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Zusammenfassung

Zusammenfassung

Die Weinrebe (Vitis vinifera) ist eine weltweit verbreitete, wertvolle
landwirtschatftliche Nutzpflanze, die allerdings sehr leicht von Pflanzenpathogenen
infiziert werden kann. Oxylipine agieren als wichtige Signalmolekile bei der
pflanzlichen Antwort auf biotischen und abiotischen Stress. Es handelt sich dabei
um chemische Verbindungen, die von Fettsauren abstammen. Zusatzlich sind
einige Oxylipin- Verbindungen als “green leaf volatiles” bekannt und diese sind
malf3geblich beteiligt an der Geruchszusammensetzung von frisch geméahtem
Gras. In Weinreben werden die flichtigen Volatile aus den Fettsédure-
Hydroperoxiden mittels der Aktivitdat des Enzyms Hydroperoxid Lyase (HPL)
gebildet und diese tragen zum Geschmack und Aroma der Trauben und Weine
malf3geblich bei.

In dieser Dissertation wurde eine HPL aus Weinreben, angefangen bei ihrer
zellularen Funktionen bis hin zu den Auswirkungen ihrer heterologen Expression
in BY-2 Tabakzellkultur, untersucht und charakterisiert. HPL befindet sich in den
Plastiden aufgrund einer N-terminalen Lokalisierungssequenz. Durch eine
qguantitative Phanotypisierung konnte gezeigt werden, dass sich die
Uberexprimierte Zelllinie unter Kontrollbedingungen gleich wie die Kontrollzelllinie
verhalt. Allerdings neigt die Uberexprimierte Zelllinie dazu, als Antwort auf
Salzstress einem signalabhangigen Zelltod zu erliegen. Auf den bakteriellen
Elicitor Harpin reagieren die Zellen mit der Aktivierung eines
Verteidigungsmechanismus, der zu Zelltod fuhrt. Diese signalabhéngige Mortalitét
wurde entweder durch die Zugabe von exogener Jasmonsaure (einem wichtigem
Signalmolekil der Grundimmunitat bei Pflanzen) oder durch die Behandlung mit
Diphenyleneiodonium (DPI) abgeschwacht. DPI ist ein Inhibitor der NADPH-

Oxidasen, die apoplastische Superoxide erzeugen.

Durch die Zugabe verschiedener Substrate zu dem rekombinanten exprimierten
Enzym konnte die HPL als 13-HPL bestatigt werden- passend zu der Prognose,
die aus den Sequenzvergleichen gezogen wurde. Die Produkte, die durch die 13-
HPL entstehen, sind cis-3- Hexenal und trans-2- Hexenal. Das Vorhandensein von

cis-3 Hexenal verursacht eine schnelle Reaktion der Aktinfilamente, wie sie sich
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auch beim Rezeptor-vermitteltem Zelltod abspielt, wahrend das Isomer trans-2-
Hexenal diese Reaktion nicht auslost. Die Ergebnisse werden im Kontext eines
Lipoxygenase-abhangigem Signalweg betrachtet, welcher die Abwehrantwort
fordert. Dieser Signalweg zweigt von der Jasmonat-abhangigen basalen
Immunitat ab und fihrt letztendlich zu der mit dem Zelltod endenden

Abwehrantwort.

Falscher Mehltaubefall wird durch das obligat-biotroph lebende Pathogen
Plasmopara viticola hervorgerufen. Es handelt sich um eine ernstzunehmende
Gefahr fur die Weingiter Europas und besonders Deutschlands. Im zweiten Teil
dieser Dissertation wurde die potentielle Rolle von volatilen Komponenten auf die
Pflanzen-Pathogen Interaktion getestet. Hierfir wurde Plasmopara viticola als
Modellorganismus verwendet. Die Zoosporen von Plasmopara viticola gelangen
durch die Stomata der Weinrebe in das Blattgewebe. Es ist bereits aus friiheren
Studien bekannt, dass die Zoosporen durch Wirtsfaktoren, die von der Weinpflanze
durch die gedffneten Stomata ausdinsten, angelockt werden und diese Faktoren
den Zoosporen als Wegweiser zur Spaltéffnung dienen. Der genauen Rolle zweier
dieser volatilen Komponenten, die als Kandidaten fur diese Wirtsfaktoren in
Betracht kommen, wurden in dieser Arbeit identifiziert und funktionell analysisert.
Es zeigte sich, dass das Zielfindungsverhalten von Plasmopara Zoosporen in der
Anwesenheit exogener Quellen von Farnesen und (- Caryophyllen veréndert war.
Die Beobachtungen dieser Arbeit lassen den Schluss zu, dass Volatile als

Wegweiser und Anlockungsmittel fir die Zoosporen zu den Stomata dienen.
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Abstract

Grapevine is a widespread and valuable agricultural crop, but easily infected by
plant pathogens. Oxylipins are fatty acid-derived compounds acting as important
signal molecules in plant responses to biotic and abiotic stresses. In addition, some
oxylipins known as "green leaf volatiles" participate in the distinctive smell of freshly
cut grass. In grapevine (Vitis vinifera), green leaf volatiles are produced from fatty
acid hydroperoxides by, Hydroperoxide Lyase (HPL) and contribute to the flavour

and aroma of grapes and wines.

In this work, a grapevine HPL has been characterised with respect to its cellular
functions upon heterologous expression in tobacco BY-2 cells. HPL is located in
plastids due to an N-terminal localisation sequence. Quantitative phenotyping
demonstrates that the overexpressor line is not distinct under control conditions,
but is prone to signal-dependent cell death in response to salinity stress or the
bacterial elicitor harpin, which activates cell-death related defence. This signal-
dependent mortality is mitigated either by addition of exogenous jasmonic acid (an
important transducer of basal immunity), or diphenyleneiodonium (DPI), an

inhibitor of NADPH oxidases that generate apoplastic superoxide.

By feeding different substrates to recombinantly expressed enzyme, the HPL has
been confirmed as 13-HPL consistent with the prediction derived from sequence
comparisons. The cognate products generated by this 13-HPL were cis-3-hexenal
and trans-2-hexenal. Cis-3-hexenal, but not its isomer trans-2-hexenal, elicited a
rapid response of actin filaments indicative of a receptor-mediated programmed
cell-death response. These results are discussed in the context of a lipoxygenase
dependent signalling pathway, which triggers cell-death related defence and

bifurcates from jasmonate-dependent basal immunity.

Downy mildew caused by the obligate biotrophic pathogen Plasmopara viticola, is
an important threat to vineyards in Europe and especially in Germany. In the
second part of this study, the potential roles of volatile compounds on plant-
pathogen interaction have been investigated by using Grapevine-Plasmopara as

an experimental model. Zoospores of Plasmopara viticola use the stomata to enter

Xl
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grapevine and it is known from previous works that host factors released from the
open stomata are used by zoospores as guiding signals. The potential roles of two
volatile compounds as candidates for host factors have been followed. The results
of this study showed that targeting behaviour of Plasmopara zoospores was
affected in the presence of an exogenous source of farnesene or B-caryophyllene.
These observations suggest that zoospores use volatiles as attractants to find the

stomata.

Xl



1. INTRODUCTION

1. INTRODUCTION

1.1 Grapevine Pathogens

Grapevine (Vitis vinifera) is an important fruit crop throughout the world, but it is
susceptible to numerous pathogenic microorganisms, such as bacteria, fungi,
oomycetes and viruses (Figure 1.1), causing the need for intense plant protection
to control grape diseases. As a result, viticulture consumes around 70% of
fungicides used in Europe (Eurostat, 2007). Dependance on chemical fungicides
is not only costly, but also has a negative impact on the environment, which
motivates the search for alternative strategies by improving the innate mechanisms
of plant defence.

Pierce’s Downy
Disease Plasmopara

viticola

Xylella
fastidiosa

(11

Powdery 3
Mildew
~ 1l

Erysiphe
necator

Grapevine
associated
Viral
Infections

Agrobacterium
vitis

Botrytis
cinerea

(Adapted from Armijo et al., 2016)

Figure 1.1 Grapevine Pathogenic Microorganisms. Agrobacterium vitis causes the grapevine crown
gall through the injection of T-DNA sequences via a type-1V secretion system (T4SS), which induce
the synthesis of cytokinins (CK), auxins (AUX) and opines (OP). Xylella fastidiosa is transmitted by
insect vectors; it grows and accumulates within the xylem (Xy) vessels causing Pierce’s Disease.
Plasmopara viticola zoospores (Z), generating the sporangium (Sp) and causes the grapevine
downy mildew (DM) disease. Conidia (C) of E. necator, the causal agent of the powdery mildew
(PM), infects epidermal layers. P.viticola and E. necator develop haustoria (H) and secret effectors
(Ef) into the host. Botritys cinerea conidia (C) germinate and penetrate through the secretion of cell
wall degrading enzymes (CWDE), causing the gray mold disease. Viruses are phloem-limited (Phl)

microorganisms. Ap, appresorium; C, conidium; Cp, conidiophore. Cps, capside.
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1.2 Plant Defence Mechanisms

As sessile organisms, plants have evolved a survival strategy that is mainly based
on developmental plasticity. Plant defence is a central element of this strategy, and
therefore consists of several elements with a high degree of flexibility: In addition
to preformed barriers that can be physical, such as cuticles, or cell walls, plants
can employ chemical barriers such as secondary compounds that often preexist
already prior to any pathogen attack (Garcia-Brugger et al., 2006), plants rely on

inducible defence.

1.2.1 Inducible Defences

The reason for defence inducibility has to be searched considering the fact that
defence is costly and diverts resources that otherwise could be used for growth
(Stamp, 2003). From an evolutionary perspective the sluggish defence of many
crop plants is the price paid for higher yields and shorter cultivation cycles.
Although there exist cases of qualitative resistance based on single genes, most
interactions between plants and pathogens are of a quantitative nature, and the
velocity, by which defence is elicited, often decides about the outcome of the
interaction (Poland et al., 2009). Mechanisms that accelerate induced defence in
response to a pathogen attack confer, therefore, a considerable selective
advantage. In fact, plants have developed at least two mechanisms to achieve

such a potentiated form of defence.

Activation of defence in tissues far from the site of pathogen attack by systemic
acquired resistance (SAR) allows to remain ahead of the spreading pathogen
(Durrant & Dong, 2004; Fu & Dong, 2013). A second phenomenon relevant in this
context is the so called priming, whereby the experience of a different (mild) form
of biotic or abiotic stress will lead to a faster and much stronger defence response
to subsequent challenge with a pathogen (Conrath, 2011). The fact that defence
can be modulated either based on signals that act across space (in SAR) or based
on signals that act across time (in priming), already demonstrates that plant

immunity is complex and must be composed of several layers.



1. INTRODUCTION

1.2.2 PAMP-Triggered Immunity and Effector-Triggered Immunity

A lot of the apparent discrepancies characteristic for the field, could be resolved by
a model, where a basal, broad-band immunity coexists with a pathogen-specific
level of immunity originating from a coevolutionary history between host and
pathogen (Jones & Dangl, 2006). It seems that these two layers are triggered by
two types of receptors, located at either the cell surface (for basal immunity), or in
the cytoplasm (for the specific layer of immunity). The receptors located on cell
surface, are called pattern recognition receptors (PRRs) and recognize conserved
pathogen—associated molecular patterns (PAMPS), such as flagellin, the main
substituent building the filament of bacterial flagellum, or peptidoglycan fragments,
composing the bacterial cell wall, or chitin, the building block of fungal cell walls
(Vance et al., 2009). Binding of these conserved ligands activates a so called
PAMP-triggered immunity (PTI) that can contain further spread of the pathogen
(Dangl et al., 2013).

In consequence of a coevolutionary history with their host, advanced pathogens
have developed effector molecules. Most of the microbial pathogens can deliver
their effectors to the host cells by using type-Ill secretion systems (T3SS). When
these effectors reach the cytosol of the host cell, they are able to quell PTI
responses and initiate various pathogenesis related functions (Vance et al., 2009).
The host, in turn, has evolved novel receptors, mostly belonging to the class of the
nucleotide binding-leucine rich repeat (NB-LRR) receptors, able to recognize these
pathogen effectors (Figure 1.2). Since most effectors translocate into the
cytoplasm, these receptors (also referred to as R-proteins) are usually located
inside of the cell. After recognition of the pathogens by either PRR, or NB-LRR
receptors different signaling pathways and cellular responses are activated.
Among them, calcium influx, oxidative burst, activation of mitogen-activated protein
kinases (MAPK) or programmed cell death are common events happening in plant
cells during both PTI and ETI responses (Dodds & Rathjen, 2010). The effector-
triggered immunity (ETI), activated by these receptors often, but not always,
culminates in a form of rapid plant cell death termed as hypersensitive response

(HR) as efficient strategy against biotrophic pathogens.
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Extracellular space > PAMPs

\ L PTl response

| T
) B

NB-LRR
Fungus/ O
oomycete Plant cell

(Adapted from Dodds & Rathjen, 2010)

Figure 1.2 The principles of plant immunity. Pathogen-associated molecular patterns (PAMPS) are
recognized by cell surface pattern recognition receptors (PRRs) and elicit PAMP-triggered
immunity (PTI). PRRs generally consist of an extracellular leucine-rich repeat (LRR) domain (mid-
blue), and an intracellular kinase domain (red). Many PRRs interact with the related protein
Brassinosteroid Insensitive 1-Associated Kinase 1 (BAK1) to initiate the PTI signalling pathway.
Bacterial pathogens deliver effector proteins into the host cell by a type-Ill secretion pilus. These
intracellular effectors often act to suppress PTI. However, many are recognized by intracellular
nucleotide-binding (NB)-LRR receptors, which induces effector-triggered immunity (ETI).

1.2.3 Hypersensitive Response (HR)

Plants as well as animals have evolved different modes of cellular suicide referred
to as programmed cell death (PCD). When tracheary elements develop in the
xylem of vascular plants, for instance, they undergo a form of PCD. From a
morphological point of view, this form of PCD initiates from vacuolare swelling and
cell wall thickening. These changes are followed by fragmentation of nuclear DNA,
cell autolysis, and ends with formation of perforated cell walls. The Hypersensitive
Response (HR), represents a different form of plant PCD and has the function to
inhibit growth of (mainly biotrophic) pathogens. In contrast to xylem differentiation,

chromatin condensation precedes vacuolar disruption in HR, culminating in
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destruction of cell organelles, breakup of the cell membrane and release of cell

contents into the apoplastic space (Figure 1.3) (Lam, 2004).

+ Mitochondria

Vacuole

—

- Nucleus

J_ Plastid

Apoptotic body Macrophage

(Adapted from Lam, 2004)

Figure 1.3 Morphological comparison between programmed cell death in plants and animal
apoptosis. A. The hypersensitive response (HR), B. Differentiation of tracheary elements, C.

Apoptosis in animal cells.

The HR was firstly observed in 1902, where in wheat plants infected by Puccinia
glumarum, regions of necrotic spots were found at the site of infection (Ward,
1902). Resistance in many plants against microbial pathogens is associated with
rapid and localised cell death (Mur et al., 2008). For instance, resistance against
downy mildew disease of grapevine is accompanied by the appearance of necrotic
spots on leaves in genotypes of different resistance. Nevertheless, these
observations are based on the phenotype of HR (Peressotti et al.,, 2010). As
molecular and cellular events accompanying HR, rapid changes of ionic fluxes,
accumulation of salicylic acid (SA), nitric oxide, jasmonic acid (JA), ethylene (ET),
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and reactive oxygen species (ROS) have been also observed in the context of

pathogen infection (Lam, 2004).

The qualitatively different output of PTI and ETI would suggest that the underlying
signalling must be different. However, there are several arguments for a strong
molecular overlap: for instance, the recognition of effectors does not always lead
to HR , a situation for which the term of a "blurred dichotomy" had been coined
(Thomma et al., 2011). Second, Resistance (R) proteins can recognize pathogen
effectors from various kingdoms, but activate similar defence responses
suggesting that many events must have been conserved over evolution (Jones &
Dangl, 2006). In fact, a comparative study in grapevine cells (Chang & Nick, 2012)
has revealed that the early signals for PTI and ETI are mostly identical, but are
generated in a different temporal pattern.

1.3 Oxidative Burst

One of these generic cellular signals is reactive oxygen species (ROS), such as
superoxide (O;7), hydroxyl radicals (HO:) and hydrogen peroxide (H,O,). These
molecules are produced as byproducts of oxidative metabolism, such as the
respiratory chain in mitochondria or photosynthetic electron transport chain in
chloroplast (Elstner, 1982). Superoxide and hydroxyl radicals have a short half-life,
compared to the uncharged and more stable hydrogen peroxide which is also able
to diffuse through membranes. H,O, and HO: can react with membrane lipids and
produce lipid peroxides, leading to membrane damage and causing cell death
(Garcia-Brugger et al., 2006). So far, two main mechanisms have been described
with respect to ROS generation during early defence responses in the context of
plant-pathogen interactions: NADPH oxidases and cell wall peroxidases. It has
been shown that in some plants like cultured cells of rose (Rosa damascena)
treated with Phytophothora derived elicitor (Bolwell, 1998), oxidative burst caused
by NADPH oxidases, whereas in French bean (Phaseolus vulgaris) cell cultures
treated with elicitors derived from the cell wall of Colletotrichum lindemuthianum,
peroxidases are responsible for ROS production (Blee et al., 2001). Furthermore,
there are cases where both mechanisms are responsible for oxidative burst

dependent cell death, where peroxidases are active during basal immunity, while



1. INTRODUCTION

NADPH oxidases are responsible for the second level of immunity (Bindschedler
et al., 2006).

