 2011).

1.6.3 MAPK cascades, the early signalling response

In the past few years, it has become clear that Mitogen-activated protein
kinases (MAPKS) are ubiquitous phosphorylation enzymes, play some of the
most essential roles in plant signal transduction pathways, gene expression
and activation of diverse cytoskeletal proteins and activated by different
extracellular stimuli, such as PAMP, and hormones (Tena and Asai, 2001,
Samaj et al., 2004). The canonical activation of a MAPK cascade requires
translational phosphorylation cascade that is initiated by a mitogen-activated
protein kinase kinase kinase (MAPKKK, MAP3K or MEKK), which

reversibly phosphorylates a mitogen-activated protein kinase Kkinase
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(MAPKK, MAP2K or MKK) and thereby causes it to phosphorylate the
mitogen-activated protein kinase (MAPK or MPK). After a series of
activation, signals are amplified and conducted (Smékalova et al., 2014;
Keshet and Seger, 2010).

MAPK cascades are activated by recognition of PAMPs by several PRRs,
including CERK1, FLS2, and EFR. In rice, MAPK cascade, OsSMKK4/5-
OsMPK3/MPK®6 are activated by chitin perception OsCEBIiP/OsCERK1,
which reprograms plant metabolism for antimicrobial biosynthesis during
PTI (Gomez-Gomez and Boller, 2000, Zipfel et al., 2006, Miya et al., 2007;
Kishi-Kaboshi et al., 2010). However, a recent study did not clarify how
MAPK cascade are activated after chitin perception by the OsCEBIiPK1 (Xu
and Wang, 2017).

Increasing data suggest that MAPK cascades also play an important role in
chitin signalling from fungal pathogens to activate plant defence or other
responses. In Arabidopsis, MAP kinase 3 and 6 (MPK3/6) were shown to be
rapidly activated by chitin and their activation depended on upstream MAPK
kinases (MKK4 and 5). In particular, MAPK cascade consisting of MKK4/5-
MPK3/6 may be involved in chitin signalling (Ren et al., 2002; Shibuya et
al.,, 2001; Wan et al, 2004). In addition, MPK3/MPK6 cause
phosphorylation of VQ-motif containing proteins (VQP) leading to their
degradation of VQ4 and VQ4 known as an inhibitor for WRKY transcription
factor. The PAMP mediated phosphorylation of MPK3/MPK®6 leads to the
abolishment of the inhibition of the WRKY transcription factor by VQ4
(Pecher et al., 2014, Qiu et al., 2008).
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1.6.4 The transcription factors

Transcription factors (TFs) are a class of proteins that mediate the efficiency
of transcription of genetic information from DNA to messenger RNA, via
binding to specific DNA-sequences (Endt, Kijne and Memelink, 2002). A
variety of reactions such as biochemical and physiological are formed in
plants under the impact of external stresses for example, biotic and abiotic
stresses, which can activate signals and signalling pathways lead to induce
or inhibit the expression of specific genes. In order to reduce the damage of
the plants, the transcription factor activity itself is regulated by internal or
external signals. The pattern of induced and repressed genes play a critical
role in plant stress resistance and signal transduction (Endt et al., 2002). A
large number of transcription factors are involved, in the signalling pathways
that receive stress signals and control stress-responsive gene expression
(Nakashima et al., 2009). TFs often occur in gene families, example MYB
and WRKY, which are key regulators of many plant processes (Udvardi et
al., 2007).

1.6.4.1 MYB Transcription Factors

The myeloblastosis oncogene (MYB) family is a large group identified in
eukaryotes and is widely distributed in plants (Ambawat et al., 2013; Dubos
et al., 2010).

MY B proteins can be divided into different classes depending on the based
on the number of repeats in their MYB domains. Typically contains one to
four imperfect repeats (51-53 amino acids), 4R-MYB (four repeats),
R1R2R3-MYB (three repeats), R2R3-MY B (two repeats) and 1R-MYB (one
repeat) proteins (Dubos et al., 2010; Ambawat et al., 2013; Stracke et al.,
2010).
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In recent study, MYB transcription factors have been specified that can
function as switches to control the expression of potential stress-related
genes. The function of MYB transcription factors has been investigated in
many different plants for example grapevine (Vitis vinifera L.), rice (Oryza
sativa), Arabidopsis and maize. In the grapevine, Myb14 is associated with
the variation of resveratrol content which is one of the polyphenols produced
by secondary metabolism can respond to biotic and abiotic stress such as
fungal attack, and ultraviolet radiation (Deluc et al., 2007; Selmaet al., 2008;
O’Connor etal., 2011; Wang and Li, 2014). Both MYB14 and MYB15, have
been identified as R2R3-MYB TFs involved in the transcriptional regulation
of stilbene biosynthesis in grapevine (Wang and Li, 2014). The MYB14
promoter can be activated by the upstream defence signals such as, calcium
influx, respiratory oxidase homologs (RbOHs), MAPK cascade and

jasmonate (Duan et al., 2016).

1.6.4.2 WRKY Transcription Factors

The WRKY family is one of the ten largest families of transcription factors
which can play an essential role in regulating plant growth and also is
capable of increasing the tolerance of plants to abiotic and biotic stresses,
what is found throughout the green lineage (green algae and plants) (Ulker
et al., 2004; Rushton et al., 2010). The WRKY family members contain a
DNA-binding region of approximately 60 amino acids in length, which are
highly conserved in the N-terminus and have a Cx4-5Cx22—
23HxH/Cx7Cx23HXC zinc-finger structure at the C-terminus (Rushton et
al.,2010). The WRKY family has 74 members in Arabidopsis and more than
90 members in rice (Ulker et al., 2004).
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The WRKY proteins contain either one or two WRKY domains, classified
according to the number of conserved domains and the difference in the zinc
finger protein structure. Generally, the WRKY proteins have been divided
into three distinct groups (group | have two WRKY domains, whereas groups
Il and Ill have single domains). To distinguish between the proteins of
groups Il and 111 depending on the of the Zn finger motifs (group Il presents
a C2H2 Zn finger motif and group Il presents a C2HC Zn finger motif)
(Eulgem et al., 2000; Chen et al., 2012; Erpen et al., 2017).

The WRKY protein plays an important role in the plant immune system. The
majority of the WRKY TFs are responsive to pathogenic stimuli and play
significant roles in plant defence (Buscaill et al., 2014). In Arabidopsis
thaliana WRKY TFs act in a complex defence response network to plant
innate immunity, pathogen-triggered immunity and the effector-triggered
iImmunity activates both defence responses which are mainly modulated by
the signalling pathways related to jasmonic acid (JA). In the SA signalling
pathway, downstream of an NPR1 (Non-expressor of PR Gene 1) (Li et al.
2006, 2004; Wang et al., 2006; 2014). MAP kinase involved in regulating
the WRKY transcription factor activity after triggering by different elicitor
(Popescu et al., 2009).

1.6.5 Phytoalexins in grapevine

Phytoalexins, that are antimicrobial substances of low molecular mass, are
known as secondary metabolites which plants produce in response to stresses
like a pathogen infection (Yamane et al., 2013; Jeandet et al., 2013). In
grapevine, phytoalexins provide a large field of investigation for plant
pathologists. Phytoalexins can be considered as markers for plant disease
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resistance, because they possess many biological activities against a wide

range of pathogens (Dercks et al., 1995; Jeandet et al., 2002).

The stilbenes polyphenolic compound, which are important phytoalexins and
are found in different grapevine organs, such as berries, leaves, canes and
roots, are synthesized by the plant in response to pathogen attack. A recent
study identified that stilbenes act as antifungal compounds and respond to a
range of abiotic stresses (Bavaresco et al., 2003; Schnee et al., 2008; Wang
etal., 2020), UV-C irradiation (Selmaet al., 2008; Wang et al., 2010), ozone
application (Schubert et al., 1997), salinity stress (Ismail et al., 2012),
wounding, or heavy metal treatment (Schmidlin et al., 2008), and jasmonates

and ethylene can also induce stilbenes accumulation (Wang et al., 2017).

Stilbenes are secondary metabolites derived from the phenylpropanoid
pathway the last step of this biosynthesis pathway being catalyzed by
stilbene synthase (STS) (Figure. 1.6) (Austin et al., 2003; Jeandet et al.,
2013). Many plants have the ability to collect compounds like p-coumaroyl-
CoA and cinnamoyl-CoA through the first important enzymes of this
pathway, such as phenylalanine ammonia lyase (PAL), cinnamate-4-
hydroxylase (C4H) and 4-coumarate: CoA ligase (4CL) (Liu et al., 2015).
Stilbenes are the most important factors in grape immunity, a recent study
determined that stilbene synthesis-related genes can be activated by both
flg22 and Harpin which are triggered by PTI and ETI respectively (Chang
and Nick, 2012).

The stilbene trans-resveratrol (trans-3,5,4°,-trinydroxy-trans-stilbene),
which is the basic unit of stilbenes, was isolated from Veratrum grandiflorum
for the first time in 1939 after it was found in the roots of Polygonum
cuspidatum. It is known that resveratrol is produced by 72 different plant
species including grape (Vitis vinifera), peanut (Arachis hypogaea),

blueberry (Vaccinium myrtillus), and cranberry (Vaccinium oxycoccos). A
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recent study determined high levels of stilbenes occur in grapes (Jeandet et
al., 1991; Jang et al., 1997; Wang et al., 2020). Stilbenes (especially
resveratrol and its derivatives) are not only known for their antimicrobial
activity in the plant but have been recognized for their benefits on human
health, where it provides a degree of protection against diabetes, tumor,
inflammation, and neurodegenerative diseases (Baur et al., 2006; Anekonda
et al., 2006; Kalantari et al., 2010; Wang et al., 2020).