While ROSs can act as executors of cell death as a result of oxidative burst and
hypersensitive response, they also can act as signaling molecules, that modulate
cellular responses to biotic and abiotic stresses including gene expression (Baxter
et al., 2014).

1.3.1 NADPH Oxidase

In plants, NADPH oxidases (Respiratory burst oxidase Homologs, RboHs) also
play a key role in signal-related ROS production (Marino et al., 2012). Located in
cell membranes, NADPH oxidases can transfer electrons to O, and generate
superoxide which is later converted to H,O,, which is also used for signal
transduction itself. H,O,, as a key signal molecule, can induce a variety of
responses in plant cells. The role of H,O, in activation of the oxylipin pathway,
leading to the biosynthesis of JA-related compounds, HR- cell death, and defence
gene expression following biotic and abiotic challenges has been shown in many
studies (Almagro et al., 2009). In grapevine cells, for instance, RboH can regulate
defence-related cell death through modulating actin organisation (Chang et al.,
2015), or it can activate innate immunity by activation of the transcription factors
MYB14 that upregulates stilbene synthase, a key enzyme of phytoalexin synthesis

in this species (Duan et al., 2016).

When such simple molecules can convey so many different cellular functions, this
leads to the question, through what mechanisms specificity is established. In
addition to differences in concentration (Dat et al., 2000), it is the temporal and
spatial pattern of these molecules that confers specificity (Miller et al., 2010; Ismail
et al., 2014). When a molecule is used as a signal, there must be a way to control

its accumulation in time.
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1.3.2. Lipid peroxidation

Similar to the overlap between PTI and ETI, the dichotomy between damage and
signalling is blurred: When membrane lipids encounter ROS, they will be converted
to oxygenated fatty acids by nonenzymatic lipid peroxidation. The degraded
membrane lipids loose their functionality and impair membrane integrity, which is
often accompanied with plant cell death (Farmer & Mueller, 2013). Thus, whereas
non-enzymatic lipoxygenation is considered as stress damage event, it coexists
with enzymatic lipoxygenation. The enzymatic lipid peroxidation proceeds by the
action of Lipoxygenases (LOX). This enzymatic process culminates in the
formation of jasmonates, as central stress regulators (Wasternack, 2014) and
Green Leaf Volatiles, as important signaling molecules within and between plants
(Matsui, 2006).

1.4 Volatile Organic Compounds (VOCs)

Plants cannot move. However, releasing a broad range of Volatile Organic
Compounds (VOCSs) simplify their interactions with their environment (Holopainen
& Gershenzon, 2010). VOCs are low molecular weight compounds with high vapor
pressure, that can easily pass the cellular membrane and emit into the air
(Dudareva et al., 2013). VOCs, as relatively considerable group of plant natural
products, comprise of terpenoids, phenylpropanoids, benzenoids, oxylipins and
amino acid derivatives, and are synthesized via four major pathways (Figure 1.4)

(Holopainen & Gershenzon, 2010).
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Figure 1.4 Overview of biosynthetic pathways leading to the emission of plant volatile organic
compounds (VOCSs). Precursors for plant VOCs originate from the primary metabolism (represented
in the blue box). The four major VOC biosynthetic pathways, hamely the shikimate/phenylalanine,
the mevalonic acid (MVA), the methylerythritol phosphate (MEP) and lipoxygenase pathways lead
to the emission of VOCs. Abbreviations: DAHP, 3-deoxy-D-arabinoheptulosonate-7 phosphate;
DMAPP, dimethylallyl pyrophosphate; E4P, erythrose 4-phosphate; FPP, farnesyl pyrophosphate;
GGPP, geranylgeranyl pyrophosphate; GPP, geranyl pyrophosphate; IPP, isopentenyl
pyrophosphate; NPP, neryl pyrophosphate; PEP, phosphoenolpyruvate; Phe, phenylalanine.

VOCs are released mainly from flowers (Knudsen et al., 2006), but leaves and
stems also emit VOCs. Generally, emission of VOCs from vegetative tissues could
be induced upon herbivore feeding, pathogen infection or even mechanical
wounding. Biosynthesis of VOCs in plants is regulated during development. For
instance, young leaves, immature fruits or flowers shortly before pollination emit
higher levels of these compounds (Dudareva et al., 2000). VOCs are involved in
different aspects in plants. Plants make extremely use of VOCs for attracting
pollinators (Raguso, 2008) and seed dispersers (Dudareva et al., 2013), and they
indirectly defend themselves against herbivores by inducing the emission of
volatiles, that attracts carnivorous, natural enemies of herbivores (Arimura et al.,

2004). VOCs are involved in plant protection against various pathogens (Huang et



1. INTRODUCTION

al., 2012). They mediate plant-plant communication. If released from neighbouring
herbivore-attacked plants VOCs could act as warning signals to prime other plants
(Baldwin et al., 2006). Furthermore, VOCs protect plants under diverse abiotic
stress conditions such as high temperature or drought by mediating oxidative
stress (Vickers et al., 2009).

A group of VOCs includes Green Leaf Volatiles (GLVSs) and methyl jasmonate.
These volatile compounds also called oxylipins, are synthesized from linoleic and
linolenic acids through the lipoxygenase pathway (Figure 1.4) (Holopainen &
Gershenzon, 2010).

1.4.1 Green Leaf Volatiles (GLVS)

GLVs include Cs and Cg aldehydes, alcohols and their esters (Dudareva et al.,
2013). GLVs are termed due to their typical scent produced when leaves are
injured. Although intact and undamaged plants produce GLVs, their levels are very
low. Plants immediately emit GLVs in response to various biotic and abiotic stress
conditions (Matsui, 2006; Scala et al., 2013).

In direct defence against herbivores, plants make use of GLVs to increase
herbivore resistance. For instance, (Z)-3-hexenal formation at the site of herbivore
attack can deter subsequent herbivores (Arimura et al., 2009). In addition, GLVs
have antibacterial and antifungal activities that protect plants from pathogen
infection (Matsui, 2006), e.g. GLV treatment in Arabidopsis thaliana enhanced
resistance against necrotrophic fungal pathogen Botrytis cinerea (Kishimoto et al.,
2005). Indirect defence is also induced by GLVs. It has been shown that GLVs
could prime corn plants (Zea mays) against herbivorous insects by enhancing JA
level and VOC emission (Engelberth et al., 2004). GLVs are also involved in
tritrophic (plant-herbivore-natural enemy) systems, where caterpillar-damaged
corn and cotton plants attract parasitic wasps (Turlings et al., 1995). In addition,
GLVs emit in response to abiotic stimuli. GLVs are detected in tobacco (Nicotiana

tabacum) plants exposed to ozone (Beauchamp et al., 2005).

10
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1.4.2 Biosynthesis of Oxylipins: Jasmonates versus Green Leaf Volatiles

As discussed earlier, both groups of oxylipins are produced through the
lipoxygenase pathway. Lipoxygenase generates hydroperoxy fatty acids including
13-hydroperoxides (13-HPOD/T) and 9-hydroperoxides (9-HPOD/T). These
hydroperoxides are subsequently converted into Green Leaf Volatiles and
Jasmonates by enzymes belonging to a specific clade of the cytochrome Paso
superfamily (Figure 1.5). This clade, CYP74 differs from canonical members,
because they do neither need molecular oxygen nor NADPH-oxidoreductase for
their activity, and also show low affinity for carbon monoxide. The CYP74 clade is

further divided into branches with different enzymatic activities (Howe et al., 2000).

Allene oxide synthase (AOS, CYP74A), as the first committed step of jasmonate
biosynthesis, and canonical hydroperoxide lyase (HPL, CYP74B) compete for the
same substrate, 13-hydroperoxy octadecatrienoic acid (13-HPOT), which means
that they should interact antagonistically. In fact, downregulation of the HPL branch
has been shown to activate jasmonate synthesis (Liu et al., 2012). In contrast, the
CYP74C type HPL accepts both, 13- and 9-hydroperoxides. Both HPL types are
responsible for the emission of green leaf volatiles. Whereas AOS and HPL seem
to be present in all land plants, the third group, the divinyl ether synthases (DES,
CYP74D) have been discovered only in some taxa and might represent a specific
variant of CYP74C-HPL (Hughes et al., 2009). The CYP74 subclades have arisen
from gene duplications followed by divergent mutations in the active center. By
exchange of individual amino acids it is possible to convert an AOS into a HPL (Lee
et al., 2008), or a DES into an AOS (Toporkova et al., 2013).

Although the HPL branch competes with jasmonate synthesis, it is also involved in
plant defence. However, jasmonates as products of the CYP74A dependent
pathway are mostly involved in basal immunity warding off necrotrophic pathogens
(Bostock, 2005), the volatile products of HPL have acquired considerable attention
in the response to herbivory (Gershenzon, 2007), but there is evidence that they
can act also as signals to activate systemic defence (Frost et al., 2008; Farag et
al., 2005).

11
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Figure 1.5 Simplified scheme for the metabolic pathways driven by the different CYP74 subclades
according to (Hughes et al., 2009). LOX, lipoxygenase; HPOT, hydroperoxy octadecatrienoic acid;
AOS, allene oxide synthase; HPL, hydroperoxide lyase; DES, divinyl ether synthase. Plastidic
localisation is indicated by green shading (Akaberi et al., 2016 in preparation).

1.5 Hydroperoxide Lyase (HPL)

The Hydroperoxide Lyase gene was first isolated from green bell pepper
(Capsicum annuum) fruits and characterised as a specific enzyme which belongs
to the cytochrome Paso superfamily (Matsui et al.,, 1996). Based on substrate
preference, HPL could be classified into three groups: 13-HPL, 9-HPL and 9/13-
HPL. The 13-HPL (CYP74B) can catalyse the cleavage of 13-HPOD/T derived
from linoleic acid or linolenic acid, leading to the production of Cs green-leaf
volatiles, such as hexanal and cis-3-hexenal and 12-oxo-dodecenoid acid
(Fauconnier & Marlier, 1997; Matsui, 2006).

The aldehydes are later reduced and converted to Ce-alcohols and esters such as

trans-2-hexenal, cis-3-hexenol, trans-2-hexenol, cis-3-hexenyl acetate by the

12
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action of alcohol dehydrogenase and isomerase (Bate & Rothstein, 1998). Ce-
volatiles are considered to be involved directly in plant defence as antimicrobials.
For instance, it has been shown that trans-2-hexenal produced in Phaseolus
vulgaris leaves during HR has an antibacterial effect (Croft et al., 1993). Hexanal
as well as trans-2-hexenal could also inhibit hyphal growth in fungal pathogens
(Hamilton-Kemp et al., 1992). As indirect defence responses, Ce-volatiles act as
signaling molecules. Treatment of Arabidopsis tissues with Ce-volatiles induced
various defence genes (Bate & Rothstein, 1998). In addition to their role in plant
defence either directly as antimicrobials or indirectly as signaling molecules, these
compounds (Figure 1.6) are major constituents of flavor and aroma in various fruits
and vegetables, thus they are also important in the food industry (Casey & Hughes,
2007).

NN RO~ CHOH

n-hexanal hexan-1-ol

O

S O S CHOH

E-2-hexenal E-2-hexen-1-ol

|

A T o
/\‘:/’ ~ CHO /\‘\_/— . CH;_,OH

Z-3-hexenal Z-3-hexen-1-ol
(unstable)

Figure 1.6 Some Cs aldehydes and alcohols, formed by the action of hydroperoxide lyase (HPL)

that contribute to flavor aromas in fruits and vegetables (Casey & Hughes, 2007).

The 12-oxo-dodecenoid acid also produced by the cleavage action of 13-HPL, is a
precursor of the wound hormone traumatin. It has been shown that traumatin
enhance cell division at the site of wounding and callus formation, thus traumatin

is involved in direct defence (Siedow, 1991).
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The 9-HPLs convert 9-HPOD/T into Co green-leaf volatiles such as cis-3-nonenal
and 9-oxoacids (Mita et al., 2005). Co.volatiles are also involved in defence
responses against pathogens. It has been shown that trans-2-nonenal and nonanal
have inhibited the hyphal growth in Alternaria alternata and Botrytis cinerea
(Hamilton-Kemp et al., 1992).

In contrast, the 9/13-HPLs (CYP74C) accept both (13-HPOD/T) and (9-HPOD/T)
hydroperoxy fatty acids, generating both Ce and Co green-leaf volatiles.

The HPL gene is extensively distributed in plants. Recently, the HPL gene has
been isolated from many plants. For instance, HPL from Arabidopsis (Bate et al.,
1998) and tomato (Lycopersicon esculentum) (Howe et al., 2000) are characterised
and clustered as CYP74B (13-HPL), whereas almond HPL (Prunus dulcis) is
classified as 9-HPL (Mita et al., 2005). HPL gene isolated from Vitis vinifera cv.
‘Cabernet Sauvignon’ and melon fruit (Cucumis melo) (Tijet et al., 2001) are
classified as 9/13-HPLs (Zhu et al., 2012).

In addition to its substrate specificity, HPL from different plants shows also
uncommon subcellular localisation patterns. For instance, HPL targeted to plastids
in rice (Oryza sativa) (Chehab et al., 2006) and tomato (Lycopersicon esculentum)
(Froehlich et al., 2001), to lipid bodies in almond seeds (Prunus dulcis) (Mita et al.,
2005), or to cytosol and lipid droplets in Medicago truncatula (Domenico et al.,
2007).

The fact that HPL forms with specific expression patterns generate distinct patterns
of green-leaf volatiles (Chehab et al., 2006), suggests that the chemical complexity
generated by these enzymes is of biological relevance. It is also clear that their role
in defence is distinct from that of the AOS-derived jasmonates (Chehab et al.,
2008), but still the biological function of these enzymes remains far from being

understood.
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1.6 The Grapevine-Plasmopara interaction, an experimental

model for grapevine volatiles

The oomycete Plasmopara viticola, which causes the downy mildew disease of
grapevine, is an obligate biotroph. Downy mildew originated from North America
and was introduced to Europe in 1878, where it still causes considerable losses in
viticulture (reviewed in Gessler et al., 2011; Kamoun et al., 2015). P. viticola
belongs to the family Peronosporaceae with both sexual and asexual life cycles
(Figure 1.7) (Wong et al., 2001). But the pathogen spreads extensively through the
asexual cycle, (see Figure 1.11 highlighted in green) (Kiefer et al., 2002).

The P. viticola sexually produced oospores spend the winter in fallen leaves or
berries till the growing season (Figure 1.7). Upon favourable temperatue and
rainfall conditions, these oospores germinate and produced macrosporangia that
contain zoospores. These zoospores enter the stomata and cause primary
infection. During the asexual cycle, sporangia are released from sporangiophores,
that later produce zoospores (Gobbin et al., 2005). In order to infect, both spores
produced either from the sexual (oospores) or asexual cycle have to find stomata
(Gobbin, 2004). When zoospores have landed on the stoma, they shed their
flagella, encyst and form a germ tube in order to reach the substomatal cavity
(Riemann et al., 2002). In the substomatal cavity an infection vesicle is formed,
which later forms hyphae. From primary hyphae, a mycelium develops that
penetrates into the leaf tissues. Finally, haustoria develop into the host cells to gain
the nutrients. After 4-6 days disease symptoms appear on leaves (Figure 1.8),

inflorescences, berries and shoots (Kennelly et al., 2007).

15



1. INTRODUCTION

s < gametangium

L o sexual
reproduction
. 1
C I | ;
A A leaf degradation
. — \
A\
/ buildingof .
£ oospores by
/
/
/ o9, sporangiophores
,/ Q asexual
/ ) o (-] reproduction
/
o
T8
|
) o
o undifferentiated
O% sporangium
(
7 0% Q0
{ S’
sporulation
oospore
d halIJstoria differentiated
EvElopment \ sporangium
\
"..
> . 3 G o
4
\/
X
germinating
oospore
b,
hatching
zoospores
infection
A o )
5 primary
N @ sporangium

Figure 1.7 Developmental cycle of Plasmopara viticola. Sexual cycle marked with red arrows,
asexual cycle with green arrows, also highlighted in green. Brown arrows mark the stages, which

are shared by both cycles. Figure modified from (Gobbin, 2004).

Figure 1.8 Downy mildew symptoms. A. Oilspots and necrosis on the adaxial leaf surface, B.
Sporulation of Plasmopara viticola on the abaxial leaf surface (Pictures by Sahar Akaberi,

Botanical Garden KIT, July 2016).
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1.7 Scope of the Study

Defence responses in cell cultures from grapevine had been examined previously
(Chang & Nick, 2012). In this system, PTI can be induced by a synthetic 22-amino-
acid peptide (flg22) from a conserved flagellin domain, whereas the bacterial
elicitor harpin induced an ETI-like immunity culminating in cell death. In the same
system, it has been shown that flg22 induced the accumulation of jasmonic acid
and its bioactive isoleucine conjugate JA-lle, whereas harpin did not, assigning the
activation of jasmonate synthesis clearly to basal, but not to cell-death related
defence (Chang et al., 2016). This led to the question, whether the bifurcation of
the oxylipin pathway produced by the duplication into the CYP74A (AOS)
jasmonate generating branch and the CYP74B (HPL) volatile generating branch
might be linked with the bifurcation of defence signalling that either leads to basal
immunity (AOS, jasmonate pathway) or a cell-death related immunity (HPL, volatile
pathway). Therefore, in this study HPL was isolated from the Vitis vinifera cultivar
Muller-Thurgau and overexpressed in the tobacco cell line BY-2 wanting to

understand the swithch between basal and cell-death related defense.

1.7.1 Where is the grapevine HPL localised, and what is its enzymatic

function?

HPLs from different plants show diverse subcellular localisation patterns.
Therefore, in the first step of this study, subcellular localisation of the HPL was
studied using fluorescent microscopy. Binary vectors with GFP fused both at the
N- or the C-terminus of the enzyme were generated and transformed into tobacco
cells. In addition to its diverse subcellular localisation patterns, HPLs from different
plants also display substrate specificity. Hence, substrate preference of VVHPL has
been determined subsequently by feeding potential substrates to the
recombinantly expressed HPL and then analysed by Solid Phase Micro Extraction

(SPME) coupled with gas chromatography mass spectrometry (GC-MS).
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1.7.2 What is the function of grapevine HPL in defence signalling?

So far, two HPL genes (VVHPL1 and VVHPL2) have been isolated from Vitis
vinifera L. cv. ‘Cabernet Sauvignon’ berries and were characterised with respect to
their molecular properties (Zhu et al., 2012). The function of grapevine HPL in
defence responses has not been addressed so far. A stable tobacco cell line
overexpressing VVHPL1 was established to study its potentioal role in defence

signalling.

Green Leaf Volatiles produced by the action of HPL are known to have antibacterial
and antifungal activity. In the current work, the effects of HPL products, cis-3-

hexenal and trans-2-hexenal on tobacco BY-2 cells have been followed.

1.7.3 How could volatiles affect Grapevine-Plasmopara interaction?

The cellular and molecular assay will be able to provide information about the
characteristic about the enzyme. However, the information about its biological
meaning is still missing. To further understand the fuction of volatile compounds,
we introduced Grapevine-Plasmopara interaction as an experimental model. Most
of the research on grapevine downy mildew has focused on the pathogen life cycle
(Gessler et al., 2011). However, it was suggested to study the key step in P. viticola
life cycle, where the flagellate zoospores have to find their ways to the stoma. It
has been shown that zoospores make use of chemical factors released from open
stomata to target the host (Kiefer et al., 2002). The role of volatile compounds that
are emitted from stomata was therefore suggested as guiding signals in Grapevine-
Plasmopara interaction. To achieve this answer, the volatiles emitted from leaves
of Vitis vinifera cv. Miller-Thurgau and Vitis rupestris have been detected by
SPME-GC-MS analysis. Later in this work, the effects of two interesting

compounds on targeting behaviour of P. viticola zoospores have been investigated.
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2. MATERIALS AND METHODS

2.1 Cell culture

Suspension cells of Nicotiana tabacum L. cv. 'Bright Yellow 2' (BY-2, Nagata et al.,
1992) were cultivated in Murashige and Skoog (MS) medium containing 4.3 gl?
Murashige and Skoog salts (Duchefa Biochemie, Haarlem, the Netherlands), 30
gl sucrose, 200 mg-t KH2PO4, 100 mg | inositol, 1 mg ! thiamine, and 0.2 mg'I
1 2,4-dichlorophenoxyacetic acid (2,4-D), pH 5.8. Cells were subcultivated weekly
by transferring 1.0 to 1.5 ml of stationary cells into 30 ml fresh medium in 100 ml
Erlenmeyer flasks. The cells were then incubated on an orbital shaker (IKA
Labortechnik, Staufen, Germany) at 150 rpm and 25°C in darkness. Transgenic
suspension cells were subcultivated in the same medium as mentioned above, but

supplemented with 45 mg1* Hygromycin (for more details, see Appendix 5.1).

2.2 Cloning of Vitis vinifera HPL1

To over express Vitis vinifera HPL1 as a fusion with GFP either at the N- or the C-
terminus, in tobacco BY-2 WT under control of the Cauliflower Mosaic Virus 35S
promoter, a Gateway®-Cloning strategy was employed (Invitrogen Corporation,
Paisley, UK). The insert was first amplified from the grapevine cultivar 'Muller-
Thurgau' (Appendix 5.2) by RT-PCR based on the published sequence by Zhu et
al., (2012, accession HM627632) using specific primers extended by the specific
flanks required for Gateway cloning (Appendix 5.3). The sequence has been
deposited under KX379687 in GenBank. A complete overview of both constructs

generated from this study can be found in (Appendix 5.4).

Leaves of Vitis vinifera cv. ‘Muller-Thurgau’ (voucher KIT-5585) were collected
from plants in the greenhouse of the Botanical Garden of the Karlsruhe Institute of
Technology, and immediately frozen in liquid nitrogen. Frozen tissues were ground
to a fine powder in liquid nitrogen with a prechilled mortar and pestle. Total RNA
was extracted from 50-70 mg of the powdered tissue using the Spectrum™ Plant

Total RNA Kit (Sigma-Aldrich, Deisenhofen, Germany) following the protocol of the
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manufacturer. Quality and yield of the RNA samples were determined by agarose
gel electrophoresis and spectrophotometric measurement. For cDNA synthesis, 1
Mg of RNA were used as a template for reverse transcription (M-MuLV reverse
transcriptase, New England Biolabs, Frankfurt) and the reverse transcription was

performed according to the protocol of the producer.

The HPL gene was amplified by PCR in a total volume of 20 pl with 0.4 mM of
mixed dNTP, 0.4 ul of each primer, and 0.1 yl of Q5 DNA polymerase in the
corresponding reaction buffer (New England Biolabs, Frankfurt) by 35 cycles of
94°C for 30 s, annealing at 58°C for 30 s, and synthesis at 68°C for 30 s, after initial
denaturation at 94°C for 1 min, and a final extension at 68°C for 2 min. The size of
the amplicons was analysed on 1.8% agarose gels stained with SyberSafe
(Thermo Fisher, Frankfurt, Germany), and purified using the PCR Clean-up
(Macherey-Nagel, Duren, Germany) kit according to the manufacturer instructions.
The resulting coding sequences were inserted into the binary vector pH7WGF2,0
for the N-terminal fusion, and pH7FWG2,0 for the C-terminal fusion, respectively
(Karimi et al., 2002), using the Gateway technology (Invitrogen Corporation,

Paisley, UK) according to the protocol of the manufacturer.

2.3 Transformation of tobacco BY-2 cells using Agrobacterium-

mediated transformation

A BY-2 cell line overexpressing VVHPL1-GFP in a stable manner was generated
according to Buschmann et al., 2010 with some modifications: Cells from one flask
cultivated under standard conditions were collected at day 3 after subcultivation
and washed three times with 300 ml of Paul's medium (4.3 g I'* Murashige and
Skoog salts with 1% sucrose, but avoid of any hormones, pH 5.8) using sterile
filtration (Nalgene filter holder, Thermo Scientific, Langenselbold, Germany)
combined with an sterilised Nylon mesh (Eggert Mehlsiebe, Waldkirch, Germany)
with a mesh size of 70 ym. The washed cells were then resuspended in 5 ml of
Paul’s medium yielding a 5-fold concentrated cell suspension. Five ml of this
concentrated cell suspension were mixed with 180 pL of Agrobacterium

tumefaciens prepared as follows.
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This transgenic Agrobacterium suspension was prepared in the following way: 100
Ml chemo-competent cells of the strain EHA105 were first thawed on ice, and then
incubated with 100 ng of the binary expression vectors containing VVHPL1 for
further 20 min. Bacteria were later spread onto LB (Lennox Broth, Roth, Karlsruhe,
Germany) agar medium containing the appropriate antibiotics (50 ug ml 1
rifampicin, 300 ug ml -t streptomycin, and 100 pug ml -1 spectinomycin), and
incubated for 3 days at 28°C in the dark. A single colony was inoculated into 5 ml
of LB liquid medium supplied with the same antibiotics and incubated overnight at
28°C under vigorous agitation. The overnight culture was inoculated into 5 ml of
fresh LB-medium (without antibiotics) at a starting ODsoo of 0.15. After 4-5 h of
cultivation at 28°C, when the ODesoo had reached ~0.8, six ml of the suspension
containing transformed A. tumefaciens bacteria were harvested and spun down at
8000 g (Heraeus Pico 17 Centrifuge, 600 Thermo Scientific, Langenselbold,
Germany) for 7 min in a 50- ml Falcon tube at 28°C. The bacteria were then
resuspended in 180 ul Paul’s medium by mixing vigorously using a bench-top

vortexer (Bender & Hobein, Zirich, Switzerland) to homogenize the suspension.

These bacterial suspensions were mixed with the BY-2 cells prepared as described
above in a Falcon tube on an orbital shaker (100 rpm) for 5 min. Petri dishes (94 x
16 mm) were poured with Paul’s agar (Paul's media with 0.5% Phytagel) without
any antibiotics and allowed to solidify. The mixture of bacteria and cells was
inoculated onto these plates placing the drops with sterile cut tips. The plates were
then incubated for 3 days at 22°C in the dark.

Cells were subsequently transferred onto MS agar plates with 45 pyg ml *t
hygromycin to select transformed tobacco cells, and 300 ug ml -1 cefotaxime to
eliminate Agrobacterium. After incubation at 26°C in the dark for 3 weeks, calli had
appeared and were transferred onto fresh MS agar plates (with corresponding
antibiotics and cefotaxime) for further growth. Finally, a suspension culture was

established from pooled calli that had sufficient size.
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2.4 Stress and inhibitor treatments

To test for potential differences in the response of the transgenic line, different
stress treatments were employed. As abiotic stressor, salinity was used,
administering 50, 100, or 150 mM of NaCl at the time of subcultivation. To activate
basal defence, the conserved bacterial flagellin fragment flg22 (antikoerper,
Aachen, Germany) was dissolved in sterile water and used at 1 uM (Guan et al.,
2013). To activate cell-death related defence, the elicitor harpin derived from the
phytopathogenic bacterium Erwinia amylovora was used at a final concentration of
18 or 27 ug ml-%, respectively, after dilution from an aqueous stock solution of 300
mg ml-* (Pflanzenhilfsmittel, ProAct, Starnberg, Germany). Again, these elicitors
were added at the time of subcultivation. In some experiments, cells were treated
with 100 uM of (x)-Jasmonic acid ((£)-JA) (Sigma-Aldrich, Germany), or with 200
nM of the inhibitor of NADPH oxidase, diphenyleneiodonium (DPI) (Cayman, USA)
dissolved from a stock of 20 mM in DMSO.

2.5 Microscopy and phenotyping of the VVHPL1 overexpressor

Fluorescent proteins were observed using the AxioObserver Z1 (Zeiss, Jena,
Germany) inverted microscope equipped with a laser dual spinning disk scan head
from Yokogawa (Yokogawa CSU-X1 Spinning Disk Unit, Yokogawa Electric
Corporation, Tokyo, Japan), a cooled digital CCD camera (AxioCamMRm; Zeiss),
and two laser lines (488 and 561 nm, Zeiss, Jena, Germany) attached to the
spinning disk confocal scan head. Images were recorded using a Plan-Apochromat
63x/1.44 DIC oil objective operated via the Zen 2012 (Blue edition) software
platform. To test for a potential colocalisation of the fusion protein with plastids, the
tpFNR-mEosFP (Schattat et al., 2012, kind gift of Prof. Dr. Jaideep Mathur, Guelph
University, Canada) was transiently transformed into the VvHPL1-GFP
overexpressors based on the Agrobacterium-based protocol (Buschmann et al.,
2010) described above.

After subcultivation under control conditions, or treatment for 24 h with the different
stress factors or inhibitors described in the previous section, 500 pl of each sample
were transferred into custom-made staining chambers (Nick et al., 2000) to remove

22



2. MATERIALS AND METHODS

the medium and to determine mortality by the Evans Blue exclusion test (Gaff &
Okong'O-0Ogola, 1971): The cells were incubated for 3-5 min in 2.5% (w/v) Evans
Blue (Sigma-Aldrich) dissolved in Millipore water, and then washed with MS
medium three times. The membrane-impermeable dye can penetrate only into
dead cells, such that the frequency of blue cells was scored under Axiolmager Z.1
microscope (Zeiss, Jena, Germany) using differential interference contrast, and
mortality was calculated as the ratio of dead cells over the total number of cells.
Results represent mean values obtained from at least three independent
experimental series with 500 cells per individual data point. The results were tested

for significance using Student’s t-test at 95% and 99% confidence level.

To determine mitotic index, 500 ul of BY-2 wild type and HPLox cell lines collected
from day 1 through day 7 were transferred into a 2- ml reaction tube (Eppendorf).
After addition of one drop of 10% (v/v) Triton X-100 (Roth), cells were stained for
2 min with the fluorescent dye Hoechst 22358 (Sigma-Aldrich, Neu-Ulm, Germany)
at a final concentration of 1 pg- ml-1. The frequency of cells in mitosis was scored
under the Axiolmager Z.1 microscope (Zeiss, Jena, Germany), using a 20x
objective (Plan-Apochromat 20x/0.75) and DAPI filter. Results represent mean
values obtained from at least three independent experimental series with 500 cells

per individual data point.

To quantify cell width and cell length, aliquots of 500 pl were collected on a daily
base from day 1 to day 7 after subcultivation and viewed under Axiolmager Z.1
microscope (Zeiss, Jena, Germany) equipped with an ApoTome microscope slider
in differential interference contrast (DIC) using a 20x objective (Plan-Apochromat
20x/0.75). To ensure unbiased sampling, the MosaiX module of the imaging
software (Zeiss) was used. Images were processed and analysed using the
AxioVision software. Cell length and width were measured from the image of the
central section of the cells using the length measurement function of the AxioVision
software according to Maisch and Nick (2007). Each data point represents mean
and standard error from at least 1500 individual cells obtained from three
independent experimental series. The results were tested for significance using

Student’s t-test at 95 % and 99% confidence level.
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2.6 Verification of the expression of the HPL1-GFP fusion

The overexpression of the VVHPL1-GFP fusion was verified on two levels. First,
the expression level and correct size of the VVHPL1-domain was tested for the
transcript by RT-PCR as described above. Second, the presence of fusion proteins
in the correct size was verified by Western Blot using monoclonal antibodies
against the GFP reporter. Cells from the non-transformed tobacco BY-2 wild type
(WT) and HPL overexpressing (HPLox) cells were collected at day 3 after
subcultivation, at the peak of proliferation activity. Extracts of soluble and
microsomal proteins were obtained according to Jovanovic et al., 2010. After
removing the medium by centrifugation for 10 minutes at 4°C with 13000 g
(Heraeus Pico 17 Centrifuge, 600 Thermo Scientific, Langenselbold, Germany),
cells were homogenized according to Nick et al., (1995), with some modifications,
in the same volume of extraction buffer containing 25 mM morpholine
ethanesulfonic acid, 5 mM EGTA, 5 mM MgClz, pH 6.9, supplemented with 1 mM
dithiothreitol (DTT), and 1 mM phenylmethylsulphonyl fluoride (PMSF) by using a
glass potter with narrow gap for 15 minutes on ice. Cell lysates were first
centrifuged at 13000 g for 5 minutes. The supernatant was then ultracentrifuged at
100000 g, 4°C for 15 minutes (rotor TLA 100.2, Beckman, Munich, Germany) to
yield a soluble fraction (containing cytosolic proteins), and a microsomal fraction
(containing plasma membrane, endomembrane, mitochondrial, and plastidic

proteins).

The microsomal and cytosolic fractions were dissolved in sample loading buffer
(containing 50 mM Tris/HCI (pH 6.8), 30% glycerol (v/v), 300 mM DTT, 6% SDS,
0.01% bromophenol blue) and denatured at 95°C for 5 min. Samples were then
subjected to SDS-PAGE on 10% (w/v) polyacrylamide gels and subsequently
probed by Western blotting according to Nick et al., (1995) in parallel with a
prestained molecular weight marker (Broad Range 11-245 kDa, New England
Biolabs, Frankfurt). The fusion of VVHPL1 was detected by monoclonal mouse
antibodies against the GFP reporter (Anti-Green Fluorescent Protein antibody,
Sigma-Aldrich, Deisenhofen) in a dilution of 1:1000 in Tris buffered saline Tween
(TBST) containing 20 mM Tris/HCI, 300 mM NaCl, 1% Tween, pH 7.4. For signal

development, a goat polyclonal anti-mouse IgG conjugated to alkaline
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phosphatase (Sigma-Aldrich, Deisenhofen) in a dilution of 1:2500 in TBST was
employed. Equal loading was verified by running a replicate gel that was stained

with Coomassie Brilliant Blue.