Grapevine and wine are important dietary sources of resveratrol. Resveratrol
compounds have higher fungal toxicity than other phytoalexins (King et al.,
2006; Chung et al., 2003; Wang et al., 2010).
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Figure 1.5: General phenylpropanoid pathway (GPP) (Duan et al., 2015). Including
phenylalanine ammonium lyase (PAL), stilbene synthase (StSy), resveratrol synthase
(RS), and chalcone synthase (CHS)
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1.6.6  Jasmonic acid (JA)

Jasmonates (JAs) are a class of oxidized lipids (oxylipins), a class of
phytohormones synthesized from the fatty acid linolenic acid, and
ubiquitously present in land plants. For the first time in 1962, jasmonic acid
was isolated as a secondary metabolite from the essential oil of Jasminum
grandiflorum (Demole et al., 1962; Wasternack et al., 2007). The first
physiological effects of jasmonic acid were characterized as a plant growth

inhibitor by Sembdner's group in Halle, Germany (Dathe et al., 1981).

Jasmonates (JAs) are plant hormones that regulate a variety of plant
processes, including responses to root growth, fruit ripening, tuberization,
senescence, and pollen, they also regulate in processes related to plant
growth and development (Zhou et al., 2011; Zhou et al., 2016; Pérez &
Goossens, 2013). Recently, it has been shown that jasmonates are also
involved in plant responses to environmental stresses, for example
wounding, water deficit, ozone exposure and defence against insects and
necrotrophic pathogens (Creelman et al., 1997; Lorenzo et al., 2005). In
grapevine jasmonic acid (JA) signalling has been shown to be involved in
defence against biotrophs, such as Downy and Powdery mildews

(Hamiduzzaman et al., 2005; Guerreiro et al., 2016).

JAs have been found to induce the expression of genes that code for enzymes
catalyzing the formation of various secondary metabolites (Memelink et al.,
2001; Larrieu and Vernoux, 2016). JAs signalling is involved in the
activation of transcription factors (TFs) which regulate gene expression by
binding to cis-acting elements in the promoters of target genes (De Geyter et
al., 2012).

The jasmonate biosynthetic pathway, also referred to as the octadecanoids
pathway, takes place in two subcellular compartments: chloroplast, and

peroxisome (Figure 1.6). It starts with the cleavaged of the fatty acid linlenic
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acid from the membrane lipid of the chloroplast. The best described and so
far, only known bioactive JA is (+)-7-iso-Jasmonoyl-L-isoleucine (JA-lle).
The biosynthetic pathway that produces JA-lle also leads to the production
of several intermediates, for example cis(+)-oxophytodienoic acid (cis-
OPDA), as well as secondary metabolites (Fonseca et al., 2009; Dhakarey et
al., 2016; Wasternack et al., 2016).
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Figure 1.6: Biosynthesis and signalling pathways of JA (Dhakarey et al., 2016). It
involves many different enzymes. The biosynthesis occurs in chloroplasts and
peroxisomes. after cleavage of linolenic acid, by three enzymatic steps membrane lipid is
converted to OPDA and transported from chloroplast to peroxisome, metabolized to JA

by the action of OPR and subsequent [3-oxidation steps.
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1.7 Plant Cytoskeleton
1.7.1  The role of the cytoskeleton in plant cells

The cytoskeleton is a network of polymeric structures, provides a dynamic
framework for many essential cellular processes (Drgbak et al., 2004).
Cytoskeletal elements, such as microtubules (MTs) and actin microfilaments
(AFs), the two key components of the eukaryotic cytoskeleton, play
important roles in many different processes in the plant such as movement,
vesicle traffic, root hairs, signal transduction, development, and they respond
to biotic and abiotic stresses (Kost et al., 2000; Nick et al., 1999).

1.7.2  The role of actin filaments in plant immunity
Microfilaments (MF) form a 7-9 nm fiber consisting of actin, which is also
called the actin filament. Actin dynamics are controlled by more than 70
classes of actin-binding protein. Actin belongs to the most abundant protein
in most eukaryotic cells (Staiger and Blanchoin, 2006; Svitkina et al., 2018).
The actin cytoskeleton network is composed of filaments (F-actin) actin and
filament bundles which generated from globular (G-) actin proteins. The
transition of the F-actin and G-actin can be triggered by nucleotide
hydrolysis, ions, and a large number of actin-binding proteins ABPs,
(Drobak et al., 2004; Dominguez and Holmes, 2011). The actin filament
system, in particular, has been participating in a plethora of essential plant
cellular functions, such as the establishment of cell polarity, movement of
cellular organelles, pollen germination and tube growth, cell development,
and responses to numerous environmental stimuli (Drobak et al., 2004; Zhu
et al., 2017; Deeks et a., 2007; Li and Staiger, 2018; Qiao et al., 2010).
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The primary role of the actin cytoskeleton during plant-microbe interactions
has been determined as a transporter for antimicrobial components to the
plasma membrane and cell wall (Li and Staiger, 2018). Remodelling of the
actin cytoskeleton has been observed when the plant is infected by pathogens
(Porter and Day, 2016). Also, rapid actin reorganisation was observed during
the mechanical stress which was probed with nanoindentation technique or
a needle applied to the cell wall (Branco et al., 2017; Hardham et al., 2008).
When fungi or oomycetes tried to penetrate plant cells radial actin bundles
were often observed (Opalski et al., 2005; Takemoto et al., 2003).
Furthermore, the actin cytoskeleton reposition the nucleus to the infection

site to trigger quick immune responses (Eichmann et al., 2004).

Recently, several PAMPs and effectors were found which inhibit plant
defence by disrupt the actin cytoskeleton, such as, HopW1, which targets F-
actin to disrupt actin filaments in vitro and the actin cytoskeleton in planta
(Park et al., 2018; Kang et al., 2014). In our previous research, we clarified
that the reorganisation of the actin filaments induced the expression of
defence genes, stilbenes accumulation and cell death response to Harpin
(Qiao et al., 2010; Chang and Nick, 2012).
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1.8 Scope of the study

Grapevine, a major and economically important agricultural fruit crop,
which is constantly exposed to potentially pathogenic microbes such as
bacteria and fungi (Dry and Poinssot, 2017), is causing huge losses of yield
every year and affecting the quality of wine production (Chang et al., 2012).
During the long co-evolution with these pathogens, North American Vitis
species have developed effective immune systems mechanisms. However,
European grapes have evolved without contact to these pathogens, and
therefore represent naive hosts that lack effective mechanisms to limit

pathogenic infection.

Recent studies revealed that the plants have evolved sophisticated and robust
defence immune systems triggering many defence reactions against various
pathogens upon the perception of the pathogen-associated molecular pattern
(PAMP) (Dodds and Rathjen, 2010). Often mediated by pattern recognition
receptors (PRRs) located at the cell membrane which is leads to PAMP-
triggered immunity (PTI), which is characterized by a wide range of defence
responses such as calcium channels influx, activation of mitogen-activated
protein kinase (MAPK) cascades, and production of reactive oxygen species
(ROS).

In this study, the cell cultures from the disease-resistant grapevine Vitis
rupestris are employed to study different signalling events triggered by
chitin, a major component of fungal cell walls, as well-known as pathogen-
associated molecular patterns (PAMPs) that trigger defence responses in
grapevine. A range of defence responses were investigated including the
dependence of apoplastic alkalinisation as readout for early signalling by
calcium channels and NADPH oxidase, ROS burst, MAPK signalling,

cytoskeletal reorganisation, defence gene expression. Considering these
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points, the aim of my thesis was to map chitin signalling as PAMP to all
fungi.
1- Chitin as fungi PAMP can activate basal defence to pathogen such as
Powdery mildew?

2- What are the early signals mediating the chitin triggered responses?

3- What is the role of cytoskeleton in chitin signalling?
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2. Materials and Methods

2.1 Cell strains and plant material

Chardonnay, a transgenic cell line of Vitis vinifera, expressing the
fluorescent actin marker GFP-AtFABD2 (Akaberi et al.,, 2018) and
suspension cultures of Vitis rupestris expressing the fluorescent tubulin
marker GFP-AtTUBG6 (Lebrun, 1985) were used in these experiment. The
cells were cultivated in liquid medium containing 30 gL sucrose, 200 mg
Lt KH2PO4, 0.2 mg L 2,4 dichlorophenoxyacetic acid (2,4-D), 100 mg L
Linositol, 1 mg L thiamine, and 4.3 g L Murashige and Skoog salts
(Duchefa, Haarlem, The Netherlands), pH 5.8. Cells were subcultured
weekly by inoculating 5 ml of stationary cells in to 30 mL of fresh medium
in 100 ml Erlenmeyer flasks and incubated at 27 °C in a dark room on a
horizontal shaker (KS250 basic, IKA Labortechnick, Staufen, Germany) at
150 rpm. For cultivation of the transgenic MT marker line, the medium was

supplemented with hygromyacin (30 mg L1).

2.2 Measurement of extracellular alkalinisation

Extracellular alkalinisation is known to be an early defence response in
plants. It reports the co-import of protons with calcium as earliest known
event of signalling (Felix et al., 1993). Extracellular alkalinisation was
measured by a pH meter (pH 12, Schott Handylab) with a pH electrode (LoT
403-M8-S7/120, Mettler Toledo). This electrode was used to explore
extracellular pH change. The suspension V. rupestris cells were shaking for
60 min till the pH was stable and no longer changed, then the chitosan was
added to a final concentration of 25 mg/L. After one hour in the dark, the
samples were collected and analysed. Over time, the response of the cells

has changed back to normal which allowed for a maximum of 1 h incubation
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before data collection. More than three biological replicates for the

experiment were made, and the results were stable.

2.3 Determination of cell mortality

To determine cell viability, cell treated with 25 mg/L chitosan were stained
after 12 h with Evans blue (Vijayaraghavareddy et al., 2017). Cells were
transferred into a custom-made staining chamber to remove the medium
(Guan et al., 2013) and then incubated with 2.5% Evans blue for 5 min. After
washing five times with distilled water, cells were put on a slide and
observed under a light microscope (Zeiss-Axioskop 2 FS, DIC illumination,
20 x objective). Evans blue is membrane impermeable but can penetrate
through ruptured or destabilized membranes from dead cells, resulting in
blue staining of the cell interior. Cell mortality was determined as the ratio
of the number of dead cells over the total number of scored cells. At each

time point 2000 cells were scored in three independent experiments.

2.4 Elicitor and Inhibitor treatments

2.4.1  Chitosan treatments

Chitosan experiments were performed in triplicates using 4 days old V.
rupestris cell cultures. Chitosan (low molecular weight, 75 % deacetylation
purchased from Sigma-Aldrich, Saint Louis, MO, USA), was dissolved in
0.1 M Acetic acid solution (Sigma-Aldrich).
Chitosan solution was added into the cell cultures to yield the final
concentrations of 25, 50 and 75 mg/L. Cell cultures treated with the volumes
of 1% acetic acid solution as the control for chitosan. The most effective

concentration of chitosan was chosen according to the results.
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2.4.2 Flg22 treatments

Bacterial flagellin-derived flg22 peptides are known to activate plant
defence. Flg22 was purchased from a commercial producer (GenScript,
Luxembourg) and was used in the final concentration of 1 uM, diluted in

sterile H,O and used as solvent control for flg22.

2.4.3 Inhibitor treatments

Application of Gadolinium (111)-chloride.

It was used as an inhibitor to target the calcium channels in the plasma
membrane (Aldrich, Deisenhofen, Germany) to block them. GdCl; was
dissolved in H,O in final concentration of 10 mM. H,O was used as solvent

control to Gadolinium (I11)-chloride.
Inhibitor Diphenylene-iodonium chloride.

Diphenylene-iodonium chloride (DPI) (Sigma-Aldrich, Deisenhofen,
Germany) was used to inhibit the plasma membrane localized RboH enzyme,
diluted from a 10 mM stock in DMSO. DPI was used to inhibit ROS and it

was added to a final concentration of 20 pM.
Inhibitor Diphenylene-iodonium chloride PD98059.

To examine the influence of MAPK signalling PD98059 which is targeted
to the mitogen-activated protein kinase kinases (MAPKKS) (Sigma-Aldrich,
Deisenhofen, Germany), was used at a final concentration of 50 uM after it

was dissolved in DMSO. DMSO was used as a solvent control.
Inhibitor Latrunculin B.

To assess the role of actin filaments, an inhibitor of actin polymerisation,
Latrunculin B (Sigma-Aldrich, Deisenhofen, Germany) which can disrupt

actin filament organisation, was diluted in ethanol from a 25 mM stock to a
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concentration of 1 mM. Ethanol was used as a solvent control for Latrunculin

B. The cells were observed under the microscope.

Inhibitors were accompanied by solvent controls, where the maximal
concentration of solvent (never exceeding 0.1% v/v) used in the test samples
was administered. If not stated otherwise, the treatments with chitosan or the
inhibitors lasted for 1.5 hours. All experiments were performed at day 4 after
sub-cultivation when the culture had completed proliferation and was

undergoing cell expansion.

2.5 Pharmacological treatments

2.5.1  Manipulation of Ca?" influx at the plasma membrane

Calcium ions are essential early signalling molecules that can regulate many
signalling processes (Verkhratsky & Parpura, 2014), among others in
defence or stress responses. Gadolinium trichloride (GdCls) was used as
inhibitor of calcium-influx channels (Sigma-Aldrich, Germany). GdCl; was
dissolved in H,O and used in a final concentration of 100 mM. Cell
suspension of V. rupestris were collected as control, divided to two different
flasks and supplemented with 100 mM GdCls to the cells. H,O acted as a
solvent control. Both samples and control were incubated in the dark for 0.5
hours, and the cells were collected after adding 25 mg/L of chitosan or 1 %
of acetic acid as solvent control. Subsequently there was an incubation in the

dark for 1 hour, after which the samples were collected for RNA extraction.
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2.5.2 Manipulation of ROS

Diphenyleneiodonium (DPI) acts by binding to flavin-binding enzymes,
particularly the NADPH oxidase/respiratory burst oxidase homolog (RboH),
thereby inhibiting the production of ROS. The cell suspensions were diluted
from a 100 uM stock solution in DMSO. The cells were collected, divided
into two different flasks and supplemented with 20 uM of DPI for 0.5 hours.
For the negative control, the cells were treated with the same concentration
of the solvent DMSO. Afterwards the cells were collected and supplemented
with 25mg/L chitosan or 1 % of acetic acid as solvent control, followed by
an incubation in the dark for 1 hour, following the collection of the samples

for the upcoming RNA extraction.

2.5.3  Manipulation of membrane fluidity

Alterations in membrane fluidity are among the early events in plants. To
modulate membrane fluidity Benzyl alcohol (BA) can be used to increase
membrane fluidity and thereby affecting lipid bilayer structures. It was used
in a concentration of 10 nM. Additionally, DMSO, a solvent control and also
a documented membrane rigidifier (Orvar et al., 2000), was added directly
to the cell suspension at the same concentration, which was used in the BA
treated sample, followed by an incubation 0.5 hours. The cells were kept in
the dark, treated with chitosan or acetic acid as solvent for chitosan for 1

hour.
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2.6 RNA extraction and cDNA synthesis

The V. rupestris cells were collected, shock-frozen in liquid nitrogen and
grounded with mortar and pestle (both heat-sterilised and then precooled).
Total RNA was isolated by using the Universal RNA Purification Kit
(Roboklon, Berlin, Germany), according to the protocol of the manufacturer.
The extracted RNA was treated with DNase (Qiagen, Hilden, Germany), to
remove potential contamination of genomic DNA. To determine quantity
and quality of the RNA, the samples were measured spectrophotometrically
(NanoDrop, Radnor, USA) and analysed by electrophoresis on a 0.4%

agarose gel.

By using M-MuLV cDNA Synthesis Kit the mRNA was transcribed into
cDNA (New England BioLabs; Frankfurt am Main, Germany). The RNase
inhibitor was used to prevent the degradation of RNA (New England
Biolabs; Frankfurt am Main, Germany). After measuring the concentration
of RNA, 1 ug total RNA was prepared for the to synthesis of cDNA. The
steps of cDNA synthesis are as follows: First 1 uL of 10 mM dNTPs and 0.4
uL of 100 uM oligo-dTs were added to 1 pg total RNA. The solution was
filled up with nuclease-free water to a final volume of 16 puL. The mixture
was incubated at 65 °C for 5 min and put immediately on ice after a short
spin. Subsequently, 10xRT buffer (500 mM Tris-HCI (pH 8.3), 750 mM
KCI, 30 MM MgCl2 and 100 mMDTT), 0.5 uL. RN Aase inhibitor (10 U/uL),
0.25 uL M-Mulv reverse transcriptase (200 U/uL), 2 uL Mulv buffer, and
1.25 pL nuclease-free water were added into each PCR tube. After mixing,
they were incubated at 42 °C for 1 hour, followed by an incubation at 90 °C

for 10 min to stop the reaction.
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2.7 Quantitative Real-Time PCR Analysis

Quantitative real-time PCR is the most important technology often used for
the absolute quantification of nucleic acids (Lehmann et al., 2001). The
CFX96 Touch ™ Real-Time PCR Detection System from Bio-Rad
Laboratories GmbH (Munich) was used to perform the real-time gPCR. The
Ubiquitous 10 housekeeping gene was used as an internal standard to
quantify the transcript levels of JAZ1, PAL, RS, and VICHIT. These genes
were measured by quantitative real-time PCR (qRT-PCR).

A plate was used with 96 wells containing the reaction mixture of 20 pl
volume. The reaction mixture contained 1 pL cDNA (1/10 dilution), 11.75
uL nuclease-free H,0O, 4 uL GoTaq buffer, 0.4 uL ANTP (10 mM), 0.4 uL
forward primer, 0.4 pL reverse primer, 1 uL. MgCl2 (50 mM), 0.1 uL. GoTaq
Pol and 0.95 pL SybrGreen (Invitrogen, Karlsruhe, Germany).

The PCR conditions were as follows: Initial denaturation was performed
once for 3 min at a temperature of 95 °C. Subsequently, 40 cycles of
denaturation were carried out at 95 °C for 15 sec and annealing and
elongation at 60 °C for 40 sec. Finally, in preparation for the melting curve,
the cycler was set once first to 95 °C for 10 seconds and then to 65 °C for 31
seconds. The melting curve started at 65 °C, and for a total of 60 cycles of
0.5 seconds each, the temperature was increased by 0.5 °C in each cycle up
to 95 °C. By the melting curve analysis the homogeneity of the PCR products
was confirmed. Analysis of the data was performed using the 2 -a act
method (Livak and Schmittgen, 2001). The Ubiquitin 10 housekeeping gene
was used as an internal reference to normalize the relative level of the target
gene by calculating ACt. The difference in the Ct values between the
housekeeping gene (Ubiquitin 10) products and the target gene products was
calculated by ACt=Ct(target)-Ct(reference).
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The difference in target gene expression between control and treated samples
was expressed as 2-a aCt (AA Ct = A Ct treated - A Ct control). The
experimental procedure comprises three biological replicates and three

technical replicates for each biological replicate.

Table 2.1: List of primers used for expression analysis by qRT-PCR

Gene GenBank Primer sequence 5¢-3¢ Reference

name accession no.