2.7 Recombinant expression of VVHPL1

The coding sequence of the VVHPL1 cloned from 'Muller-Thurgau' was inserted
into the pET-DEST42 Gateway vector (Appendix 5.5) using the Gateway
recombinase reaction. The resulting construct encoding the VVHPLL1 protein fused
with a tag comprising 6 histidine residues was expressed in E. coli (ER2566) cells
following heat-shock transformation. A single positive colony of freshly transformed
bacteria was inoculated into 60 ml of LB liquid medium containing ampicillin (100
ug- ml-1) and grown at 37°C overnight. The entire volume of the preculture was
inoculated into 3 L of LB medium supplemented with 100 mg-L™* of ampicillin and
cultivated at 37 °C. When an ODsoo of 0.8-1.0 had been reached, 500 uM isopropyl-
B-D-thiogalactopyranoside (IPTG) were added to induce gene expression. The
culture was subsequently incubated at 18°C for 20 h. Cells were harvested by
centrifugation at 10000 g for 20 min at 4°C, and proteins were extracted according
to Mu et al., (2012) with minor modification The procedure is as follows: The
sedimented cells were washed with 50 mM sodium phosphate buffer pH 7.0, spun
down again, and subsequently suspended in 20 ml of lysis buffer (50 mM Tris-HCI,
500 mM NacCl, 0.5% Triton X-100, 0.5 mM PMSF pH 8.0), and lysed twice using a
French Press at 1000 bar. Cell debris was removed by centrifugation (15000 g,
4°C for 30 min), and the supernatant fraction containing the soluble recombinant
VVHPL1 was applied onto Ni-NTA agarose, previously equilibrated with binding
buffer (50 mM Tris-HCI, 500 mM NaCl and 0.5% Triton X-100 pH 8.0). Unbound
proteins were washed out from the column with washing buffer (50 mM sodium
phosphate buffer, 500 mM NaCl, 0.5% Triton X-100 and 150 mM imidazole, pH
7.0), and the His-tagged recombinant HPL was eluted with elution buffer (50 mM
sodium phosphate buffer, 500 mM NaCl, 0.5% Triton X-100 and 500 mM imidazole,
pH 7.0). The eluted fractions were concentrated and desalted by Amicon Ultra 15-
ml centrifugal filters (Merck Millipore, Darmstadt, Germany) with an exclusion size
of 30 kDa, and stored in 50 mM sodium phosphate buffer pH 7.0, at 4°C. The
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concentrated eluates were then separated by SDS-PAGE on 10% acrylamide gels
and the size of the fusion protein was verified by Western Blot using a monoclonal
mouse anti-histidine antibody 1:2000 (Penta.His Antibody, BSA-free, Qiagen)
diluted in Tris Buffered Saline (TBS), based on the prestained molecular weight
marker (Broad Range 11-245 kDa, New England Biolabs, Frankfurt). Protein
concentration was determined using the amidoblack assay (Popov et al., 1975)

and quantified against a calibration curve of bovine serum albumin.

2.8 Identification of HPL products:

2.8.1 Identification of HPL products by SPME analysis

Solid Phase Microextraction (SPME) was employed to find out the product of HPL.
For SPME, approximate 20 pg of purified recombinant VVHPL1 were mixed with 2
ml of 50 mM sodium phosphate buffer, pH 7, containing 40 uM of either 9-HPOD/T
or 13-HPOD/T (Larodan, Sweden) in SPME vials, and analysed by SPME-GC-MS
carried out on an Agilent 6890 gas chromatograph equipped with a Gerstel MP2
autosampler and an Agilent 5973N mass spectrometer for peak detection and
compound identification. The autosampler was operated in SPME mode with a
fitted polydimethylsiloxanefibre (1 cm, 23-gauge, 100 pym PDMS, Supelco,
Bellefonte, PA) for extraction. The sample was incubated for 10 min at 40°C, and
the volatile compounds were extracted under agitation (250 rpm) at 40°C for 10
min. The GC was fitted with a DB-Wax column (30 mx 0.32 mm in diameter, 0.5
pum film thickness). Helium was used as carrier gas with a column flow rate of 1.5
ml'min-t. Volatiles were desorbed from the fiber in the GC inlet (220°C) for 6 min
and separated using the following temperature program: 40°C for 5 min, increasing
at 10°C'min~! to 200°C, which was held for further 5 min. The MS transfer line and
ion source temperatures were set to 270°C and 230°C, respectively. The MS was
operated in El mode and positive ions at 70 eV were recorded with a scan range
from m/z 30 to m/z 300.

The identity of detected volatiles was determined by comparing mass spectra with
those of authentic standards and spectral libraries. The U.S. National Institute of

Standards and Technology (NIST-05a) and the Wiley Registry 7" edition mass
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spectral libraries were used for identification. Compounds were considered to be
positively identified after matching of both mass spectra and linear retention indices
(LRI) with that of authentic samples. LRI was calculated from a compound retention

time relative to the retention of a series of n-alkanes (Cs-Czs).

2.8.2 Identification of HPL products by SBSE analysis

For analysis by Stir Bar Sorptive Extraction (SBSE), a stir bar (0.5 mm film
thickness, 10 mm length, Gerstel GmbH, Milheim an der Ruhr, Germany) coated
with PDMS was used. The stir bar was placed in a 20- ml glass headspace vial
along with the reaction medium (2 ml containing 20 pg of purified recombinant
VVHPL1 mixed with 2 ml of 50 mM sodium phosphate buffer, pH 7, and 40 uM of
either 9-HPOD/T or 13-HPOD/T) and 2 ml of a concentrated NaCl solution (5 M).
SBSE was performed at ambient temperature for 2 h whilst stirring at 260 rpm.
After extraction, the stir bar was removed with magnetic tweezers, washed with
MilliQ water, gently dried with a lint-free tissue and then transferred into a glass
thermal desorption tube for GC-MS analysis. The system consisted of a Gerstel
TDU thermodesorption system (Gerstel GmbH, Milheim an der Ruhr, Germany),
mounted on an Agilent 7890B gas chromatograph system coupled to a quadrupole
Agilent 5977B electron ionisation (70 eV) mass spectrometer (Agilent
Technologies, Palo Alto, CA, USA).

The glass thermal desorption tube was introduced into the thermodesorption unit,
where the stir bar was heated to release and transfer the volatiles into a Gerstel
programmed temperature vaporization (PTV) inlet (CIS-4) via a baffled glass liner
(Gerstel GmbH, Mulheiman an der Ruhr, Germany). The thermal desorption was
carried out with a temperature program from 30°C held for 1 min, ramped at
60°C'min~! to 250 °C and held for further 6 min with a helium flow rate of 70 mI'min-
L. The CIS injector was held at -20°C for the total desorption time and then ramped
at 10°C's™! in the splitless mode to 300°C, and then held for additional 5 min to
transfer the trapped volatiles onto the analytical column. The TDU was operated in

the solvent vent mode, whereas the CIS-4 was operated in splitless mode.
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The GC was fitted with an HP-5MS capillary column (30 m x 0.25 mm in diameter,
0.25 um film thickness, Agilent Technologies). Helium was used as carrier gas with
a column flow rate of 1 mI'min~t. The MS transfer line and ion source temperatures
were set at 270°C and 230°C, respectively. The MS was operated in El mode and
positive ions at 70 eV were recorded with a scan range from m/z 30 to m/z 450.
The GC oven temperature was programmed as follows: 40°C for 10 min, ramped
at 4°C'mint to 300°C, and held for further 10 min.

Detected volatiles were identified by comparing mass spectra with those of
authentic standards and spectral libraries. The NIST-14 mass spectral libraries
were used for identification. Compounds were considered to be positively identified
after matching of both mass spectra and linear retention indices (LRI) with that of
authentic samples. LRI was calculated from a compound retention time relative to

the retention of a series of n-alkanes (Cg-Czsg).

2.9 Quantification of JA-lle content

For hormonal analysis, non-transformed BY-2 wild type as well as HPLox cells
were harvested after treatment with 27 pg- ml -2 harpin for either 30 min or 3 h,
respectively, or with equal volume of water as solvent control. The culture medium
was removed by vacuum by using a Buchner funnel, fresh weight was determined,
and the drained cells were frozen in liquid nitrogen. Contents of the isoleucine
conjugate of jasmonic acid (JA-lle), were quantified using a standardized
ultraperformance liquid chromatography — tandem mass spectrometry (UPLC-
MS/MS)-based method and [?Hz] JA-lle as internal standard according to (Balcke
et al., 2012). Values represent mean and standard errors from six independent

biological repeats.

2.10 Effect of Ce-volatiles on plant cells

The cellular effect of VVHPL1 products were examined in cell cultures expressing
a fluorescent actin marker (fimbrin actin-binding domain 2 in fusion with GFP, Sano
et al., 2005). Both cis-3-hexenal (50% purified in triacetine, Sigma-Aldrich), and
trans-2-hexenal (98% purified, Sigma-Aldrich) were tested for their putative role in
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signalling and defence responses. Cells were collected at day 3 after subcultivation
on 0.8% MS-agar, and 1 pL of cis-3-hexenal, trans-2-hexenal, or the solvent control
(Triacetin) were placed on 10 mm sterile filter paper discs in the centre of the MS-
agar plate and incubated for 10 minutes. After incubation, cells were transferred to
MS-medium. Cells were then observed by spinning-disc microscopy as described
above.

2.11 Effect of mechanical wounding on VVHPL1 transcripts

The detached forth leaf from the shoot apex of Vitis vinifera cv. ‘Muller-Thurgau’
plants from the greenhouse of the Botanical Garden of the Karlsruhe Institute of
Technology were wounded 20 times using a 5mm cork borer to simulate herbivore
damage. Leaves were frozen after 2, 4 and 6 hours treatment along with the non-
wounded control in liquid nitrogen and kept in a -80 °C freezer till RNA extraction.
The transcript level of the VVHPL1 in response to mechanical wounding in
grapevine leaf was determined by quantitative RT-PCR. mRNA was extracted from
treated leaves using the same approach as described in 2.2 The quality and
integrity of RNA was controlled as described above using spectrophotometry.
cDNA synthesis was carried out using 1ug total RNA as described above. For
detection of the expression levels of HPL specific primers for the VVHPL1 were
designed (see Appendix 5.6). According to Reid et al., (2006) ubiquitin conjugating
enzyme (UBC) was selected as internal standards. gPCR analysis was carried out
in 20 ul reactions containing 200 nM of each primer, 200 nM of each dNTP, 1X
GoTaq colourless buffer, 2.5 mM additional MgClz, 0.5 U GoTag polymerase
(Promega, Mannheim, Germany), 1x SYBR green | (Invitrogen,
Darmstadt,Germany) and 1 ul of a 1:10 cDNA dilution according to (Gutjahr et al.,
2008). Three technical replicates were performed for each sample. The relative
expression level of VVHPL1 was calculated with the delta delta Ct method (Livak &
Schmittgen, 2001) using the UBC as endogenous control for normalization. The
experiment was repeated for three biological replicates and the mean fold change
was calculated and plotted along with corresponding standard errors. This protocol

was adapted from (Svyatyna et al., 2014).
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2.12 Analysis of volatiles emitted from grapevine leaves

Volatile organic compounds emitted form grapevine leaves of Vitis vinifera cv.
‘Muller-Thurgau’ and Vitis rupestris were analysed. The healthy third or fourth leaf
from the shoot apex was harvested from plants of the Botanical Garden of the
Karlsruhe Institute of Technology and placed in SPME vials. From each grapevine
plant, five leaves were sampled. VOCs were extracted by SPME and analysed by
GC-MS as explained in (2.8.1).

2.13 Propagation of Plasmopara viticola

Vitis vinifera cv. ‘Mller-Thurgau’ is highly susceptible to Plasmopara viticola, thus
used for propagation in the laboratory. Detached leaves of ‘Mller-Thurgau’ plants
from the greenhouse of the Botanical Garden of the Karlsruhe Institute of
Technology were washed with deionized water and used for the pathogen
propagation in petri dishes. Plasmopara viticola (Berk. & Curtis) Berl. & De Toni
was isolated from the field from the host cultivar Gutedel in Pfaffenweiler in
Germany and selected into single sporangial strains (Gémez-Zeledon et al., 2013).
In this study the single sporangial strain 1137_C20 was used, that infect ‘Muller-
Thurgau’ intensively. Leaves were placed with the abaxial surface on an agueous
suspension of sporangia in a 14 cm petri dish and incubated overnight in the dark
while covered with black foil at 16 °C in a Percival plant incubator. The incubator
was equipped with full spectrum lamps (Philips Master TL-D Super 80 18W/840,
Cool White, Eindhoven). Light intensity was adjusted to 25 pmol-m2-s* (Williams
et al., 2007) during day cycles of 14 hours and 0 ymol-m-2-s* during night cycles of
10 hours, by constant temperature of 16 °C. At the following day the leaf was
removed from the suspension and placed with the inoculated abaxial side up on a
wet tissue paper in another petri dish. Sporangia appeared after 4-7 days.
Successful infection was shown (Figure 2.1) as a dense white sporulation layer
containing sporangiophores and many sporangia. Freshly harvested sporangia

were used for stomatal targeting experiments.
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Figure 2.1 Vitis vinifera cv. ‘Muller-Thurgau’ leaf infected successfully with P.viticola (Picture by
Sahar Akaberi, June 2016).

To release sporangia, infected ‘Muller-Thurgau’ leaves were cut into small pieces
and immersed in water in a Schott flask and shaken gently. Leaf pieces were
removed afterwards. To adjust the solution of sporangia to a concentration of
approximately 60.000 cells per ml to ensure optimal germination rate (Kiefer et al.,
2002), a hemacytometer (Fuchs-Rosenthal, Thoma, Freiburg) was used. The
solution was then incubated at 16°C in a climate chamber in dark for 1.5 - 2 hours
to let zoospores emerge. Targeting of zoospores was observed with 100 uL

zoospore suspension (6.000 sporangia per leaf disc).

2.14 Effect of volatiles on zoospores targeting behaviour

Vitis rupestris leaves were used to study the stomatal targeting. The forth or fifth
leaf from the shoot apex was harvested and washed with water. Leaf discs of 13
mm diameter were prepared and placed in 14 cm petri dishes. Leaf discs were
infected with P. viticola. Targeting of zoospores to the stomata was followed upon
exogenous application of 2 pL B-caryophyllene (280% purified, Sigma-Aldrich) or
2 pyL farnesene (mixture of isomers, Sigma-Aldrich) along with a water control on
a small paper disc. The petri dish was closed and incubated for 20 min at room
temperature. Infection was stopped by incubation of the leaf discs in double
distilled water. After drying with a tissue paper, leaf discs were placed on object
slides for staining of the infected area with a 30 pl droplet of Blankophor (Bayer,
Leverkusen, Germany; 0.1% w/v in 10% ethanol). Leaf discs were observed with
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a fluorescence microscope (DM750, Leica, Switzerland), equipped with a camera
(DFC400, Leica, Switzerland), under UV-light excitation using a DAPI filter set
(filterblock A, excitation filter BP 340-380 nm and suppression filter LP 425). For
each time point three leaf discs were used. Pictures were taken at 10x
magnification and were recorded using the software Leica Application Suite V3.3.1.
Numbers of targeted and non-targeted zoospores per treatment were evaluated.

This experiment was repeated for at least five biological replicas.

The effects of B-caryophyllene or farnesene on the frequency of targeted
zoospores have been tested in the above explained conditions. Numbers of
targeted zoospores were evaluated in five categories ranging continuously from
one zoospore per stoma up to four zoospores per stoma. Category five includes
infected stomata with more than 4 zoospores. The sum of infected stomata was

calculated.
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3. RESULTS

3.1 HPL1 from Vitis vinifera cv. ‘Miller-Thurgau’ shows all

features of a canonical CYP74B

Based on primers bordering the full-length of VVHPL1 coding sequence, a cDNA
of the predicted size (1464 bp) was amplified from Vitis vinifera cv. ‘Muller-Thurgau’
leaves and sequenced. This sequence is predicted to encode a polypeptide of 487
amino acids with a calculated molecular mass of 55 kDa. The predicted protein
sequence was aligned with other CYP74 sequences obtained through a BLAST
search of the Swissprot database (www.expasy.org) using the ClustalW algorithm
and a Neighbor Joining tree was constructed and subjected to a bootstrap test
based on 500 replicates (Figure 3.1). The VWMTh-HPL1 protein grouped closely
with a protein which has been isolated from the vinifera cultivar 'Cabernet
Sauvignon' and shown experimentally to be a canonical CYP74B accepting 13-
HPODI/T as substrates (Zhu et al., 2012). Also other members of this clade were
experimentally confirmed as 13-HPLs (Figure 3.1). We were able to recover
numerous sequence homologues from both, monocot and dicot plants by a BLAST
search. Further members could be found in gymnosperms, pteridophytes and
mosses. However, despite intensive searching and lowering of stringency levels, it
was not possible to identify any putative relative from algae. The CYP74 enzymes,
thus, seem to be confined to terrestrial plants (including the Bryophytes). The
recovered sequences clustered into several clades that were mostly clearly
delineated: one clade comprised members, for which AOS activity had either been
shown experimentally (Figure 3.1, green circles), or, for which at least the
molecular signature qualifying these members as bona-fide AOS (Appendix 5.7)
was found (Figure 3.1, blue circles). It seems that this clade is confined to the
Angiosperms, since sequences from the moss Physcomitrella that are registered
as AOS neither have been tested experimentally, nor by their molecular signature
show features of 9/13-HPLs activity. Also, the CYP74B enzymes grouped into a
clearly delineated clade, comprising also the HPL1 from ‘Muller-Thurgau’ (Figure
3.1, red circle). Again, the members of this clade had been neither experimentally

shown to confer 13-HPL activity, nor the presence of this activity could be inferred
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from the molecular signature in their active center (Appendix 5.7). In addition to
sequences from Angiosperms, two members of the heterosporic fern Selaginella
could be found in this group.
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Figure 3.1 Molecular phylogeny constructed by the neighbor-joining algorithm on selected
members of the CYP74 family. The position of the HPL sequence from ‘Miiller-Thurgau’ is indicated
by a red circle. Green circles indicate proteins, where the respective enzymatic activity has been
demonstrated experimentally, blue circles indicate proteins, where the respective enzymatic activity
has been inferred from the presence of the respective specificity signatures in the sequence. Values
next to the branches represent the percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (based on 500 replicates). The Swissprot accessions of the
shown sequences are: CYP74A (AOS): Na AOS Nicotiana attenuata Q8W4X8 (Ziegler et al., 2001);
Nt AOS Nicotiana tabacum L8B431; St AOS Solanum tuberosum Q8H1X6 (Farmaki et al., 2006);
SI AOS Solanum lycopersicum Q9M464, Gm AOS Glycine max AOMAV6 (Wu et al., 2008); Vv AOS
Vitis vinifera F6H025, At AOS Arabidopsis thaliana Q96242 (Lee et al., 2008); Os AOS Oryza sativa
Q7XYS3 (HA et al.,, 2002); Zm AOS Zea mays Q6RW10. CYP74B (13-HPL): Sm 13-HPL 1
Selaginella moellendorffi DBRA26, Sm 13-HPL 2 Selaginella moellendorffi D8QZ31, Os 13-HPL
Oryza sativa Q7X9C2, At13-HPL Arabidopsis thaliana Q9ZSY9 (Bate et al., 1998); Na 13-HPL
Nicotiana attenuata Q93YF8, Nt 13-HPL Nicotiana tabacum Q45KF8, S| 13-HPL Solanum
lycopersicum Q9ARHS8 (Matsui et al., 2000); Lu 13-HPL Linum usitatissimum E3VWAS (Gogolev
et al., 2012); Mt 13-HPL Medicago truncatulata Q4ZGM9, VvCabSauv 13-HPL Vitis vinifera cv.
‘Cabernet Sauvignon’ HPL1 E5FXI7 (Zhu et al., 2012); Vv MTh 13-HPL Vitis vinifera cv. ‘Muller-
Thurgau’ this work; KX379687. VvPinNo 13-HPL. Ancient HPL: Wn HPL Wollemia nobilis
AOAOCI9QM15, no plastid localisation sequence; Ps HPL1 Picea sitchensis A9NX03, no plastid
localisation sequence; Ps HPL2 Picea sitchensis B8LKD1, no plastid localisation sequence; Ps