EFla EC959059 Sense: 5°-3° Duan et al.
TGTCATGTTGTGTCGTGTCCT (2015)

Antisense: 5°-3’
CCAAAATATCCGGAGTAAAAGA
PAL X75967 Sense: 5°-3° Belhadj et
TGCTGACTGGTGAAAAGGTG al. (2008)

Antisense: 5°-3°

CGTTCCAAGCACTGAGACAA
RS AF274281 Sense: 5°-3° Duan et al.
TGGAAGCAACTAGGCATGTG (2015)
Antisense: 5°-3’
GTGGCTTTTTCCCCCTTTAG
STS X76892 Sense: 5°-3° Duan et al.
CCCAATGTGCCCACTTTAAT (2015)
Antisense: 5’-3°
CTGGGTGAGCAATCCAAAAT
MYB 14 NWO003724037 Sense: 5°-3° Duan et al.
GGGGTTGAAGAAAGGTCCAT (2016)

Antisense: 5°-3’

GGCCTCAGATAATTCGTCCA
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XM002276889 Sense: 5°- Duan et al.
3’AGACGAGGAAGACGACGAGCTG (2016)
Antisense:5’-3’

CGGTGACTTGTTCGGCGAGTTC

SRX3057625 Sense: 5¢- Brulé et al.
AGCATTGGGTTTGATGGCTTG-3’ (2019)
Antisense: 5°-
ACAGAGTGCACATTGGTCATC-3’
GF900329 Sense: 5°- Ismail et
TGCAGTCTGTTGAGCCAATACATA- al. (2012)
3’
Antisense: 5°-

CACGTTTCCGGACTTCTTTACAC-3’
At1g48500 Sense: 5°-GCAGCGTTTCCTCCAGAA- Oblessuc et
3’ al. (2020)
Antisense: 5°-
CACCGCCGCCTTCTTGTAT-3’
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2.8 Quantification of actin responses in grapevine cells

The integrity of the actin cytoskeleton is essential for plant immune
responses (Leontovycova et al., 2019). The actin filaments were observed in
grapevine cells of the actin marker line V. Vinifera ‘Chardonnay’ GFP-
AtFABD2 by using a spinning disc microscope. Confocal z-stacks were
recorded with an AxioObserver Z1 (Zeiss, Jena, Germany) using a 63 x LCI-
Neofluar Imm Corr DIC objective (NA 1.3), the 488 nm emission line of an
Ar-Kr laser and a spinning-disc device (Yokogawa CSU-X1 Spinning Disk
Unit, Yokogawa Electric Corporation, Tokyo, Japan) (Akaberi et al., 2018).
The images were operated via the ZEN 2012 (Blue edition) software
platform to generate orthogonal projections from the recorded stacks and to

export in TIFF format.

To quantify the degree of actin aggregation, a strategy from Schwarzerova
et al. (2002) was used. Intensity profiles were collected along a grid of
equally spaced lines (four lines oriented perpendicular to the cell axis) using
a line width of 10 pixels and the spline averaging option (ImageJ,

https://imagej.nih.gov/ij/).
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3. Results

3.1 Chitin induced extracellular alkalinization.

Extracellular alkalinization as one of the earliest responses detected is a
modification of plasma membrane permeability, in particular Ca?*, H*, and
K* and anion fluxes that can be conveniently followed as changes of
extracellular pH (Felix et al., 1999; Nurnberger and Scheel, 2001; Chang et
al., 2012). To address the role of fungal PAMP in defence, | used chitosan
as a tool to induce plant defence. Our previous work has shown that bacterial
PAMP flg22 and bacterial secreted protein Harpin induce plant defence
(Qiao et al., 2010; Chang et al., 2012).

In the first part, | started with the extracellular alkalinization as a fast cellular
response monitoring plant defence (Qiao et al., 2010). Extracellular pH
increased rapidly from about 20 s after addition of (25 mg/L) chitosan,
during 15 min the response was accelerated and reached a higher amplitude
and subsequently decreased slowly (Figure 3.1 A). For the solvent control,
the extracellular pH decreased rapidly from about 2 min after adding 1 % of
acetic acid and subsequently decreased, the amplitude of the peak at 20 min
was lower (Figure 3.1 B). We therefore compared the difference of ApH
between the chitosan and solvent control. For the chitosan response up to
almost 0.9 pH units were obtained, for the control -0.05 pH units. From our
study, we found that stronger alkalinization can be induced by chitosan.

In our previous work, we had quantified the response to flg22 and observed
a difference in the sensitivity of the cell lines. However, compared to
elicitation with flg22, the pH response triggered by chitosan was faster
reaching the maximum about 15 min while for the flg22 maximum was
reached at 20 min (Chang et al., 2012).
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Figure 3.1: Representative time courses of extracellular alkalinisation. Cells were
preincubated for 30 min, at time 0 min. A, chitosan (25 mg/ml in 1% Hac). B, 1% Hac as

solvent control were added (arrows). Data represent mean values from three independent

experiments.
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3.1.1 Chitosan induced extracellular alkalinization is more

sensitive to Gd ions

The extracellular alkalinization can be used to conveniently monitor the
activity of calcium influx, this strategy has been widely used for the
activation of early defence. In the membrane the activation of calcium influx
channels linked with the cotransport of protons (Ding et al 1993; Wang et
al., 2017). In order to verify this hypothesis, we blocked calcium influx by
100-uM GdCls, an inhibitor of mechanosensitive calcium channels, and
measured extracellular alkalinisation evoked by Chitosan in presence of
GdCls. It could be observed that alkalinisation in response to chitosan was
significantly inhibited by addition of GdCl; as compared to the solvent
control (Figure 3.2 A, B).
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Figure 3.2: Effect of GAClIs on the calcium ions in response to chitosan. Cells were
preincubated with the 100 uM GdCls for 30 min, at time 0 min. A, chitosan (25 mg/ml in
1% Hac). B, 1% Hac as solvent control were added (arrows). Data represent mean values

from three independent experiments.

39



Results

3.1.2 NADPH oxidases (Respiratory burst oxidase
homologues, RBOHSs) induced by chitosan

The apoplastic oxidative burst is one of the earliest events in response to
elicitor perception. NADPH oxidase RbOH appears as key proteins in
pathogenesis-related ROS production. ROS are not only toxic byproducts of
aerobic metabolism but, have also been recognized as an important signal in
microbial pathogens. This signalling function is connected with the
activation of the RobOH enzyme (Jones and Dangl, 2006; Wang et al., 2017).
We, therefore, probed for a potential role of RbOH enzyme by using
diphenyleneiodonium (DPI) which inhibits the production of ROS by
specifically binding to flavin-binding enzymes, particularly the RbOH
enzyme. The oxidative burst is triggered by chitosan in presence to10 uM of
DPI. Chitosan has significantly induced the production of ROS compared to
the solvent control (Figure 3.3 A, B). We observed that chitosan induced
significantly oxidative burst and caused ROS production which regulated

different downstream signalling events.
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Figure 3.3: Production of reactive oxygen species (ROS) triggered by chitosan. Cells
were preincubated with 10 uM DPI for 30 min, at time 0 min, chitosan (25 mg/ml in 1%
Hac) or 1% Hac as solvent control were added (arrows). Data represent mean values from

three independent experiments.
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3.2 Chitosan induces the expression of defence genes

During their lifespan, plants are constantly exposed to potentially pathogenic
microbes such as fungi, bacteria, oomycetes or viruses and various abiotic
stresses, such as drought, cold, and high salinity (O’Brien and Benkova,
2013). These abiotic and biotic stresses strongly affect plant growth,
development, fertility, and productivity. In order to avoid the damaged and
alteration in plant growth and development caused by microbes and fungi,
plants must adjust themselves. Up- and downregulation of hormone
signalling pathways plays a major role in producing and adapting to stress or
new environmental conditions. There are many different defence responses
require such as intracellular and intercellular signalling pathways that are
often interconnected at the level of perception, transduction, and response
(Repo et al., 2008; Wang et al., 2017). Up- and downregulation of hormone
signalling pathways plays a major role in inducing defence signalling

cascade and activating defence genes.

In our experiment, we selected three major plant hormones potentially
involved in response to stress factors such as pathogen attack. Phenyl
ammonium lyase (PAL) as the first committed step of the phenylpropanoid
pathway, subpopulations of the stilbene synthase family, resveratrol
synthases (RS), and JASMONATE ZIM DOMAIN (JAZ1).

The earlier step of the branched phenylpropanoid pathway, the
transformation of phenylalanine into trans-cinnamate, is catalyzed by L-
phenylalanine ammonia-lyase. Increasing the level of PAL activity act as an
early response to attempted penetration by pathogens, therefore a partial
suppression of PAL gene expression, may lead to increased fungal
susceptibility (Maher et al., 1994; Shadle et al., 2003; MacDonald and
D’Cunha, 2007). In our study, we found that phenyl ammonium lyase (PAL)

trigged by chitosan and significantly induced. The suspension cells were
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induced after 1 hour adding chitosan showed upregulation in the gene
expression (Figure 3.4 A), with the significant differences of the levels of

gene expression with the control.

The previous experiment demonstrated that chitosan activates the RboH
enzyme. From our previous work, we clarified that the activation of RboH
could activate genes of the stilbene pathway. In grapevine, stilbenes, in
general, and resveratrol (trans-3, 4, 5-trihydroxystilbene) in particular, are
well-known phytoalexins active against Downy and Powdery mildew.
(Chang et al., 2011; Tassoni et al., 2005). In our study, we found that
chitosan significantly induced the transcripts of the resveratrol synthase (RS)
gene. As shown in (Figure. 3.4 B), after 1 hour of exposure to 25 mg/L of
chitosan very strongly induced the expression of RS was very high (around

35-fold), as compared to the control.

The experiments described above showed that chitosan triggered induction
of different defence genes. Jasmonic acid (JA) is an important phytohormone
that is derived from unsaturated fatty acid, linolenic acid, and ubiquitously
present in the plants. Jasmonic acid is a substantial component of the
complex signalling networks that mediate plant defence responses against
fungi pathogens which also accumulates in response to infection with
necrotrophic pathogens and to herbivore feeding (Hyun et al., 2008; Ziegler
et al., 2000). We found that chitosan elicitor induced the expression of JAZ1
(Figure 3.4 C), and we observed significant differences between chitosan

treatment and control.
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Figure 3.4: Gene transcription induced by chitosan in V. rupestris. Cells were treated
for 1 hour with 25 mg/L of chitosan and 1 % of solvent control (acetic acid). A, Response
of steady-state transcript levels for phenyl ammonium lyase (PAL). B, resveratrol
synthase (RS). C, JASMONATE ZIM DOMAIN (JAZ1). The working hypothesis was
tested by this experiment. Data represent mean values and standard errors from three
independent experimental series with three technical replications for each biological
replicate. Transcript levels are calibrated to UBI as the internal standard. Asterisks
indicate significant differences with* P<0.05 and ** P<0.01. D, The model of the chitosan

triggered defence genes.
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3.2.1 Chitosan induced calcium influx into the cytoplasm is

necessary and sufficient to activate defence genes
Calcium channels are involved principally in signal transduction. Calcium
has been recognized for a long time as a center of the secondary messenger
because it directly responds to different stimuli and is one of the earliest
responses of plants cells to microbial elicitors (White, 2000; Gilroy et al.,
1990; Felix et al., 1993). We, therefore, used calcium channels to monitor a
potential activation of defence responses by chitosan in suspension cells of
Vitis rupestris. The cells were treated with 25 mg/L of chitosan for 1 hour.
GdCls; acts as an inhibitor of mechanosensitive calcium channels, therefore
the cells of Vitis rupestris was treated with 100 uM of GdCl; for 30 minutes
to block the calcium influx channel essential for the activation of early

defence genes.