HPL3 Picea sitchensis B8LK69, no plastid localisation sequence; Sm CYP74 Selaginella
moellendorfii D8T6U4, plastid localisation sequence verified; Pp CYP74 1 Physcomitrella patens
A9SNAZ2, plastid localisation sequence verified; Pp CYP74 1 Physcomitrella patens A9S014, plastid
localisation sequence verified. CYP74C (9/13- HPL): Mt 9/13-HPL Medicago truncatulata Q7X9B3,
Cm 9/13-HPL Cucumis melo Q93XR3 (Tijet et al., 2001); Pd 9/13-HPL Prunus dulcis Q7XB42 (Mita
et al., 2005); VvCabSauv 9/13-HPL Vitis vinifera cv. ‘Cabernet Sauvignon’ HPL 2 E5FXI8 (Zhu et
al., 2012); VwPinNo 9/13-HPL Vitis vinifera cv. ‘Pinot Noir F6HQI4. CYP74D (DES): S| DES
Solanum lycopersicum Q9FPM6 (ltoh & Howe, 2001); St DES Solanum tuberosum Q9AVQL1l
(Stumpe et al., 2001); Ca DES Capsicum annuum QOPHS9, Nt DES Nicotiana tabacum Q8W2N5

(Fammartino et al., 2007).

Furthermore, the still limited number of DES sequences formed a well-defined
cluster. The enzymatic activity of these proteins had mostly been already
experimentally shown, for one member, the bona-fide DES from Capsicum
annuum, a specific phenylalanine in the ERR-domain (Appendix 5.7), which is
crucial to delineate DES from 9/13-HPLs activity (Toporkova et al., 2013) predicts

a DES activity for this member as well.
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Neighbouring to the DES clade, there a similarly well delineated clade can be
inferred that harbours 9/13-HPLs. Again, this activity has been either already
validated experimentally or it is at least predicted, for instance by a specific WV
dyade in the substrate binding I-loop that has been shown to switch from DES to
9/13-HPLs activity (Hughes et al., 2009). Also, the other HPL member known from
Vitis vinifera, VVHPLZ2, belongs to this group (Zhu et al., 2012).

In addition to the four well delineated CYP74 clades found in the Angiosperms, the
recovered homologues from mosses, ferns, or the living fossile gymnosperm
Wollemia nobilis formed lineages that stood at the basal of the tree and were not
clustering with any of the four clades. The enyzmatic activity has not been tested
for any of these sequences, and it was also not possible to infer their activity from
the above-mentioned molecular signatures in the active center because they
deviated from the patterns seen in the Angiosperm. This group was also not
forming a clear cluster but was intermediate between the CYP74B and the
CYP74C clade, whereby for the moss Physcomitrella patens and the heterosporic
fern Selaginella moellendorffii several members are found that partially are closer
to the CYP74B, whereas other members of the same species are closer to
CYP74C. As mentioned above, the classification of some members of this basal
CYP74 group as AOS is to be questioned, since these proteins have not been
tested for their enzymatic activity, and lack the molecular signatures that would
gualify them as bona-fide AOS.

Moreover, the VvMTh-HPL1 sequence displays all molecular features
characteristic of a canonical CYP74B (Figure 3.2): (i) a putative N-terminal plastid
transit peptide comprising amino-acid residues 1 to 31 as predicted by two
algorithms,  targetP  (www.cbs.dtu.dk/services/TargetP/), and  ChloroP
(www.cbs.dtu.dk/services/ChloroP/), (ii) a cysteine triade signature relevant for
heme binding at positions 111, 142, and 146, (iii) a substrate-binding I-loop
correspond to the oxygen-binding domain in other cytochrome Paso proteins, (iv)
the ERR triade domain characteristic for the CYP74 family, known to modulate
substrate specificity, and (v) a highly conserved iron-binding cysteine at residue
438. The different subclades of the CYP74 family carry specific molecular features

related to substrate specificity (Appendix 5.7).
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142 448
111 146
w 282 321
1 487
31 357 419

|:| I-loop

|:| plastidic transit peptide
. ERR-triade domain

heme binding
' l iron binding

Figure 3.2 Molecular features of the HPL isolated from Vitis vinifera cv. ‘Muller-Thurgau’ according
to (Toporkova et al., 2013). Substrate binding is located in the I-loop (corresponding to the oxygen-
binding domain in other cytochrome Paso proteins), the ERR triade domain is characteristic for the
CYP74 family and modulates substrate specificity. A full alignment of the HPL isolated from Vitis
vinifera cv. ‘Muller-Thurgau’ along with representative of the different CYP74 subclades and the

subclade-specific signatures is given in Appendix 5.6.

Based on these features, the VVMTh-HPL1 clearly qualifies as a canonical member
of the CYP74B clade, confirming the position in the phylogenetic tree. Specifically,
the VVMTh-HPL1 harbours a leucine in position 115 in contrast to the grapevine
AOS which carries a phenylalanine at this position. The mutation of this crucial
leucine to phenyalanine has been shown to convert HPL activity into an AOS
activity (Lee et al., 2008). Likewise, the second feature of this HPL signature, an
alanine in position 133 (contrasting with a serine in AOS) is present as well,
showing that VVMTh-HPL1 displays the molecular signature for a 13-HPL (Lee et
al., 2008).
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3.1.1 Grapevine HPL showed plastid localisation

To verify the subcellular localisation of the VVHPL1, N- or C-terminal fusions of
VVHPL1 with green fluorescent protein (GFP) were expressed under the control of
the cauliflower mosaic virus 35S promoter in tobacco BY-2 cells (Figure 3.3). The
C-terminal fusion appeared in small ovoid organelles (Figure 3.3.B). Co-expression
with the N-terminal fragment of ferredoxin NADPH oxidoreductase including the
transit peptide, tpFNR-mEosFP, a stroma marker (Schattat et al., 2012), identified
the VVHPL1 containing organelles as proplastids (Figure 3.4). When GFP was
fused to the N-terminus of HPL1, such that the reporter masked the transit peptide,
the pattern was different: GFP was visible in long filaments that by their morphology
and localisation in cytoplasmic strands were identified as transvacuolar ER tubules
(Figure 3.3 A).

A utransit peptide B @transit peptide
| GFP | | 13-hydrop4ro*id|ely4se | | | 13-hydrope‘ro*idkly4se | GFP |

Figure 3.3 Localisation of the HPL isolated from Vitis vinifera cv. ‘Miller-Thurgau’. A Stable
expression of GFP fused N-terminally of HPL in tobacco BY-2. Three representative confocal
sections from a z-stack along with a differential-interference contrast (DIC) image of the same cell
are shown. B Stable expression of GFP fused C-terminal of HPL in tobacco BY-2. Two
representative confocal sections from a z-stack along with a differential-interference contrast (DIC)

image of the same cell are shown.
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HPL-GFP tpFNR-mEosFP

HPL-GFP | tpFNR-mEosFP

Figure 3.4 Localisation of the HPL isolated from Vitis vinifera cv. ‘Muller-Thurgau’ Duplex
visualisation of GFP fused C-terminal of HPL and the stroma marker tpFNR-mEosFP shown
as overview A, and as zoom-in of the nuclear region B, respectively. White arrows in B

indicate vesicular structures (vsc) in the proplastid interior, where the HPL-GFP signal

accumulates.
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3.1.2 Recombinant VVHPL1 prefers 13-hydroperoxy-fatty acids as substrate

To characterise the substrate specificity, the full-length coding sequence of HPL1
isolated from Vitis vinifera cv. ‘Muller-Thurgau’ was cloned into the pET-DEST42
vector for recombinant expression in fusion with a 6x histidine tag at the C-terminus
of the protein. The destination vector was expressed in E.coli cells and induced
with 500 uM IPTG at 18°C. The recombinant VVHPL1 protein purified using Ni-NTA
agarose was soluble and showed the predicted molecular weight of 59 kDa. The
purified recombinant VVHPL1 was confronted with all four potential hydroperoxy-
fatty acid substrates (13-HPOD, 13-HPOT, 9-HPOD and 9-HPOT), and the
respective reactions were analysed with two extraction methods, SPME and SBSE,
coupled with GC-MS.

Table 3.1 Survey about substrate preference of recombinant VVHPL1 tested with different fatty acid

hydroperoxides and identified products.

Products
Substrate n- trans-2- | cis-3- | trans-2- | cis-3- | nonanal 2- (Z2,2)-3,6-
hexanal | hexenal | hexenal | hexenol | hexenol nonenal | nonadienal
13-HPOT - + + - - - -
13- + - -
HPOD
9-HPOD
9-HPOT

The results (Table 3.1) show that recombinant VVHPL1 was able to catalyse the
cleavage of either 13-HPOD or 13-HPOT into Cs-volatiles. In contrast, the
recombinant VVHPL1 showed no activity towards 9-HPOD or 9-HPOT. The major
product from 13-HPOD was hexanal (Figure 3.5), while 13-HPOT as substrate
yielded cis-3-hexenal and trans-2-hexenal (Figure 3.6). These compounds were
verified by comparing mass spectra with those of authentic standards and spectral
libraries. We could not produce any Co-volatiles such as nonanal, 2-nonenal or
(z,2)-3,6-nonadienal, neither with 9-HPOD, nor with 9-HPOT. Moreover, none
volatile compounds were detected in control samples using substrates and sodium
phosphate buffer in the absence of recombinant protein. Based on these results,
the HPL1 gene isolated from Vitis vinifera cv. ‘Muller-Thurgau’ is concluded to
encode a functional 13-HPL, which is able to catalyse the cleavage of 13-
hydroperoxy-fatty acids into Cs-aldehydes and therefore can also functionally be

categorized as a member of the CYP74B subfamily.
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Figure 3.5 VvHPL1 substrate specificity assay performed with the recombinant enzyme.

Extracted ion chromatograms and spectra of hexanal showed that the recombinant VvHPL1
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Figure 3.6 VvHPL1 substrate specificity assay performed with the recombinant enzyme.
Extracted ion chromatograms and spectra of cis-3-hexenal and trans-2-hexenal showed that the
recombinant VVHPL1 catalyse the cleavage of 13-HPOT into cis-3-hexenal and trans-2-hexenal.
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3.2 Overexpression of the HPL1-GFP fusion caused no

phenotypic effect

Since the C-terminal fusion of GFP to HPL1 was found to preserve a correct
subcellular localisation, it was asked further, whether overexpression of this
apparently functional fusion could cause any phenotypic effects. However, when
the phenotype of the HLP1ox line was followed through a cultivation cycle under
normal conditions, we could not detect any deviation from the non-transformed wild
type, neither with respect to viability (which was invariably high and close to 100%,
Figure 3.7 A), nor with respect to the amplitude, nor the temporal pattern of the
mitotic index (Figure 3.7 B). Even subtle details of physiology, such as cell

elongation were preserved in the overexpressor line (Figure 3.8).

5
100 *?!:-‘—t—-——r——-l —_— I:|'n n=1500
n=1500 X 4 T i
. 80 < @ @
o CIJ
= 6o g3
> B i
]
= (S
S 40 S 2
o =
0 T T T T T T 0 T T T T T T 1
0o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
time after subcultivation [d] time after subcultivation [d]

Figure 3.7 Physiological parameters of the HPL1-GFP overexpressor (black) compared to non-
transformed BY-2 (white): viability (A), and mitotic index (B) over the cultivation cycle. Values

represent mean and standard errors from a population of 1500 cells per measurement.
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20 _.B\(-zw'r n=1500 Figure 3.8 Physiological parameters of
E‘ mHPL ox the HPL1-GFP overexpressor (red bar)
3— 80 - compared to non-transformed BY-2
4'5 (green bar): cell length at the end of
téo 70 - proliferation phase (day 4) and the end
3 of expansion phase (day 7). Values
% 60 | represent mean and standard errors
O from a population of 1500 cells per

measurement.
50

day 4 day 7

Therefore it was verified, to what extent the transgene was overexpressed.
However, when the presence of the foreign transcripts was probed, high-steady
state levels for the VVHPLL1 transcript were found in all of the probed transgenic
lines. This transcript was of the predicted size, whereas it was completely absent

from the non-transformed controls (Figure 3.9).

@transit peptide

13-hyd rop%roxid|e Iy4se GFP
M1 2 3 4 M 5 6 7 8
- HPL;
= = (predicted 1464 bp)
1500 1500 -y .- . =
1000 1000
bp — bp &=
free primers
non-transformed lines HPLox lines

Figure 3.9 High-steady state levels of the VVHPLL1 transcript. Steady-state levels of the HPL1
transcript in four samples from non-transformed BY-2 (left) and in four samples from tobacco BY-2
overexpressing the HPL1 isolated from Vitis vinifera cv. ‘Muller-Thurgau’ in fusion with GFP at the
C-terminus (right) under physiological conditions probed by RT-PCR with primers spanning full-
length HPL1 predicted to produce an amplificate of 1464 bp in length. White arrow: putative full-

length HPL1 transcript, grey arrow: free primer pairs.
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Moreover, the presence of the HPL1-GFP fusion protein in the microsomal fraction
of the transformed cells was also confirmed by using a monoclonal anti-GFP
antibody (Figure 3.10). The fusion protein was of the predicted size and was not
detected in extracts from non-transformed cells. Thus, although HPL1-GFP is
properly expressed, accumulates to well detectable levels, and is correctly
localised in the plastidic stroma, no phenotypic effect under normal conditions has
been observed, indicating that the enzyme is not active, possibly due to a lack of
substrate.

M1l M2 mi su mi su
175
HPL-GFP
(predicted 80.9 kDa)
80 =
58
kDa
non-transformed HPLox

Figure 3.10 Immunodetection of VVHPLL1 in tobacco lines overexpressing HPL1 isolated from
Vitis vinifera cv. ‘Muller-Thurgau’ in fusion with GFP at the C-terminus. The putative HPL1-GFP
fusion protein is exclusively detected by Western Blotting (using a monoclonal antibody against
the GFP tag) in microsomal (mi) fractions from cells overexpressing HPL1-GFP, but not in the
cytosolic supernatant of the same cells (su), nor in any fraction from non-transformed BY-2 cells.
M1 and M2 are two size markers from different commercial products. The size of the predicted
HPL1-GFP fusion is 80.9 kDa.
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3.3 The function of VVHPL1 / volatiles in stress signalling

3.3.1 The HPL1-GFP overexpressor is more sensitive to salt stress

It was asked therefore, whether a phenotype could be uncovered, when the
substrate is provided by activation of lipid peroxidation. In suspension cells, lipid
peroxidation can be efficiently triggered by salt stress (Ismail et al., 2012). HPLox
and non-transformed wild type BY-2 cells were subcultivated in the presence of 0,
50, 100, or 150 mM NacCl, respectively. Salt-induced mortality of both cell lines was
evaluated 24 h after onset of the treatment. Whereas in absence of salt mortality
was very low (below 5%) in both lines, it increased progressively with increasing
salinity (Figure 3.11). Irrespective of the NaCl concentration, the mortality of the
HPLox cells was significantly higher compared with the non-transformed wild type.
This increase of mortality (around 15%) was not dependent on the concentration
of salt, but remained constant, although the overall mortality increased strongly
from 40% for 50 mM NacCl to around 90% for 150 mM NaCl. The effect of HPL1

overexpression on mortality was therefore additive.

100 -
mBY-2 WT
B-? 80 u mHPL ox
= 60
S '
= 40
20
0 — T T
0] 50 100 150
NaCl [mM]

Figure 3.11 Elevated inducibility of signal-dependent cell death in tobacco BY-2 overexpressing
the HPL isolated from Vitis vinifera cv. ‘Muller-Thurgau’ in fusion with GFP at the C-terminus
under physiological conditions. Mortality after addition of NaCl in the non-transformed BY-2
(green bars) versus the HPL overexpressor (red bars). Mortality was scored after 24 h of
treatment. Values represent mean and standard errors from a population of 1500 cells per
measurement and at least three independent experimental series. Brackets indicate differences
that are significant at P <0.05 (*) or P <0.01 (**), Student’s t-test.
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3.3.2 HPL1 overexpression specifically elevates cell-death related, but not

basal defence

Since a phenotype in the HPL1 overexpressor can be induced by activating lipid
peroxidation through salinity as abiotic stress, which leads to a further question:
whether similar phenomena in the context of defence could be seen. In grapevine
cells, basal defence (PTI) can be efficiently triggered by the bacterial PAMP flg22,
whereas the bacterial elicitor harpin activates a cell-death related form of defence
(Chang & Nick, 2012). The same pattern is also observed in tobacco BY-2 (Guan
et al., 2013). Therefore the responses of HPLox and non-transformed wild type to
flg22 (10 uM) and harpin (27ug- ml 1) were followed. As in the salt-stress
experiment, mortality was determined 24 hours later using the Evan's Blue assay
(Figure 3.11). While flg22 induced only a slight increase of mortality, the effect of
harpin was strong, dose-dependent, and specific for the genotype (Figure 3.12): in
the non-transformed wild type, mortality hardly exceeded 10%. In contrast, harpin
enhanced cell mortality in a dose-dependent manner, reaching up to 30% after 24
hours for 27 ug- ml - harpin (Figure 3.13).

Figure 3.12 Representative image of an Evans Blue assay after treatment of tobacco BY-2 cells
overexpressing the HPL isolated from Vitis vinifera cv. ‘Muller-Thurgau’ with 27 ug'-ml* of the bacterial

elicitor harpin.
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Figure 3.13 Elevated inducibility of signal-dependent cell death in tobacco BY-2 overexpressing
the HPL isolated from Vitis vinifera cv. ‘Muller-Thurgau’ in fusion with GFP at the C-terminus.
Mortality after addition of the PAMP flg22 (10 uM), compared to 18 pg-ml? or 27 pgml? of harpin
(hrp). Mortality was scored after 24 h of treatment in the non-transformed BY-2 (green bars) versus
the HPL overexpressor (red bars). Values represent mean and standard errors from a population
of 1500 cells per measurement and at least three independent experimental series. Brackets
indicate differences that are significant at P <0.05 (*) or P <0.01 (**), Student’s t-test.
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Jasmonic acid (JA) is known to activate basal immunity, and it was asked, whether
activation of JA signalling can mitigate the harpin-triggered cell-death response
observed in the HPLox line. In fact, 100 uM of racemic JA administered prior to
harpin treatment was able to prevent the otherwise strong activation of cell death
by 27 pg- mlt harpin (Figure 3.14). In the non-transformed wild type, this JA
pretreatment could reduce harpin-induced mortality to even lower levels. Thus,
exogenous JA acted antagonistically to the HPL1 overexpression with respect to

the harpin response.

I **l
H BY-2WT
30 B HPL ox
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2 10

0

hrp+JA

Figure 3.14 Effect of jasmonic acid (JA, 100 uM) on cell death induced by harpin (hrp, 27 pg-ml?).
Mortality was scored after 24 h of treatment in the non-transformed BY-2 (green bars) versus the
HPL overexpressor (red bars). Treatment was launched 2 hours after subcultivation. Values
represent mean and standard errors from a population of 1500 cells per measurement and at least
three independent experimental series. Brackets indicate differences that are significant at P <0.05
(*) or P <0.01 (**), Student’s t-test.

The activation of cell-death by harpin treatment is correlated with oxidative burst,
which is triggered by the NADPH oxidase located in the plasma membrane. This
NADPH oxidase, Respiratory burst oxidase Homolog (RboH) can be inhibited by
the specific inhibitor diphenyleneiodonium (DPI) (Chang et al., 2011). In fact, pre-
treatment of cell cultures for 30 min with 200 nM DPI could significantly reduce the
mortality induced by 27 pg'ml? harpin (Figure 3.15). It should be noted, however,

that this rescue of viability remained partial (contrasting with the effect of JA, where
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the rescue was complete). Nevertheless, these data indicate that the NADPH
oxidase participates in the mechanism responsible for the HPL1-dependent

stimulation of harpin-triggered cell death.
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Figure 3.15 Effect of the NADPH oxidase inhibitor Diphenyleneiodonium (DPI, 0,2 uM) on cell
death induced by harpin (hrp, 27 ug'ml1). Mortality was scored after 24 h of treatment in the non-
transformed BY-2 (green bars) versus the HPL overexpressor (red bars).Treatment was launched
30 minutes after subcultivation. Values represent mean and standard errors from a population of
1500 cells per measurement and at least three independent experimental series. Brackets indicate
differences that are significant at P <0.05 (*) or P<0.01 (**), Student’s t-test.

Since activation of JA signalling mitigated harpin-induced cell death in the HPLox
line, it was intriguing whether this antagonism should be mirrored in a transient
modulation of the bioactive jasmonate conjugate JA-lle. In fact, a transient
reduction of JA-lle levels by almost 50% at 30 min after treatment with 27 pg-ml*
harpin were observed in the non-transformed wild type (Figure 3.16). This
reduction was not stable 3 h after the treatment, the JA-lle had recovered to its
original level. This transient reduction of JA-lle was not seen in the HPLox line.
Here, the initial level (which was equal to that seen in the non-transformed wild
type) was maintained (Figure 3.16) indicating that the overexpression of HPL had
rendered the jasmonate-synthesis pathway insensitive to harpin-triggered

signalling.
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Figure 3.16 Quantification of Jasmonoyl-Isoleucine (JA-Ile) in tobacco BY-2 overexpressing the
HPL isolated from Vitis vinifera cv. ‘Miller-Thurgau’ in fusion with GFP at the C-terminus. Effect
of harpin (hrp, 27 pgml?') in the non-transformed BY-2 (green bars) versus the HPL
overexpressor (red bars) on Jasmonoyl-Isoleucine (JA-lle) level. The JA-lle levels were quantified
after 30 minutes and 3 hour of treatment along with control samples without harpin. Values
represent mean and standard errors per measurement and at least three independent
experimental series. Brackets indicate differences that are significant at P <0.05 (*) or P <0.01
(**), Student’s t-test.

3.4 Cis-3-hexenal but not trans-2-hexenal evokes a specific actin

response on BY-2 cells

The potential cellular effect of the two cognate VVHPL1 products, cis-3-hexenal
and trans-2-hexenal were examined in suspension cells. Since cell-death related
immunity as elicited by harpin causes a rapid disassembly of the cortical actin
filaments subtending the membrane, which is one of the earliest cellular hallmarks
of ensuing cell death (Guan et al., 2013). Actin responses to these two Ce-volatiles
were investigated along with the appropriate solvent control using a transgenic BY -
2 tobacco cell line, where actin was visualised by the second actin-binding domain
of plant fimbrin in fusion with GFP (Sano et al. 2005). In the solvent control, a rich
meshwork of cortical actin filaments was observed by spinning-disc microscopy
(Figure 3.17 A). After treatment with trans-2-hexenal, no significant differences in

comparison to the solvent control were detected (Figure 3.17 C). In contrast, a
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treatment with cis-3-hexenal caused a rapid and strong disintegration of the
meshwork which was already fully developed at the earliest time point (10 min after
start of the treatment) (Figure 3.17 B). Thus, there is a stereospecific, rapid and

drastic response of cortical actin to Ce-volatiles.

Central actin Cortical actin Central actin Cortical actin Zoom
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Figure 3.17 Effect of the two VVHPL1 products on transgenic BY-2 tobacco cell line
overexpressing actin-binding domain 2 of plant fimbrin in fusion with GFP. A, Responses of BY-
2 cells to the solvent control (Triacetin). B, Treatment with cis-3-hexenal, and C, Treatment with
trans-2-hexenal. For each treatment, representative confocal sections from a z-stack along with
the differential-interference contrast (DIC) image of the same cell, visualisation of GFP fused with

actin and zoom-in of cortical actin are shown, respectively.
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3.5 Exploring whole plant functions of volatiles

In order to address a potential role of volatiles on the organismic level, the response

of HPL to herbivor attack was simulated by wounding experiment.

3.5.1 Mechanical wounding of Vitis vinifera cv. Mduller-Thurgau leaves

induced accumulation of HPL1 transcripts

In response to mechanical wounding, GLVs are released in plants by the action of
HPL. Therefore the transcript level of VVHPL1 in response to wounding was
examed. As shown in (Figure 3.18), mechanical wounding increased the
accumulation of HPL1 transcripts in Vitis vinifera cv. ‘Muller-Thurgau’ leaves.
Transcripts increased 2 hours after wounding attaining the maximum levels.
Quantitative real-time PCR analysis showed that HPL1 is highly expressed in all
wounded samples compared to non-wounded samples, suggesting its possible

role in wound induced response in grapevine leaves.
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Figure 3.18 Expression of VWVHPLL1 in response to mechanical wounding. Quantification of HPL1
transcripts in Vitis vinifera cv. ‘Muller-Thurgau’ leaf by quantitative real-time PCR normalized to the
expression of ubiquitin conjugating enzyme (UBC). Data represent mean values from three
independent experimental series, error bars represent standard errors. Brackets indicate

differences that are significant at P <0.01 (**), Student’s t-test.
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3.5.2 Grapevine leaves emit a variety of volatile compounds

To find out volatile candidates that affect zoospore targeting behaviour, leaves of
two grapevine species were analysed by SPME-GC-MS. Quantification results of
the main volatiles obtained from fresh leaves of Vitis vinifera cv. ‘Muller-Thurgau’
and Vitis rupestris are shown in Table 3.2. A total of 12 compounds were identified.
The composition of volatiles varied strongly according to the grapevine species
(Appendix 5.8). Leaves of Vitis vinifera cv. ‘Muller-Thurgau’ had a larger variety of
VOCs compared to Vitis rupestris. Monoterpenes, sesquiterpenes and esters were
the most volatiles identified. Regarding monoterpenes, ocimene was the major
compound detected in both grapevine leaves. Caryophyllene and farnesene were
the main sesquiterpenes detected mainly in leaves of Vitis vinifera cv. ‘Muller-
Thurgau’ (Table 3.2, highlighted). These two compounds were further studied for
their potential roles in zoospores targeting.

Table 3.2 Content of volatiles obtained by SPME-GC-MS analysis in leaves of Vitis vinifera cv.
‘Miller-Thurgau’ and Vitis rupestris. Numbers indicate mean values of peak areas obtained from

six measurements. 0, indicate compound that has not detected from the samples.

Compounds Vitl!s vinifera cv. Vitis
‘Maller-Thurgau’ .
rupestris
cis-3-hexenyl acetate 12343839 0
cis-3-hexenyl butyrate 7036280 0
Z-3-hexenyl 2-methylbutanoate 520917 0
3-hexenyl hexanoate 220972 0
dimethyl 1-hexadecanamine 559969 0
caryophyllene 65410 22626
N,N-dimethyl 1-hexadecanamine, N,N-dimethyl 155575 0
cis-3-hexenyl propanoate 18821 0
trans-B-ocimene 90787 1015276
(Z,E)-a-farnesene 63755 0
(E,E)-a-farnesene 21104788 2014096
(E)-4,8-Dimethyl-1,3,7-nonatriene 0 3980713

3.5.3 Exogenous farnesene mistargeted Plasmopara zoospores

In order to verify the effect of volatiles on zoospores in sensing stomata, by an
exogenous source of B-caryophyllene or farnesene, a leaf disc assay was set up.

Zoospores of the single sporangial strain 1137 _C20 (GOmez-Zeleddn et al., 2013),

53



3. RESULTS

were hatched in vitro, inoculated on Vitis rupestris leaf discs in the presence of a
small volume of volatile placed on a filter paper in the center of the petridish.
Zoospores targeting were evaluated microscopically after 20 minutes by
blankophor staining. The effects of exogenous sources of (-caryophyllene or
farnesene on the targeting behaviour of P. viticola zoospores from a leaf-disc assay
were plotted in (Figure 3.19). In the presence of B-caryophyllene, the targeting of
zoospores to the stomata was moderately affected as compared to the control
assay. Under this condition 92% of zoospores were successful in finding their way
to the stomata. In contrast, an exogenous source of farnesene could affect
zoospore targeting negatively. In the presence of an exogenous farnesene around
60% of the zoospores were targeted to the stomata successfully, whereas the rest
of them either formed germ tubes or were found on leaf veins (Figure 3.20). The
results of this assay demonstrated reduced targeting of zoospores by an

exogenous source of farnesene.
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Figure 3.19 Effects of an exogenous source of B-caryophyllene or farnesene on the targeting
behaviour of Plasmopara viticola zoospores in relation to water control. Data represent mean
values from three independent experimental series, error bars represent standard errors. Brackets

indicate differences that are significant at P <0.05 (*), Student’s t-test.
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Figure 3.20 Stomatal targeting of Plasmopara viticola zoospores under exogenous source of
volatiles A. Control condition: several zoospores targeted successfully to the stomata. Infected
stomata with cysts and germinated cysts 20 minutes after inoculation of a Vitis rupestris leaf disc.
Arrows indicate encysted gathered zoospores on stomata of Vitis rupestris B. Zoospore targeting
under application of an exogenous source of farnesene. Arrows indicate zoospores that produced

germ tubes before targeting to the stomata.

3.5.4 Exogenous B-caryophyllene and farnesene affect frequency of targeted

Zoospores

To find out if the exogenous source of volatile compound could affect the frequency
of targeted zoospores. The number of zoospores per stomata has been evaluated
from a leaf disc assay. The frequency of targeted zoospores under exogenous
sources of B-caryophyllene or farnesene in relation to water control has been
plotted (Figure 3.21). In the presence of an exogenous source of B-caryophyllene
or farnesene the frequency of targeted zoospores were affected as compared to
the control assay without a volatile source. B-caryophyllene and farnesene
significantly reduced the number of stomata with one zoospore. In contrast, an
exogenous source of B-caryophyllene or farnesene could not affect the frequency
of targeted zoospores with two or more zoospores per stomata. These results
correlate with the “gathering effect” of zoospores, where several zoospores infect

one single stoma.
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Figure 3.21 Effects of an exogenous source of 3-caryophyllene or farnesene on the frequency of
targeted Plasmopara viticola zoospores. Numbers of targeted zoospores were evaluated in five
categories ranging continuously from one zoospore per stoma up to four zoospores per stoma.
Category “more than 4” includes infected stomata with more than 4 zoospores. Data represent
mean values from three independent experimental series, error bars represent standard errors.

Brackets indicate differences that are significant at P <0.05 (*) or P <0.01 (**), Student’s t-test.
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3.6 Summary of results

Plants emit volatile compounds to respond efficiently to various biotic and abiotic
stress conditions. Green Leaf Volatiles as one important group of volatile
compounds are produced through the cleavage action of hydroperoxide lyase
(HPL). In this study, the HPL1 was isolated from the Vitis vinifera cultivar ‘Muller-
Thurgau’ and overexpressed in the tobacco BY-2 cells. Co-expression of VVHPL1-

GFP fusion with a stroma marker (tpFNR-mEosFP) verified its plastid localisation.

The substrate specificity of the VVHPL1 was tested by feeding 9-HPOD/T and 13-
HPODI/T to the recombinantly expressed enzyme. Assays using Solid Phase Micro
Extraction (SPME) coupled with gas chromatography mass spectrometry (GC-MS)
showed that recombinant VVHPL1 was able to catalyse the cleavage of 13-
HPODI/T into Ce-volatiles. In contrast, the recombinant HPL showed no activity
towards 9-HPOD/T. The major product from 13-HPOD was hexanal, while 13-
HPOT as substrate yielded cis-3-hexenal and trans-2-hexenal. These results
confirmed VVHPL1 as 13-HPL (CYP74B), which consistent with the prediction

derived from sequence comparisons.

Overexpression of the HPL1-GFP fusion in tobacco suspension caused no
phenotypic effect in comparison to the non-transformed wild type under standard
conditions. The overexpression of HPL conferred elevated cell motality in response
to salinity. The HPLox cell line also showed higher mortality in response to harpin
elicitor. This harpin-triggered cell-death response was mitigated by activation of JA

signalling in the HPLox line.

The cellular effect of VWHPL1 products (cis-3-hexenal and trans-2-hexenal) were
examined on BY-2 cell expressing a fluorescent actin marker. Cis-3-hexenal, but
not its isomer trans-2-hexenal, elicited a rapid response of actin filaments indicative

of a receptor-mediated programmed cell-death response.

The role of volatiles was studied on the whole plant by using Grapevine-
Plasmopara interaction as an experimental model. The effects of two volatile

compounds, B-caryophyllene and farnesene released from the leaves of the
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grapevine were studied with respect to the targeting behaviour of P. viticola
zoospores. An exogenous source of farnesene affects the targeting of P. viticola
zoospores, whereas they could still target to the stomata in the presence of an

exogenous source of B-caryophyllene.
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4. DISCUSSION

Plants make use of Volatile Organic Compounds to interact with their continuously
changing environment. Although during the last decades various studies revealed
different aspects of plant volatile compounds, there are still many questions that
remain unclear. Green Leaf Volatiles, as one important group of volatile organic
compounds, not only contribute to flavour aromas in fruits and vegetables, but are
also considered to participate in plant defence responses to pathogens or herbivors
(Matsui et al., 2000). The aim of this study was to explore the molecular

mechanisms underpinning the role of Green Leaf Volatiles in defence signalling.

Green Leaf Volatiles are generated from fatty acid hydroperoxides by the cleavage
reaction of fatty acid hydroperoxide lyase (HPL). To get insights into the cellular
functions of HPL, Hydroperoxide Lyase from Vitis vinifera cv. ‘Muller-Thurgau’
(VVHPL1) has been investigated. This study focused on cellular functions of
Hydroperoxide Lyase 1 from Vitis vinifera cv. ‘Muller-Thurgau’ (VvHPL1). Where is
this enzyme localised, what is its enzymatic function and how does it function in

response to different biotic and abiotic stress factors?