The approach was to get insight whether this early response would be
followed by activation of defence-related genes, especially the activation of
phytoalexin synthesis and jasmonate pathway. We selected genes such as
phenylalanine ammonium lyase (PAL) as the first committed step of the
phenylpropanoid pathway, resveratrol synthase (RS), and JASMONATE
ZIM DOMAIN JAZ1, and the transcript level was measured.

As shown in (Figure 3.5 A) 1 hour upon treatment with 25 mg/L to chitosan,
the transcripts of the (PAL) were induced but the transcript level in response
to GdCl; as inhibitor for calcium higher than to the chitosan elicitor. The
transcript level was induced significantly in response to GdCl; (30 min)
pretreatment followed by chitosan (1 h) treatment. Our result indicated that
the calcium influx is inhibiting the chitosan dependent gene induction for
PAL.

Related to the resveratrol synthases (RS), Calcium influx inhibited in
response to GdCl; after treating the cells for 30 min significant difference
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compared to the chitosan elicitor, these data show that pretreatment GaCl3+
chitosan can induce a significantly compared to the inhibitor and chitosan.
We observed that the GdCls inhibit calcium influx triggered by chitosan
(Figure 3.5 B).

To test whether the defence gene JAZ1 can be induced by calcium channels.
Therefore, calcium channels were blocked by using GdCls;. Chitosan
significantly induced calcium influx compared to the Inhibitor (GdCls), and
there are no significant differences between chitosan and pretreatment
(Figure 3.5 C). Our result demonstrated that the calcium influx is
obviously inhibiting chitosan dependent gene induction, but only for PAL
and RS - JAZ1 is regulated differently (Figure 3. 5).
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Figure 3.5: GdCls inhibit the calcium channels influx and response to the transcript
levels for A, phenylammonium lyase (PAL), B, resveratrol synthase (RS), and C,
JASMONATE ZIM DOMAIN (JAZ1), to the 25 mg/L of chitosan for (1 h), 100 uM of
GdCls for (30 min), and pretreatment followed by GdCls (30 min) + (Chitosan 1 h). Data

represent mean values and standard errors from three independent experimental series

with three technical replications for each biological replicate. Transcript levels are

calibrated to EF-1a as the internal standard. Asterisks indicate significant differences

with* P<0.05 and ** P<0.01. D, the model of the chitosan triggered the calcium ion.
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3.2.2 Chitosan induced respiratory burst oxidase homologs
(RboHs) in V. rupestris cells is blocked by DPI

Reactive oxygen species (ROS) are the natural by-product of metabolism,
ROS generated by the membrane-associated NADPH oxidase Reactive burst
oxidase Homologue (RboH), first described as the physiologically controlled
and rapid ROS generation during the early responses to pathogen infections.
ROS act as secondary messengers and are responsible to induce an important
signal in responses to various abiotic and biotic stresses (Quesada et al.,
2016; Chang and Nick, 2012). Activation of the membrane-located NADPH
oxidase is linked with signalling. We, therefore, checked the potential role
of the RboH enzyme by using the specific inhibitor diphenyliodonium (DPI).
We elucidated that chitosan act as an elicitor that is necessary to activate the

RboH enzyme.

We selected three interesting genes, phenylalanine ammonium lyase (PAL),
resveratrol synthase (RS), and stilbene synthase (StSy) representing the first
committed step of the stilbenoid branch.

As shown in (Figure 3.6 A), chitosan was used as an elicitor to induce
defence genes. The V. rupestris suspension cells were treated with the 10 -
uM of DPI for 30 min. We observed that the expression level of PAL was
significantly higher around 17-fold over in response to chitosan, as compared
to the inhibitor + solvent control (DMSO) for inhibitor and triple treatment.
Our results showed that RboH enzyme-induces the chitosan-dependent gene

which upregulated the expression of PAL.

As shown in the previous experiments chitosan induced the expression of
phytoalexin biosynthesis genes. We tested whether the resveratrol synthase
(RS) and stilbene synthase (STS) response depends on the membrane-
associated NADPH oxidase. To investigate this hypothesis, we used an
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inhibitor diphenylene iodonium (DPI), to block the activity of the NADPH
oxidase enzyme.

As shown in Figure 3.6 B and C, chitosan significantly induced the
transcript levels of resveratrol synthase and stilbene synthase genes, less
pronounced for STS (around 8-fold), as compared to RS (around 12-fold),
and we found a similar response of chitosan to RS and STS, the significant
difference between chitosan and DMSO as solvent control for inhibitor but
we have not found a significant difference between DMSO+chitosan and

DPI+chitosan.
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Figure 3.6: Effect of inhibitor diphenyliodonium (DPI) on the NADPH oxidase
reactive burst oxidase Homologue (RboH). response to chitosan, in the V. rupestris
GFP-TuB6 cell line. (A, B, C), (25 mg/L, 1 hour) of chitosan and 10-uM of DPI for 30
min and 1% of DMSO for 30 min. Data represent mean values and standard errors from
three independent experimental series with three technical replications for each biological
replicate. Transcript levels are calibrated to EF-1a as the internal standard. Asterisks
indicate significant differences with* P<0.05 and ** P<0.01. D, Working model of
chitosan target NADPH oxidase.

3.2.3  Chitosan can induce membrane fluidity is necessary

and sufficient to activate defence genes
Various environmental stresses cause changes in the physical properties of
the membrane fluidity in living cells. Cells recognize these modifications via
sensory proteins in their membranes. The proteins transfer the signals to the
networks of signal-transduction pathways, which cause the regulation of
many different genes (Murata & Los, 1997; Los & Murata, 2000; Los &
Murata, 2004). The physical state of the membrane fluidity also acts directly
to regulate the activity of membrane-bound proteins, such as sensor proteins,
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ion channels, translocators of small molecules, and receptor-associated
protein kinases (Wood et al., 1999; Sukharev et al., 1999).

To investigate whether chitosan triggers membrane fluidity, we used Benzyl
alcohol (BA), an amphiphilic molecule, to modulate membrane fluidity. It
was used as a membrane fluidizer that affects lipid bilayer structures. Again,
the induction of phytoalexin synthesis genes phenylalanine ammonium lyase
(PAL), and resveratrol synthase (RS), and JASMONATE ZIM DOMAIN
(JAZ1) was monitored by gPCR.

As shown in Figure 3.7 A, B and C, 25 mg/L of chitosan for 1 hour
significantly induced the transcripts of all three genes, less pronounced for
JAZ1 (around 4-fold), as compared to PAL (around 27-fold), and
upregulation in the expression of gene RS is very high (around 35-fold). To
test, whether the fluidity of the membrane is necessary for this activation, we
applied 1 % of the benzyl alcohol to the suspension cells. The expression of
three genes was very low (by about 20-fold) related to the PAL, (by about
12-fold) related to the RS, and (by about 3-fold) related to JAZ compared to
the chitosan. The induction of three genes significant difference with BA

related to three genes.
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Figure 3.7: Effect of benzyl alcohol (BA) and DMSO on the membrane fluidity,
response to chitosan, in the V. rupestris GFP-TuB6 cell line. (A, B, C), (25 mg/L, 1
hour) of chitosan and 10 pM of DPI for 30 min and 1% of DMSO for 30 min. Data
represent mean values and standard errors from three independent experimental series
with three technical replications for each biological replicate. Transcript levels are
calibrated to EF-1a as the internal standard. Asterisks indicate significant differences

with* P<0.05 and ** P<0.01. D, Working model of BA targeted membrane fluidity.
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3.2.4 MAPK signalling is necessary for chitosan triggered

the gene expression

Plants have developed innate immune systems to recognize and respond to
various stimuli, such as inhibiting colonization and invasion by pathogens.
Plants can recognize pathogen-associated molecular patterns (PAMPS)
including fungal chitin, which is often mediated by pattern recognition
receptors (PRRs) which trigger the intracellular activation of mitogen-
activated protein kinase (MAPK) cascades and represent as one of the major
signalling systems of plant cells. The MAPK cascades have also been
involved in the activation of defence gene expression. To investigate the
possible involvement of MAPKS in chitin signalling, we used the specific
MAPK cascades inhibitor PD98059 (Wan et al., 2004; Kawasaki et al.,
2017; Wang et al., 2017).

We, therefore, used the same approach to investigate, whether MAPK
signalling was involved in the activation of phytoalexin genes phenylalanine
ammonium lyase (PAL), resveratrol synthase (RS), and JASMONATE ZIM
DOMAIN JAZ1.

As shown in Figure 3.8 A, we observed that the steady-state level of
phenylalanine ammonium lyase (PAL) was increased (around 28-fold) over
in response to chitosan, as compared to the solvent control for Inhibitor
DMSO which is (around 7-fold), and PD98059 inhibitor (around 8-fold). Our
results demonstrated that a MAPK cascade is involved in chitosan signalling
and induces defence gene.

Related to the resveratrol synthase (RS), we observed that chitosan induced
the transcript levels of RS, the induction of the gene RS was significantly
induced by around 35-fold, which is much higher compared to the PD98059
inhibitors and solvent control for an inhibitor, and no significant difference
between inhibitors, DMSO and pretreatment were observed. These results
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demonstrate that the MAPK cascade signalling is necessary for the activation
of defence genes targeted by chitosan (Figure 3.8 B).

We found that chitosan significantly induced the transcripts of all three genes
(PAL, RS, and JAZ1), but less pronounced for JAZ1 (around 4-fold), as
compared to RS (around 35-fold), and PAL (around 28-fold). As shown in
Figure 3.8 C, the induction of the JAZ1 gene targeted by chitosan was found
to be significantly higher compared to the PD98059 inhibitor and the solvent
control DMSO, and there was no significant difference between chitosan and
pretreatment. These results indicated that MAPK cascade mediated chitosan

signalling pathway.
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Figure 3.8: Effect of PD98059 inhibitor on the mitogen-activated protein Kinase
(MAPK) response to chitosan. (A, B, C) Response of transcript levels for
phenylammonium lyase (PAL), the resveratrol synthase, and JASMONATE ZIM
DOMAIN (JAZ1) to either 25 mg/L chitosan (1 h), 10 uM PD98059 (30 min), or a
combination of PD98059 (30 min) pretreatment followed by chitosan (1 h) treatment.

Data represent mean values and standard errors from three independent experimental

series with three technical replications for each biological replicate. Transcript levels are

calibrated to EF-1a as the internal standard. Asterisks indicate significant differences

with* P<0.05 and ** P<0.01. D, working hypothesis tested by this experiment.
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3.2.5 Vitis rupestris TuB6 and wild type respond differently
to the jasmonic acid dependent genes JAZ1, and JAZ4

Throughout their life cycle, plants face various challenges. In order to
survive, plants must be able to produce defence compounds to face the
challenges (O’Brien and Benkova, 2013; Tang et al., 2020). Jasmonic acid
plays a major role to regulate plant response under environmental stress
conditions and mediate plant defence against various biotic stresses, such as
bacterial and fungal pathogens. JA is responsible to induce defence-related
gene expression in infected plants (Thaler et al., 2002; Wasternack and
Hause, 2013; Ingle et al., 2015).

We, therefore, quantified the effect of chitosan in response to two different
jasmonate-dependent genes, JAZ1, and JAZA4. In order to find out, whether
the cellular effects produced by chitosan depend on microtubules, we
compared the difference between the two cell lines, non-transformed wild-
type cells (V. rupestris) with the V. rupestris GFP-TuB6 cells, in which the

microtubules are slightly stabilized.

As shown in Figure 3.9 A, after inhibiting calcium influx by GdCl; (30 min),
treated chitosan with GdCls; and solvent control for inhibitor, we found
chitosan induced the transcript levels of JAZ1 and JAZA4. In the case of the
GFP-TuB6 the expression level of JAZ1 was found to be significantly higher
than JAZ4, however in the case of the wild type the expression level of JAZ1
was higher. The response of the GFP-TuB6 cell line has strongest expression
level compared to the wild type. The results demonstrated that the
microtubules are involved in the chitosan signalling.

We, therefore, used the same approach to investigate, membrane fluidity by
benzyl alcohol (BA) and membrane rigidity by DMSO, after treatment with
chitosan. As shown in Figure 3.9 B, after adding chitosan we found strong
induction of cotreatment of chitosan and BA compared to chitosan DMSO,
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and the induction level of chitosan in JAZ1 higher than the JAZ4 in GFP-
Tub6. In the case of wild type, there is no significant difference between
JAZ1 and JAZ4.
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Figure 3.9: A, Effect of GACls as an inhibitor for calcium channels after targeted by
chitosan. Heatmap for visualizing the expression of genes. Gene expression analysis of
JAZ1 and JAZ4, in the V. rupestris GFP-TuB6 and wild type cell lines. B, Effect of
benzyl alcohol (BA) and DMSO on the membrane rigidification, after targeted by
chitosan. gene expression analysis of JAZ1 and JAZ4, in the V. rupestris GFP-TuB6 and
wild type cell lines. Data represent mean values from three independent experimental

series with three technical replications for each biological replicate.
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3.2.6  Chitosan induced the expression of chitinase

responsive genes

Plant diseases are the major factor that cause large losses in the crop yield,
worldwide. The majority of crop diseases is occurred by large number of
pathogens like bacteria, viruses and fungi. To face pathogens, plant have
evolved the defence mechanisms that are simulated by pathogen attack
(Mishra et al., 2015). Chitinase are one of the largest and various group of
enzymes and also one of the important plant pathogenesis related (PR)
protein. Chitinase is involved in the plant defence system by stimulating their
chemical, physical, biological, and kinetic properties (Jalil et al., 2015). The
enzyme chitinase is a glycanohydrolase which plays a key role in plant
defence mechanism during fungal attack due to their ability to digest chitin,
which is a linear homopolymer of 1, 4-N-acetyl-Dglucosamine residues,
which constitutes 30-60% of the cell wall of most fungi (Collinge et al.,
1993).
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Figure 3.10: Chitosan induced defence responses and resistance to pathogens in
grapevine. Heatmap for visualizing the expression of genes. Expression of defence genes
encoding a phenylalanine ammonia lyase (PAL), resveratrol synthase (RS),
JASMONATE ZIM DOMAIN (JAZ1) and acidic chitinase (CHIT4) measured by
quantitative polymerase chain reaction (QPCR) 1 h post-treatment with chitosan (25
mg/L). Data represent mean values from three independent experimental series with three

technical replications for each biological replicate.

3.3 Chitosan can induce actin remodelling in grapevine

suspension cells
The actin cytoskeleton is widely involved in plant immune responses. Actin
Is required for various cellular processes, such as development, movement
and cell shape, signal transduction, and gene expression, and response to
biotic and abiotic stress (Henty-Ridilla et al., 2014; Leontovyc¢ova et al.,
2020). To identify the role of actin in defence, | used chitosan as elicitor to
induce actin remodeling (Figure 3. 11). We, therefore, tested whether this
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response can also be evoked in grapevine cells. We had expressed the same
actin marker (fimbrin actin-binding domain 2 in fusion with GFP) in the
commercially relevant grapevine variety V. vinifera cv. Chardonnay, from
which a suspension cell culture was generated. When the cells were
incubated with chitosan (25 mg/L), after 1 h, the actin filaments had
reorganized into dense bundles, compared to the control which is DPI and
DMSO. To validate this phenomenon statistically, actin remodelling was
quantified using a quantitative image analysis strategy (Fig. 3.11 E, F).
Compared to the control, the chitosan treatment increased the degree of

bundling significantly.

18

hary E
2
= 16 ;
c * * * %k
= 2
v 14
o '’
= g
3 €
1,2
S g
£ 10
c
8
0,8
control DMSO DPI
chitosan + - + - +
1,8
'_.‘ F
-— * % * n.s
L 16 L
5
c g
© o
o € 12
> 8
_s g 1,0
&
o 08
control DMSO DPI
chitosan - + - + - +

Figure 3.11: Response of actin filaments to chitosan. Representative images of
grapevine cells expressing the actin marker fimbrin actin-binding domain 2 in fusion with
GFP. A, with the 10 uM of DPI. B, 1% of DMSO. C and D with 25mg/L of chitosan for
1 h. E, Quantification of the actin response to chitosan periphery in the cell. F,

Quantification of the actin response to chitosan center in the cell.
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3.4 Summary of the results

To improve basal, PAMP-triggered immunity Chang et al., 2012 have
mapped in the past the cellular and molecular defence responses to one of
the most important PAMPs, bacterial flagellin, that can activate defence to
all bacteria. In the present study, we used the second important PAMP chitin,
which activates defence signalling cascade against fungi including important
pathogens such as Powdery mildew, which triggers the calcium influx,
activation of the NADPH oxidase Respiratory burst oxidase Homolog
(RboH), a MAP-kinase cascade, activation of jasmonate signalling, and
activation of stilbene synthase and accumulation of stilbenes as important

phytoalexin.

Grapevine (Vitis rupestris and Vitis vinifera), a widespread and one of the
most important economic fruit crops, is affected by several diseases such as
Downy and Powdery mildew during their lifespan. Many regulatory
functions which induce defence signalling cascade against these fungi are
still unknown in the grapevines. It is rewarding to find a novel response
pathway which is responsible to activate defence genes in response to fungal
attack. In this study, we used chitosan to investigate the defence mechanism
using the plant material Vitis rupestris as a wild type and a transgenic
grapevine cell line expressing the fluorescent tubulin marker GFP-TuB6 and
expressing the fluorescent actin marker GFP-AtFABD2 to see the response

from the microtubules and actin. The following observations were reported.

1) Chitosan induced extracellular alkalinization, after adding chitosan
extracellular pH increased rapidly from about 20 seconds.

2) Chitosan-induced extracellular alkalinization is more sensitive to
GdCls.

3) gene expression in response to chitosan was significantly inhibited by
the addition of 100 uM GdCls.
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4) Chitosan induced activation of the NADPH oxidase Respiratory burst
oxidase Homolog (RboH).

5) NADPH oxidase respiratory burst oxidase Homolog (RboH) activity
is required for chitosan signalling.

6) Chitosan-induced membrane fluidity.

7) The MAPK cascades have also been mediated in the chitosan
signalling, in the activation of defence genes.

8) Chitosan activates the defence genes (PAL, and RS) of the
phenylpropanoid pathway, and JAZ1 of the Jasmonate pathway.

9) Gene expression analysis showed that the Vitis rupestris GFP-TuB6
were induced significantly more than the Vitis rupestris wild type after
being triggered by chitosan.

10) Our results demonstrate that cytoskeleton involved in chitosan
signalling. Chitosan induced a clear response of actin filaments which
was evident as early as 1 hour after addition of the compound and not

seen in the control.
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4. Discussion
4.1 The role of chitin during biotic stresses (Fungal

pathogens)

Plants can stimulate defence to pathogen attack by two different layers of
innate immunity, pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) or effector-triggered immunity (ETI) (Jones and Dangl,
2006). Chitin, a major component of fungal cell walls qualifies as a pathogen
associated molecular pattern (PAMP) recognized by pattern recognition
receptors (PRRs) present at the plant cell surface and induces PAMP
triggered immunity (PTI) (Egusa et al., 2015; Miya et al., 2007). Chitin
polymers and their modified form, chitosan which derived from chitin by
deacetylation, induce defence responses to pathogens in both
monocotyledonous and dicotyledonous plants (Pusztahelyi et al., 2018). The
importance of chitin in the plant response to microbial pathogen attack has
been studied since many years. In the last decades, several studies have
discovered the roles of chitin in plant disease management such as inhibition
of the growth of phytopathogenic fungi in the rhizosphere (Kishore et al.,
2005; Solanki et al., 2011). Also, it has been shown that chitin triggers a
variety of defence reactions in different plants such as the stimulation of
phenylalanine ammonia lyase (PAL), lipoxygenase activities, peroxidase,

and the accumulation of phytoalexins and PR proteins (Aziz et al., 2006).