On the other hand, volatiles can be hijacked as cues, by which pathogens locate
entrance gates into the host, such as stomata (reviewed in Melotto et al., 2008).
For a better understanding of the volatile roles on the organismic level, the
Grapevine-Plasmopara interaction was included as a unique experimental model
in this study. It is known that P. viticola uses the chemical signals released from
host plants to target the stomata (Kiefer et al., 2002). But still the host factors that
guide P. viticola zoospores are unknown. Are there specific volatile compounds
used by P. viticola zoospores as cues to find their ways to the stomata? How could

these host factors affect the pathogen development?
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4.1 The VVHPL1 from 'Mduller-Thurgau' is a CYP74B using 13-
HPOT to generate 2-hexenal

Based on sequence similarity and the presence of specific molecular signatures,
the VVHPLL1 is a member of the plant CYP74 enzymes. VVHPL1 was predicted to
be a member of the CYP74B clade favouring 13-hydroperoxy fatty acids and

generating Cs-volatiles.

In this study, the enzymatic activity was confirmed using purified recombinant
protein. It was found that the VvHPL1 from cv. ‘Muller-Thurgau', similar to its
homologue from cv. 'Cabernet Sauvignon’ (Zhu et al., 2012) was indeed a true
CYP74B specifically accepting 13-hydroperoxy fatty acids (and not 9-hydroperoxy
fatty acids) as substrate, giving rise to the cis- and the trans-isomer of the Ce-
volatile 2-hexenal (cis-3-hexenal and trans-2-hexenal). Further analysis showed
that recombinant VVHPL1 from 'Mdiller-Thurgau' preferred 13-HPOT as substrate.
When 13-HPOD was offered, no hexanal was detected using SPME analysis. This
might be because the potential levels of hexanal in the head space did not reach
the threshold for detection and therefore SBSE as an alternative analytical
approach was employed. In fact, here, it was possible, to detect hexanal as product
from the enyzmatic conversion of 13-HPOD. However, similar to the HPL
homologue from tomato (Howe et al., 2000), the substrate preference of VVHPL1
is clearly on the site of the 13-HPOT, channelling the metabolic pathway towards
cis-3-hexenal and trans-2-hexenal.

4.2 The VVHPL1 from 'Muller-Thurgau' is located in the plastid

The oxylipin pathway is strongly compartmentalised, and this subcellular
partitioning has been studied in great detail for jasmonate biosynthesis (reviewed
in Wasternack & Hause, 2013), whereby the initial steps proceed in the plastid,
followed by further processing in the peroxisome, and final activation in the
cytoplasm. For the concurrent oxylipin branches, this compartmentalisation is less
clear and there has been some controversy about the localisation of HPLs:

Whereas all three HPL versions of rice were shown to be imported into plastids

60



4. DISCUSSION

using an in-vitro import assay (Chehab et al., 2006) as well as the HPL of tomato
(Froehlich et al., 2001), a HPL of almond was reported to accumulate in lipid
droplets upon transient transformation into tobacco protoplasts (Mita et al., 2005),
and for alfalfa, specific 9-HPL isoforms were reported to be located in the cytosol
and in lipid droplets, again using transient transformation in protoplasts or leaves
(Domenico et al., 2007). Due to different localisation patterns, the subcellular
localisation of VVHPL1 needs to be studied in more detail. Since all previous
studies had either relied on in-vitro assays (Froehlich et al., 2001; Chehab et al.,
2006), or on transient expression (Mita et al., 2005; Domenico et al., 2007), stable
cell line expressing VVHPL1 in tobacco BY-2 was generated in this study. Since
the N-terminus of HPL1 harbours a predicted transit peptide for chloroplast
targeting, but chloroplast targeting was reported to occur in some cases even in
absence of the chloroplast transit peptide (Froehlich et al., 2001), as a result, both
C- and N-terminal fusions of HPL with GFP were constructed. As expected from
the prediction of an N-terminal plastid targeting sequence, a qualitatively different
localisation pattern for these two constructs was observed: when GFP was fused
at the C-terminus, the VVHPL1 localised in ovoid organelles that by transient
transformation with the stroma marker tpFNR-mEosFP were shown to be
proplastids (Figure 3.4). In contrast, when the GFP was fused to the N-terminus,
thus masking the putative plastid import sequence, the VVHPL1 was not seen in
the proplastids but in filamentous structures that by morphology and localisation
seem to be transvacuolar strands of the ER (Figure 3.3 A). Since stable expression
of the C-terminal HPL-GFP fusion produced a localisation consistent for a
canonical 13-HPL (Froehlich et al., 2001; Chehab et al., 2006), It was, therefore,
promising to use this overexpressor line to address potential cellular functions of

this enzyme.

Quantitative phenotyping of this line with respect to viability, mitotic index, and cell
length under normal physiological conditions did not reveal any difference between
the overexpressor and the non-transformed wild type (Figure 3.7 & Figure 3.8).
However, the overexpression seen by spinning disk microscopy could be
confirmed both on the transcript level (Figure 3.9), as well as by detection of the

fusion protein on the protein level (Figure 3.10). This led to the question, whether
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the cryptic function of VVHPL1 can be rendered manifest, when lipoxygenation is
stimulated by exposing this transgenic line to stress conditions, thus providing the

substrates for this enzyme.

4.3 VVHPL1 functions in cell-death related stress signalling

In response to salt stress, higher levels of reactive oxygen species are formed in
cells (Ismail et al., 2012). In cell culture, oxidative burst can be conveniently
induced by imposing salinity stress (grapevine cells: Ismail et al., 2012; tobacco
BY-2 cells: Monetti et al., 2014), and this will activate lipid peroxidation (Hazman
et al., 2015). While the HPL1 overexpressor did not exhibit any phenotype under
normal conditions, it was significantly more sensitive to sodium stress consistent
with the prediction that salinity induced activation of lipoxygenation will provide the
substrate for the ectopic HPL1 (Figure 3.11). The enzymatic product apparently
stimulates salinity-induced cell death. At first sight, it would appear counterintuitive,
why an enzyme producing a stress-induced toxic compound should confer an
evolutionary advantage, but it should be kept in mind that on the organismic level,

elimination of imbalanced cells can help to adapt to salinity (Shabala, 2009).

A vigorous oxidative burst can also be evoked by activation of defence through
chemical elicitors. However, the timing of this oxidative burst differs between the
two layers of innate immunity (Chang & Nick, 2012) correlated with a difference in
mortality: The bacterial PAMP flg22 induces a late oxidative burst (that follows the
defence-related rapid apoplastic alkalinisation reporting calcium influx) and does
not evoke a cell-death response. In contrast, the bacterial elicitor harpin activates
a rapid oxidative burst whereas calcium influx is delayed, which is followed by
induced cell death (grapevine cells: Chang & Nick, 2012; tobacco BY-2 cells: Guan
etal., 2013). It was observed that the HPL overexpressor line showed only a mildly
elevated mortality in response to flg22, which remained below the threshold for
significance and was generally hardly detectable in both cell lines, consistent with
the results published by Guan et al., 2013. In contrast, the mortality in response to
harpin was strongly promoted in a dose-dependent manner in the HPL

overexpressor (Figure 3.13), consistent with a mechanism, where lipid peroxidation
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triggered by the early oxidative burst will generate the substrate required for the
ectopic HPL to act and thus disclose an otherwise cryptic phenotype. Similar to
salinity stress, the cell-death response to harpin has to be seen as adaptive,
corresponding to a hypersensitive response (HR) as an efficient strategy against

invasion by biotrophic pathogens.

The reactive oxygen species (ROS) inducing the elevated cell-death response in
the overexpressor line, are released in response to a signal. If a molecule acts as
a signal, its release and dissipation must be regulated, which differs from a
situation, where this molecule is just produced as byproduct of cellular damage. In
fact, ROS are employed as common signals to induce and regulate the response
to different stress factors (Baxter et al., 2014). A central player for this regulated
oxidative burst is the NADPH oxidase RboH in the plasma membrane (Marino et
al., 2012). To address the role of this NADPH oxidase, the activity of this signal
was inhibited by diphenyleneiodonium (DPI). Since this inhibitor at low
concentrations (200 nM) could mitigate the elevated harpin-induced mortality seen
in the HPL overexpressor (Figure 3.15), it is straightforward to assume that RboH
is responsible for the release of the lipoxygenation. There is an interesting cell
biological aspect in this context, though: RboH is located in the plasma membrane,
but the lipoxygenation takes place in the plastid. Thus, the signal released by RboH
has to travel which might speak against superoxide as direct cause for the
lipoxygenation and calling for a scenario with a second messenger. A second
messenger known to be relevant for lipid peroxidation is peroxynitrite, the reaction
product of nitric oxide and superoxide (Farmer & Mueller, 2013). In this context, it
is worth mentioning that DPI inhibits NADPH-dependent flavoproteins, which in
mammalian cells includes the nitric oxide synthases (Stuehr et al., 1991). Although
the major source of NO in plants seems to be the nitrate reductase (Meyer et al.,
2005), which is a soluble enzyme, a plasma membrane bound enzymatic activity
producing nitric oxide from nitrite has been reported for tobacco roots (Stohr et al.,
2001). Thus, arole of NO in the genesis of the products generated by HPL is worth
to be investigated in future experiments. The involvement of a second factor (in

addition to the superoxide generated by RboH) is also indicated by the fact that
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DPI could not completely eliminate the harpin-induced induction of mortality, but
only reduce it by about 40% (Figure 3.15).

Irrespective of the molecular details leading to the stress induced lipoxygenation,
the data from this study support an explanation where the absence of a phenotype

in the HPL overexpressor under normal conditions is caused by a lack of substrate.

If HPL acts in cell-death related signalling, activation of the concurrent pathway
(jasmonate signalling) should produce an antagonistic effect. JA is known to induce
the expression of various defence-related genes, when applied exogenously
(Creelman & Mullet, 1997; Wasternack & Parthier, 1997). As a consequence,
activation of the JA pathway will trigger various defence responses such as
induction of phytoalexins, proteinase inhibitors, pathogenesis-related proteins or
cell wall modification (Wasternack & Parthier, 1997). For instance, exogenous
application of JA in tomato plants enhanced defence responses by inducing
proteinase inhibitors (Thaler et al., 1996). In fact, jasmonate has been shown to
mitigate the effect of salinity stress in wheat seedlings linked with reduced lipid
peroxidation (Qiu et al., 2014), and is known to promote the resistance to
necrotrophic pathogens, whereas the hypersensitive response (HR) to biotrophic
pathogens is often suppressed by jasmonate (Yan & Xie, 2015). If the activation of
cell death by harpin is a manifestation of a signalling pathway acting in HR-related
defence, it should be quelled by exogenous jasmonate. This implication has been
experimentally shown previously for the same experimental model, tobacco BY-2
(Andi et al., 2001). If HPL acts in cell-death related signalling, jasmonate should
mitigate cell death in the HPL overexpressor and it should do so to a larger extent
as compared to the non-transformed wild type. This was exactly, what has been
observed: jasmonic acid pretreatment could completely eliminate the harpin-
induced mortality in the overexpressor (Figure 3.14), which means that the effect

of jasmonic acid was more pronounced than that of DPI.

There are different possible mechanisms for this antagonistic signalling. Since the
effect was seen in a line, where HPL was overexpressed under control of the
constitutive CaMV-35S promoter, a transcriptional repression as mechanism is

very unlikely. The most straightforward mechanism would be competition of
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(ectopic) VVHPL1 and (endogenous) AOS for a common substrate (Figure 4.1).
When jasmonate increases either abundance or enzymatic activity of AOS, this
would account for the observed mitigation. The self-activation of jasmonate
biosynthesis by jasmonate signalling has been discussed extensively (Sasaki et
al., 2001) and also confirmed for Nicotiana (Paschold et al., 2008). Specifically, the
transcription of AOS by different jasmonates has been well investigated in classical
studies (Laudert & Weiler, 1998). However, this jasmonate-dependent
transcriptional activation is accompanied by considerable posttranslational control
(Scholz et al., 2015). It should also be kept in mind that the abundance of the
bioactive JA-lle observed in a cell result from a dynamic equilibrium between

synthesis and catabolism (Heitz et al., 2012).
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Figure 4.1 Simplified scheme for the metabolic pathways driven by the two CYP74 subclades,
where (ectopic) VVHPL1 and (endogenous) AOS compete for a common substrate (13-HPOT),
adapted from (Hughes et al., 2009). LOX, lipoxygenase; HPOT, hydroperoxy octadecatrienoic
acid; AOS, allene oxide synthase; VVHPL1, hydroperoxide lyase isolated from Vitis vinifera cv.

‘Muller-Thurgau' (Akaberi et al. 2016 in preparation).

Competition between AOS and HPL for a common substrate can account for the
rapid decrease in the steady-state levels of JA-lle observed 30 min after elicitation
in the wild type (Figure 3.16) and is consistent with the rapid and transient
activation of oxidative burst induced by harpin (Chang & Nick, 2012). However, the
subsequent (relatively swift) recovery to the initial JA-lle levels cannot be explained
by biosynthesis alone. There is clearly a missing link. This missing link might be
the catabolic conversion of JA-lle that has been shown to modulate JA-Ille levels
very rapidly, in a time frame of less than one hour (Heitz et al., 2012). The fact that
the HPL overexpressor does not show this transient drop, although substrate
competition is expected to be even harsher points into the same direction. There
will be no real understanding of jasmonate dynamics without a closer look on

catabolism.
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Irrespective of these open points on jasmonate dynamics that are worth to be
pursued in future studies, findings of this study lead to the conclusion that HPL acts
in a signalling pathway that acts in signal-dependent (programmed) cell death, for
instance as a strategy against pathogens. This pathway is regulated in a dynamic
way by the availability of substrate-triggered by signal-dependent oxidative burst
(involving the NADPH oxidase RboH). If this model holds true, the enzymatic

products generated by HPL should be able to activate programmed cell death.

4.4 Is the product of VVHPL1 activating cell-death signalling?

The biological effect of Cs-volatiles could be a chronic or acute toxicity - for
instance, aphid fecundity was doubled on potato plants that had been genetically
engineered for reduced HPL activity, which was explained by a general toxicity of

green leaf volatiles (Vancanneyt et al., 2001).

Also, the effect of short-chained aldehydes as "volatile phytoalexins" (Zeringue &
McCormick, 1989) is explained in terms of unspecific cytotoxicity. Alternatively, Ce-
volatiles might act as specific signals. The regulatory specificities discussed above
such as the link with signal-dependent oxidative burst and the antagonism with
jasmonate signalling support a scenario, where the products of HPL act as cellular
signals rather than as toxic executors of cell death (Figure 4.2). Whether a
molecule is a signal, mainly depends on the presence of a receptor interpreting this
molecule as a signal. When the cellular effect of the enzymatic products of the
VVHPL1 on a BY-2 cell line expressing a GFP actin marker was tested, a rapid
disintegration of cortical actin for cis-3-hexenal was observed (Figure 3.17 B), a
hallmark for programmed cell death (Smertenko & Franklin-Tong, 2011). This actin
response was not seen for its isomer, trans-2-hexenal. When a biological response
is elicited by a molecule, but not by its isomer, the effect cannot be caused by a
general chemical effect, but by interaction with a different molecule that is isomer-
specific. In other words: the isomer specificity of the actin response indicates that
this response must be activated by a "receptor”. Nota bene: the presence of a
"receptor”-based signalling chain for a specific green leaf volatile isomer in the

plant itself does not exclude that green leaf volatiles also act as toxins in the
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interaction with other organisms. However, a plant-based signal chain must be
linked with a plant-specific cellular response (programmed cell death). Future work
will therefore be dedicated to understand the biological function and the molecular

and cellular events underlying this response.
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Figure 4.2 Model for VvHPL1-mediated cell-death related signaling as strategy against

pathogens. Recognition of the bacterial elicitor harpin (hrp) by the resistance (R) receptors will
result in the stimulation of the membrane-bound NADPH oxidase, leading to the production of
heigher levels of ROS (reactive oxygen species). Lipid peroxidation triggered by the oxidative
burst will then generate the substrate 13-HPOD/T required for the (ectopic) VVHPL1. Both
enzymes, (ectopic) VVHPL1 and (endogenous) VVAOS compete for the common substrate. As a
consequence, the VVHPL1 products act as cellular signals of ETI-like cell death. Whereas,
increasing the activity of VVAOS by exogenous jasmonate application mitigated the harpin-
induced cell death. The duplication into the CYP74A (AOS) jasmonate generating branch and the
CYP74B (HPL) volatile generating branch is linked with the bifurcation of defence signalling that
either leads to basal immunity (AOS, jasmonate pathway) or a cell-death related immunity (HPL,
volatile pathway). HPOD/T, hydroperoxy octadecadienoic/octadecatrienoic acid; AOS, allene
oxide synthase; VVHPL1, Vitis vinifera hydroperoxide lyase 1; PTI, PAMP-triggered immunity; ETI,
effector-triggered immunity; PCD, programmed cell death; HR, hypersensitive response.
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4.5 Conclusion

The results from this study support the above proposed model in context to: firstly,
the hydroperoxide lyase isolated from Vitis vinifera cv. ‘Muller-Thurgau’ (VVHPL1)
is a CYP74B using 13-HPOD/T to generate Cs-volatile and therefore, classified as
13-HPL. Secondly, the stable expression of the C-terminal HPL-GFP fusion
showed plastid localisation, consistent for a canonical 13-HPL. Thirdly,
overexpression of VVHPLL1 in BY-2 cells causes higher mortality in response to
bacterial elicitor harpin, as well as to salinity. Under applied stress conditions,
NADPH oxidase in the plasma membrane will generate higher levels of ROS. This
oxidative burst will then trigger lipid peroxidation that generates the substrate
required for the ectopic VVHPL1. Lastly, the products of VVHPL1 could activate
cell-death signaling. This cell-death response to harpin, corresponding to a
hypersensitive response (HR) would be an efficient strategy against biotrophic
pathogens. Finally, the activation of the cell death by harpin is quelled by
exogenous jasmonate, due to the competition between AOS and VvHPL1 for a
common substrate. Exogenous application of jasmonate increases the enzymatic

activity of AOS, which shift the pathway toward basal immunity.