In our research, we focus on the roles of calcium influx, NADPH oxidase,
also known as a respiratory burst oxidase homolog (RboH), and mitogen-

activated protein kinase, in the chitin signalling pathway.

To test this prediction, we started with the question whether chitosan can

induce extracellular alkalinisation as early response in the plant cells.

62



Discussion

In this study, we present the cellular response and activation mechanism
induced signalling triggered by the fungal elicitor chitosan in the disease-
resistant grapevine V. rupestris overexpressing TuB6-GFP. One of the
earliest reactions observed is a modification of plasma membrane
permeability, in particular, Ca?*, H* and K*, and anion fluxes that can be
followed as changes of extracellular pH, the regulation of extracellular pH
was used as readout for early signals (Chang et al., 2012; Nurnberger et al.,
2001) Its dependence on calcium channels, respiratory burst oxidase
homolog (RboH), membrane rigidification and fluidity, and MAPK

signalling were investigated.

We also examined the response of actin cytoskeleton to the chitosan elicitor
depending on differential actin filament abundance or filament bundling,
because on the site of infection actin filaments acts as tracks for the polar
transport of antimicrobial materials (Takemoto and Hardham, 2004; Henty-
Ridilla et al., 2014; Higaki et al., 2011).
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4.1.1 Extracellular alkalinisation as s direct response to

chitosan elicitor

An increase in extracellular pH is known to be an early indication of disease
during pathogen infection in plants (Moroz et al., 2017). Changes in ion
fluxes across the plasma membrane is one of the earliest responses during
the signal transduction chain, which can be measured by using extracellular
alkalinisation as readout, which allows deriving quantitative data on
perception of chitosan (Nurnberger et al., 1999; Felix et al., 1993). In our
work we observed extracellular alkalinisation as a direct response to chitosan
(Figure 3. 1A). This leads to a model, where the link between chitosan
elicitor and alkalinisation is more direct. Previous work demonstrates that
the alkalinisation response directly to the bacterial flagellum (flg22) but the
alkalinisation response to Harpin was delayed about 5-10 minutes (Chang et
al., 2012). This result clarified that the extracellular alkalinisation occurs
directly in response to chitosan and flg22, whereas the link between Harpin
and alkalinisation is indirect. Why is the alkalinisation response more direct
and faster to chitosan and flg22 than Harpin? Is this direct alkalinisation
response correlated with perception of chitosan? The technique of chitin
perception and signalling in plant cells was first recognized in rice with the
identification of the chitin elicitor binding protein CEBIP, with the LysM
motif proteins are required for chitin perception and signalling at the plasma
membrane (Kaku et al., 2006; Gong et al., 2017; Hayafune et al., 2014). In
Arabidopsis thaliana, AtCERK1/LYKZ1, a homolog of OsCERK1, has been
found to play a substantial role in chitin signalling, chitin is directly
recognised by the plasma membrane receptor-like kinase in concert, with
another receptor-like kinase, BRI1-associated receptor kinase 1 (BAK1), to

activate downstream signalling (Miya et al., 2007; Liu et al., 2012).
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4.2 Calcium influx channels at the plasma membrane

triggered by chitosan

In response to diverse stress (biotic, abiotic), calcium influx acts as a
secondary messenger which is recognized by calcium-binding proteins, and
functions as calcium ion sensors (Guo et al., 2018). Apoplastic alkalinisation
IS a concept to record the activity of a mechanosensitive calcium influx
channel (Chang et al., 2012). Activation of calcium channels in the cell
membrane is related to the cotransport of protons. This leads to extracellular
alkalinisation and can therefore be used to observe the activity of calcium
channels influx. This idea that has been exceedingly used to follow the plant
defence system (Wang et al., 2017; Felix et al., 1993.)

However, based on the results obtained by now, chitosan triggered calcium
channels (Figure 3. 1A) and activated calcium channels were inhibited by
GdCl; (Figure 3. 2A), this showed that the chitin-receptor interacts more
directly with the calcium influx channels. This result demonstrated that
chitosan involved pathways that do utilize GdCls-sensitive calcium channels.
But Harpin does not utilize Gd-sensitive calcium channels, Harpin causes
membrane pores that are permeable for cations such as calcium and protons
(Chang et al., 2012).
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4.2.1 Calcium influx is inhibiting chitosan dependent gene
induction, but only for PAL and RS - JAZ1 is
different

Plants are known to have a functional system of innate immunity that is
based on the efficient detection of potentially mischievous microorganisms
to immediately induce defence responses (Shamrai, 2014). The first layers
of plant immunity it is the basal immunity, which is evolutionarily ancient
and triggered by the conserved molecular structures of microbes termed
pathogen-associated molecular patterns (PAMPs), such as fungal chitin or
bacterial flagellins, or molecules interaction of plants with pathogens, for
example peptides and oligosaccharides (Guan et al., 2013). The perception
of PAMPs pattern recognition receptors (PRRs) located at the cell surface
and trigger rapid activation of various cellular signals such as calcium influx
and ROS are usually transmitted as second messengers after the perception
of PAMPs and effectors, which are required for plant resistance to pathogens
(Wang et al., 2017). Therefore, the early signalling events drive to the huge
reprogramming of transcriptome and the activation of basal defences genes,
for example the production of antimicrobial metabolites (Schnee et al.,
2008). To clarify whether this early response would be followed by
activation of defence-related genes, such as stilbenes are important
phytoalexins deriving from the phenylpropanoid pathway, which are
required for plant resistance to pathogens and accumulated in response to
different abiotic stresses (Wang et al., 2021). In our study the marker genes,
we investigated which encode phenylalanine ammonia lyase (PAL),
resveratrol synthase (RS), are involve in phenylpropanoid pathway, as well
as JAZ genes are known to involve in JA-signalling pathways (Du et al.,

2013). Jasmonic acid (JA) is one of the major plant hormones that regulates
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the growth and development of the plant as well as induces defence

responses against biotic stress. (Figure 3. 2).

To find out whether chitosan activate defence responses, we used
extracellular alkalinisation as a readout firstly. We observed that chitosan
can induce apoplastic alkalinisation. After checking the gene expression our
results demonstrate a clear rapid and stable induction of PAL, RS and JAZ1
transcripts, but for JAZ1 not as same as PAL and RS (Figure 3. 4).
Interestingly, we observed the expression pattern for JAZ1 differed
compared to RS and PAL.: its induction was weaker, compared to RS and
PAL This difference may due to the involvement of different transcription
factors in the regulation of these genes. Many studies demonstrated that
many transcription factors (TFs) are involved in the regulation of defence

genes (Vannozzi et al., 2012).

Calcium as an important secondary messenger for the different stress forms,
has also been proposed to mediate chitin signalling (Galotto et al., 2020). In
order to verify this hypothesis, we used 100-uM GdCl; as an inhibitor for
calcium channels. The results show that after inhibiting calcium influx by
GdCls, we observed a clear, induction of PAL and RS transcripts (Figure 3.
5), for JAZ1 the regulation was different: the induction of JAZ1 gene was
higher in response to chitosan as compared to the inhibitor (Figure 3. 5C).
Interestingly, we observed that the final response of PAL and RS are the
same in response to the inhibitor, while the expression pattern for JAZ1
differs, GdCls cannot inhibit induction of JAZ1 after being triggered by
chitosan. This difference may be due to the involvement of the potential
protein- interactions (protein X). The difference response of PAL, RS and
JAZ1 may due to the involvement of different transcription factors in the

regulation of those genes.
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4.3 Chitin triggers NADPH oxidase activity which is

required for basal defence

Oxidative burst has a different function in defence, either as usually
transmitted as second messengers for early stress signalling or as part of the
downstream machinery that attacks invading pathogens (Torres et al., 2006).
The rapid production of ROS production in response to elicitors is dependent
on an NADPH oxidase respiratory burst oxidase homologue (Chang et al.,
2012). Reactive oxygen species (ROS) are not only toxic byproducts of
aerobic metabolism but similar to calcium, have also been recognized as
signalling molecules to control a variety of biological processes, ROS
production is involved not only in plant immunity but also involved in a
variety of processes such as abiotic stress responses, growth and
development (Kadota et al., 2015).

This signalling function is linked with the activity of the membrane-located
NADPH oxidase respiratory burst oxidase homologue (RboH). In our
grapevine system we used diphenyleneiodonium chloride (DPI), an inhibitor
of NADPH oxidase activity. Chitosan triggers an early response of NADPH
oxidase (preceding alkalinisation) (Figure 3. 3). We observed a direct
response of NADPH oxidase to chitosan elicitor. This means that the
oxidative burst in response to chitosan acts as an early signal. To find out
whether this early response of NADPH oxidase activity would be followed
by activation of defence-related genes, especially those involved in the
phenylpropanoid pathway such as PAL, StSy, and RS. The results showed
that chitosan activates the induction of certain defence genes such as PAL,
RS, and StSy. Interestingly, even though the transcript level of PAL much
higher than RS and StSy, also the transcript level of StSy and RS are close
compared to PAL (Figure 3. 6). This difference may due to the involvement
of different transcription factors in the regulation of these genes, and the
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similar induction of RS and StSy genes because in grapevine, there is a big
STS gene family the genes of RS and StSy are included in this gene family
as well (Vannozzi et al., 2012) many different transcription factors (TFs) are
involved in the regulation of STS genes and it is reasonable to RS and StSy

genes are regulated by different TFs.

Besides the activation of respiratory burst oxidase homologues (RboHs) on
the cell membrane which cause a large number of ROS that oxidize and
modify molecular signalling, we triggered membrane fluidity by chitosan,
which is necessary and sufficient to trigger molecular signalling, changes of
membrane fluidity modulating the level of cytosolic Ca?* are widely
accepted as the primary signal (Los and Murata, 2004). Therefore, |
investigated defence-related genes, which encode phenylalanine ammonia
lyase (PAL), resveratrol synthase (RS), JAZ1, we observed a clear, rapid and
stable induction of PAL, RS and JAZ1 transcripts (Figure 3. 7). However,
based on the results we obtained by now, it is hard to determine the role of

membrane fluidity.
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4.4 Mitogen-activated protein kinase (MAPK) mediated

chitin signalling?

Plant immunity is induced by the perception of pathogen-associated
molecular patterns (PAMPs). Chitin is a major component of fungal cell
walls which are the first structure to physically contact the host plant cells,
by plasma membrane-localized pattern-recognition receptor (PRRs). It
triggers rapid activation of mitogen-activated protein kinase (MAPK)
cascades to protect against infection of fungal pathogens (Kawasaki et al.,
2017). However, the MAPK cascade is mediated by 3 sequentially activated
protein kinases, MAPK kinase kinase (MAPKKK), MAPK Kkinase
(MAPKK), and MAPK, the direct links from fungal PAMP perception to
MAPK activation in plants remain in general unknown (Couto et al., 2016).
Moreover, in Arabidopsis AtMAPKKKS5 is phosphorylated by PBL27, but
only when AtCERK1 phosphorylates PBL27 (Yamada et al., 2016),
recognized as the first evidence for a link between a PAMP receptor and
MAPK cascades in plants (Kawasaki et al., 2017). Therefore, in my results,
with the inhibitor PD98059 a blocker of MAPKSs, we found MAPK is
obviously not inhibiting dependent gene induction for PAL, RS and JAZ1,
the expression pattern for JAZ1 differed, whose induction was weaker,
compared to PAL and RS (Figure 3. 8). Different response of those genes
may due to involvement of TFs were activated differentially and further
resulted in different expression patterns of those genes. These indicate that
the link between chitin signalling and mitogen-activated protein kinase

(MAPK) cascades not clear yet.
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4.5 Chitosan induces defence-related genes followed by

chitinase basal immunity responses

Chitosan can induce activation of defence-related genes, especially those
involved in phytoalexin synthesis (PAL, RS) and jasmonate pathway
(JAZ1), which are an antifungal gene involved in plant defence response
mechanisms represents a promising strategy for conferring genetic resistance
against a broad range of plant pathogenic (Distefano et al., 2008). To
improve basal immunity, many plant species accumulate chitinases in
response to infection by pathogens. Chitinases belong to a large and diverse
group of enzymes and is also one of the important plant pathogenesis related
(PR) protein that degrades chitin, chitosan, lipochitooligosaccharides,

peptidoglycan, it improves plant defence against fungi.

In the present work, it was observed that chitosan can induce the chitinase 4
(CHIT4) gene in Vitis (CHIT4) (Figure 3. 10). Interestingly, we observed
even though the transcript level of PAL and RS are the similar, the
expression pattern for CHIT4 differed. Its induction was weaker than PAL
and RS and stronger than JAZ1. This difference may due to the involvement

of different transcription factors in the regulation of the genes.
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4.6 Do Vitis rupestris TuB6 and wild type respond

differently to chitosan elicitor?

To observe the role of microtubules in response to chitosan elicitor, we
investigated response of Vitis rupestris overexpressing TuB6-GFP
(exhibited clear cortical and radial arrays of MTs) and wild type (did not
express with the marker and therefore, only showed a faint unstructured
autofluorescence) to chitosan elicitor. Microtubules change their orientation
dramatically as a response to external stimuli to stress and are considered to
be central players in plant defence responses (Nick et al., 2013; Kobayashi
et al.,, 2007). Plant microtubules tolerate extensive reorganization in
response to pathogenic organisms. In many conditions, the elicitor or effector
proteins induce depolymerization of plant cortical microtubule arrays. A
different study demonstrated, that microtubule depolymerization is
associated with the plant defence response and increases plant susceptibility

to the invading pathogen (Hardham et al., 2013).

Interestingly, we observed it is clear that chitosan significantly induced the
Vitis rupestris TuB6 cell line compared to the wild types (Figure 3. 9). A
clear, rapid and stable induction of JAZ1 which was not observed in response
to JAZ4, the expression pattern for JAZ4 was much weaker, compared to
JAZ1. Our results demonstrated that microtubules involve in chitosan

signalling in responce to activate defence gene.
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4.7 Chitosan induces actin bundling

Actin are dynamic network and complex structures that regulate various
cellular activities during plant morphogenesis and development such as
organelle movements, signalling, as well as responses to biotic and abiotic
stresses (Sun et al., 2018). Actin filaments are also involved in PTI-mediated
plant immune response and are essential components of plant PTI signalling.
PTI could trigger the accumulation of AFs at the infection site (Day et al.,
2011). Another study demonstrated that actin cytoskeleton is involved in
internalization and trafficking of immune related plasma membrane receptor
FLAGELLIN SENSING2 (Beck et al., 2012). To demonstrate the role of
actin in defence responses triggered by chitosan, it was observed that
chitosan can induce actin bundling (Figure 3. 11). Interestingly, density of
actin filaments increased rapidly, which is a signal that the membrane
integrity is impaired and then the cell switches from growth to defence
(Wang et al., 2021). Chitosan stimulated apoplastic alkalinisation,
expression of phytoalexins and jasmonate genes as we observed in this study.
These results showed that actin bundling is involved in activation of defence

response genes which is triggered by chitosan.
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4.8 Conclusion

Understanding various molecular mechanisms and aspects of grapevine
resistance against fungal pathogens is substantial to progress and accelerate
breeding research (Chang et al., 2012). In this study, | am giving a deeper
insight into mapping the chitin signalling pathway as new pathway in plant
defence system. Early signalling events lead to a massive reprogramming of
a calcium influx-channel, the activition of the membrane-located NADPH
oxidase respiratory burst oxidase homologue, mitogen-activated protein
kinase (MAPK) cascades and the activation of basal defence such as the

production of antimicrobial metabolites.

(1) Chitosan triggered the extracellular alkalinization and can therefore
be used to conveniently monitor the activity of calcium influx
channels in the cell membrane as the early signalling in plant defence
mechanisms and early oxidative burst, transcription of phytoalexin-

related and pathogenesis-related genes.

(2) Chitosan leads to rapid activation of a various of early immune
responses, including activation of mitogen-activated protein kinase
(MAPK) cascades, we suggest that MAPK cascade mediates chitin

signalling transduction.

(3) Chitosan elicitors activate basal immunity such as defence related
genes phenylalanine ammonia lyase (PAL), resveratrol synthase
(RS), stilbene synthase (STS) and JAZ1 as well as the transcriptions
of the pathogen-related genes chitinase (CHIT4).
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4.9 Outlook
4.9.1 Mapping chitin signalling

In the grapevine system, chitin acts as a typical fungal PAMP to induce a set
of early defence responses to fungi. Previous work mapped the cellular and
molecular defence responses to one of the most important PAMPs, bacterial
flagellin, that can activate defence to all bacteria. However, different PAMP
possess different levels of resistance to the pathogens. Due to the widespread
availability of chitin in pathogens, mapping of the chitin induced plant
defence signalling pathway is of great importance. It has been demonstrated
that chitin induced immune responses in V. vinifera, in A. thaliana, confer
basal resistance against the grapevine Powdery mildew E. necator (Dry and
Poinssot, 2018). Moreover, in Oryza sativa, chitin trigger activation of
mitogen-activated protein kinase (MAPK) cascades, which are required for
plant resistance to pathogens (Xu and Wang, 2017). However, the activation
of different defence signalling pathways by chitin, depending on the trigger,

and possibly also plant and pathogen interactions.

Currently, most of the ongoing research on chitin signalling are limited to
the roles they play in interactions between plant and pathogen, the molecular
mechanisms driving these processes are not very clear. For example, how
are the signals transmitted through chitin perception to the apoplastic
alkalinisation? and how do they induce defence-related genes? To
understand the mechanisms of the chitin signalling pathway at the genetic
and molecular levels, the mechanism requires further biochemical and
genetic analysis to identify the unknown regulators, or enzymes. For
instance, a previous study found that the receptor-like cytoplasmic kinase
Oryza sativa RLCK185 transmits signalling from the PAMP receptor
OsCERK1 to a MAPK signalling cascade (Xu and Wang, 2017).
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In the present study, we described chitin can trigger apoplastic alkalinization
and can therefore be used to conveniently monitor the activity of calcium
influx channels in the cell membrane and therefore, the early signalling in
plant defence mechanisms and early oxidative burst, transcription of
phytoalexin-related and pathogenesis-related genes in grapevine cells.
However, the relationship among this chitin induced responses and their
exclusive potential to induce individual, alternative defence pathways, must

still be investigated. These questions should be addressed in later works.
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Figure S1: Experimental material and experimental design. Expanding
cells of the suspension lines V. rupestris (A), V. rupestris GFP TuB6 (B),
and GFP-FABD2 (C), at day 4 after subcultivation in the differential
inferference contrast (A, B), or collecting the GFP signal (C). D
Experimental design to probe for the chitosan response itself (left) and for
the pharmacological modulation of the chitosan response (right). Note that
for each inhibitor pretreatment that respective solvent control is given in the

corresponding line.
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control Chitosan latrunculin B
E

Figure S2: Response of actin filaments to chitosan. Representative images
of V. vinifera cv. Chardonnay expressing the actin marker fimbrin actin-
binding domain 2 in fusion with GFP. A, B control cells treated with water.
C, D cells treated with 25mg/L of chitosan for 1h. E, F Latrunculin B (LatB,
1 uM) for 1h.
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Figure S4: The cell mortality of Vitis rupestris to chitosan. Cell mortality
of the suspension lines V. rupestris GFP TuB6 challenged with 25 gm/L for
1 h. Data represent three independent experimental series with three

technical replications for each biological replicat.
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