4.6 Outlook: Towards understanding the organismic functions of

volatiles in grapevine

The role of volatiles on the whole plant, as one of the targets for future research.

4.6.1 Green Leaf Volatiles / HPL induction in response to wounding in

grapevine

Green Leaf Volatiles as they are termed so, are released instantly from leaves after
wounding. GLVs are mainly produced by the action of HPL during defence
responses especially against herbivores and pathogens (Liu et al., 2012). The
rapid and strong induction of VVHPL1 expression after mechanical wounding in

grapevine leaves may be related to the production of volatile compounds that serve
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as protection against herbivores. As this VVHPLL1 is confirmed to be 13-HPL, its
induction could lead to the production of Ce-volatiles in response to wounding in
grapevine. Consistent with observation from this work, HPL induction upon
wounding has been observed in various plants such as, Arabidopsis (Bate et al.,
1998), Citrus jambhiri (Gomi et al., 2003), Lycopersicon esculentum (Howe et al.,
2000). HPL-derived volatiles are known to have different roles in plant defence
responses. HPL-derived volatiles have antimicrobial activity (Croft et al., 1993).
They could affect insect feeding during herbivory (Halitschke et al., 2004). In
addition, HPL-derived volatiles also play roles in signalling within and between
plants. Upon wounding, damaged leaves could form GLVs and send them to the
leaves of the same plant, as well as the leaves of neighbouring plants in order to
induce defence responses (Matsui, 2006).

4.6.2 Volatile signals affect targeting behaviour of Plasmopara viticola

Some pathogens such as oomycetes are able to find their host by developing
motile zoospores (Hardham, 1992). Zoospores of P. viticola use stomata as an
entrance gate to the host plant. Therefore, this early step of zoospore targeting

plays a pivotal role to begin the infection process in grapevine plants.

One possible strategy that most of oomycetes zoospores use to enter the host is
chemotaxis, in which zoospores are chemotactically attracted to the specific host
signals. For instance, zoospores of Phytophthora palmivora showed chemotaxis
towards isovaleraldehyde (Cameron & Carlile, 1981). Zoospores of Phytophthora
sojae are attracted chemotactically by isoflavones released from roots of the host
plant (Tyler et al., 1996). Chemotaxis has been shown in another oomycetes,
Aphanomyces cochlioides, where zoospores are attracted to the specific host

attractant called cochliophilin A (Takayama et al., 1998).

As shown previously (Kiefer et al., 2002), in Grapevine-Plasmopara interaction,
stomatal closure induced by abscisic acid (ABA) application inhibited targeting of
zoospores. These observations suggested the involvement of host volatile

compounds that were released from the open stomata as guiding signals for
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zoospore targeting (Kiefer et al., 2002). To get insight into the potential roles of
host volatile compounds as factors that might guide zoospores, the role of two
sesquiterpenes (B-caryophyllene and farnesene), detected when analyzing leaf
volatiles from two different grapevine species, have been investigated with respect

to their susceptibility to P. viticola (Table 3.2).

This study showed that zoospores of P. viticola were mistargeted in the presence
of an exogenous source of farnesene (Figure 3.19). They were encysted and
germinated before targeting to the stomata (Figure 3.20 B). Whereas, encystment
and germination of zoospores should happen after targeting to the stomata to
reach the substomatal cavity (Kiefer et al., 2002). While the whole gas phase in the
petri dish was filled with farnesene molecules, zoospores were attracted and swam
everywhere. At the end, the attracted zoospores failed in targeting to the stomata
and encysted. By contrast, [B-caryophyllene has not induced significant
chemotactic response in zoospores of P. viticola (Figure 3.19). Most of the
zoospores were targeted to the stomata in the presence of B-caryophyllene. It is
known that environmental signals that affect zoospores behaviour are detected by
receptors presents on the surface of zoospores (Bishop-Hurley et al., 2002). This
might indicate that zoospores of P.viticola have specific receptors to sense
farnesene. Since, B-caryophyllene has not induced encystment and germination of
zoospores. It has been shown that both farnesene and B-caryophyllene are
functioning as attractants for natural enemies in alfalfa plants damaged by insect
feeding (Blackmer et al., 2004). However, the roles of farnesene and p-
caryophyllene in the targeting behaviour of P. viticola zoospores have not yet been
reported, although the biological function of these volatile compounds has been

investigated.

The frequency of targeted zoospores in case of one zoospore per stomata has
been reduced in the presence of an exogenous source of volatiles. Whereas, the
number of stomata occupied with two or more zoospores have not been changed
significantly. These observations are similar to adelphotaxis reported in the
oomycete Achlya, where attracted zoospores amplify host signals and attract other

zoospores (Thomas & Peterson, 1990). In this study, the zoospores were not able
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to find the stomata easily in the presence of an exogenous source of volatiles.
Whereas, the ones which have found the stomata and targeted successfully might
have sent signals to the others and show them the way to the stomata. For future
research, a deeper understanding of the Plasmopara zoospore chemotaxis will be
required to test the effect of different volatile compounds on their targeting

behaviour.
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5. APPENDIX

5. APPENDIX

5.1 Suspension cultures used in this study and its cultivation conditions

Name of the cell line Volum_e fo_r Antibiotics Sources
Subcultivation
BY-2 Wild Type 1 ml none (Nagata et al., 1992)
BY-2 GF-11 1.5ml Hygromycin 30 pg-ml-’ (Sano et al., 2005)
VVHPLA1 1.5 ml Hygromycin 45 pg-ml-’! This work

5.2 Coding sequence of the Hydroperoxide Lyase gene under investigation

VVHPL1 (GenBank: KX379687)

MLSSTVMSVSPGVPTPSSLTPPSPPSSSPVRAIPGSYGWPVLGPIADRLDYFWFQGPETF
FRKRIDKYKSTVFRTNVPPSFPFFVGVNPNVIAVLDCKSFSFLFDMDVVEKKNVLVGDFM
PSVKYTGDIRVCAYLDTAETQHARVKSFAMDILKRSSSIWASEVVASLDTMWDTIDAGVA
KSNSASYIKPLQRFIFHFLTKCLVGADPAVSPEIAESGYVMLDKWVFLQLLPTISVNFLQ
PLEEIFLHSFAYPFFLVKGDYRKLYDFVEQHGQAVLQRGETEFNLSKEETIHNLLFVLGF
NAFGGFTIFFPSLLSALSGKPELQAKLREEVRSKIKPGTNLTFESVKDLELVHSVVYETL
RLNPPVPLQYARARKDFQLSSHDSVFEIKKGDLLCGFQKVAMTDPKIFDDPETFVPDRFT
KEKGRELLNYLFWSNGPQTGSPSDRNKQCAAKDYVTMTAVLFVTHMFQRYDSVTASGSSI
TAVEKAN-

5.3 Primers used for Gateway® cloning

Primers Sequences (5’- 3’)
GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTCATG
TTG TCT TCC ACG GTC ATG

VVHPL1 Fw

VVHPL1 Re N- GGGG AC CACTTT GTA CAA GAA AGC TGG GTC TCA
terminal GTT AGC TTT CTC AAC GGC GGTG

VVHPL1 Re C- GGGG AC CACTTT GTA CAA GAAAGC TGG GTC GTT
terminal AGC TTT CTC AACGGC GGTG
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5. APPENDIX

5.4 Gateway® destination vectors constructed

Overview of the constructs generated from this study:

HPL1 Egfp Hppy  2tBt P35S
attB2
attB2 / RB
3 35S ¥
T35S k P Eqfp ¥ % /{f
‘ RB
1355\/
H pH7WGF2,0/VvHPL1 pH7FWG2,0/VvHPL1
L 12075 bp 12079 bp
Hyg
LB
LB
Sm/SpR
SmiSpR

5.5 Gateway® destination vector used for recombinant expression of
VVHPL1

|m lacO attR1 'CmRELLI-N attR2 WS epitope 6xHis |
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5. APPENDIX

5.6 Primers used for real-time qPCR analysis

HPL Fw AGCCGGGAACAAATCTAACC
HPL Re TTTCTGGCTCGAGCGTATTG
UBC Fw GAGGGTCGTCAGGATTTGGA
UBC Re GCCCTGCACTTACCATCTTTAAG

5.7 Alignment: Alignment of the HPL isolated from Vitis vinifera cv. ‘Mller-Thurgau’ along
with the two published HPL sequences VVHLP1 and VVHLP2 (Zhu et al., 2012), and
representative members of CYP74A (AOS from Arabidopsis thaliana, UniProt accession
Q96242, predicted AOS from Vitis vinifera, UniProt accession F6H025), CYP74B (HPL
from Arabidopsis thaliana, UniProt accession Q96242), CYP74C (HPL from Medicago
truncatulata, UniProt accession Q7X9B3), and CYP74D (DES from Solanum tuberosum,

UniProt accession Q9AVQL. The following features are indicated in the sequences:

¢ Interaction sites with haem propionate marked as

¢ Highly conserved cysteine residue (iron binding) at C-terminus

e The CYP74 characteristic signature FXXG-9 gaps — XXXCXG

e Specificity defining [§ in AOS that mutated to L converts AOS to HPL (Lee et al.,
2008)

« Specificity defining fl in AOS that is converted to fl(Lee et al., 2008)

e Specificity defining § in AOS that is converted to I(Lee et al., 2008)

e Specificity defining in 74C (substrate binding pocket, Toporkova et al.,

2013)
e Specificity defining WV in 74C (substrate binding pocket, Hughes et al., 2009)
e Substrate recognition site (I-helix) is indicated by (corresponds to oxygen

binding in canonical cytochrome-P450, Toporkova et al., 2013)

e ERR triade domain (interaction with the I-helix and important for substrate
specificity) with a 74B specific [@ and a DES specific [§ (mutation of this V to F will
generate AOS activity, Toporkova et al., 2013)
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CLUSTAL W (1.83) multiple sequence alignment

Parameters

-matrix=blosum -gapopen=10 -gapext=0.05 -endgaps=10 -gapdist=0.05

Predicted plastidic transit peptides

HPL_MTh

vHPL1 Cabernet_ Sauvignon

VVHPL2_ Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis_ C74A AOS Q96242
Arabidopsis_ C74B2_ HPL Q97ZSY9
Medicago C74C HPL Q7X9B3
Solanum_tuberosum__C74D_DES_Q9AVQ1

HPL_MTh

VVvHPL1 Cabernet Sauvignon

VVHPL2_ Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis C74A AOS Q96242
Arabidopsis C74B2 HPL Q97ZSY9
Medicago C74C HPL Q7X9B3

Solanum tuberosum C74D DES Q9AVQ1l

HPL_ MTh

VVHPL1 Cabernet Sauvignon

VVHPL2_ Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis C74A AOS Q96242
Arabidopsis C74B2_ HPL Q97ZSY9
Medicago C74C_HPL Q7X9B3

Solanum_ tuberosum_ C74D_DES_Q9AVQ1

HPL MTh

VVvHPL1 Cabernet Sauvignon

VVvHPL2 Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis_C74A AOS Q96242
Arabidopsis_C74B2_ HPL Q9ZSY9
Medicago C74C_HPL Q7X9B3

Solanum tuberosum C74D DES Q9AVQ1l

HPL MTh

VVvHPL1 Cabernet Sauvignon

VVHPL2 Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis C74A AOS Q96242
Arabidopsis_C74B2_ HPL Q9ZSY9
Medicago C74C_HPL_ Q7X9B3

Solanum tuberosum C74D_DES_ Q9AVQ1

HPL MTh

VvHPL1 Cabernet_ Sauvignon

VVvHPL2 Cabernet_ Sauvignon

A0S Vitis F6H025 predicted
Arabidopsis C74A AOS Q96242
Arabidopsis_C74B2_HPL Q9ZSY9
Medicago_C74C_HPL_ Q7X9B3

Solanum tuberosum C74D_DES Q9AVQ1
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———————————————————————————— MLSSTVMSVSPGVPTPSSLT
———————————————————————————— MLSSTVMSVSPGVPTPSSLT -~
—————————————————————————————————— MSSSSSSLPLNFVN--
MASPSLTFPSLQLQFPTHTKSSKPSNHKLIVRPIFASVSEKPSVPVSQ-—
MASISTPFP---ISLHPKTVRSKPLKFRVLTRPIKASGSETPDLTVAT-—

-PPSPPSSSPVRAIPGSYGWPVLGPIADRLDYFWFQGPETFFRKRIDKYK
-PPSPPSSSPVRAIPGSYGWPVLGPIADRLDYFWFQGPETFFRKRIDKYK
--SSSSSKLPLRSIPGDCGSPFFGPIKDRFDYFYNEGRDPFFRTRMQKYQ
--SQVTPPGPIRKIPGDYGLPFIGPIKDRLDYFYNQGREEFFRSRAQKHQ
—-RTGSKDLPIRNIPGNYGLPIVGPIKDRWDYFYDQGAEEFFKSRIRKYN
QPPSPPSQLPLRTMPGSYGWPLVGPLSDRLDYFWFQGPDKFFRTRAEKYK
—-—-ETSSTNLPLKPIPGSYGLPIIGPLHDRHDYFYNQGRDKYFQTRIEKYN
--YSELSNLPIREIPGDYGFPIISAIKDRYDYFYNQGEDAWFHNKAEKYK

* .. . kK% * % Kk kKK . ek . oK. . * ..

LVGDF
LVGDF
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STVLKLNMPPGG--FIAPDPKVIALLDGASFPILFDNAKVEKRDMLDGTE
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KKK e ke Kk * . ... * x * x . kK ek . . K

MPSVKYTGDIRVCAYLDTAETQHARVKSFAMDILKRSSSIWASEVVASLD
MPSVKYTGDIRVCAYLDTAETQHARVKSFAMDILKRSSSIWASEVVASLD
MPSTAFTGGYRVCAYLDPSEPNHALLKRLFTSSLAARHHNFIPVFRSCLT
MPSTEFTGGFRVLSYLDPSEPDHTKLKRLLFFLLQSSRDRVIPEFHSCES
MPSTELTGGYRILSYLDPSEPKHEKLKNLLFFLLKSSRNRIFPEFQATYS
RPSLGFYGGVCVGVNLDTTEPKHAKIKGFAMETLKRSSKVWLQELRSNLN
MPSTDFFGGYRTCAFQDTAEPSHSLLKRFIFHILSSKHDTFIPLFQTNLT
KPGKEYYSGYRPVAFIDTKDPNHAALKGYILSAFAKRHNLFIPLEFRNSLS
* * .

* .k .

TMWDTIDAGVA-KSNSASYIKPLORFIFHFLTKCLVGADPAVSPEIAESG
TMWDTIDAGVA-KSNSASYIKPLORFIFHFLTKCLVGADPAVSPETAESG
ELFTTLEDDVS-RKGKADFNGISDNMSENFVFKLFCDKH-PSETKLGSNG
ELSETLESELAAKG-KASFADPNDQASFNFLARALYGTK-PADTKLGTDG
ELFDSLEKELSLKG-KADFGGSSDGTAFNFLARAFYGTN-PADTKLKADA
IFWGTIESEIS-KNGAASYIFPLORCIFSFLCASLAGVDASVSPDIAENG
EHFTDLEKELAGKHQKASFNTSIGGITENFLFKLITDKN-PSETKIGDSG
DHLENNLEKQVTEQGKSDEFNALLPTMTEFNFIFRLLCDQTNPSDTVLGAQG

* k. . .

YVMLDKWVFLOLLPTISVN--FL-QPLEEIFLHSFAYPFFLVKGDYRKLY
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PGLITKWVLFNLHPLLSIG---LPRVIEEPLIHTFSLPPALVKSDYQRLY
WKTINTWLALQVIPTAKLG--VVPQPLEEILLHTWPYPSLLIAGNYKKLY
PTLVOQTWLAAQLAPLATAGLPKIFNYLEDVLIRTIPIPAWTVKSSYNKLY
PEHLRKWLFPQLIPSLSA--KKLPNIIEDTLFHNFLIPFGFIKSDYNKLV
. % *
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5. APPENDIX

I-Helix

HPL MTh

VvHPL1 Cabernet Sauvignon

VVHPL2 Cabernet Sauvignon
AOS_Vitis F6H025 predicted
Arabidopsis C74A AOS 096242
Arabidopsis C74B2 HPL Q97ZSY9
Medicago C74C_HPL Q7X9B3

Solanum tuberosum C74D DES Q9AVQ1

ERR-triade

HPL MTh

VvHPL1 Cabernet Sauvignon

VVHPL2 Cabernet Sauvignon
AOS_Vitis F6H025 predicted
Arabidopsis C74A AOS 096242
Arabidopsis C74B2 HPL Q9ZSY9
Medicago C74C_HPL Q7X9B3

Solanum_ tuberosum__C74D_DES_Q9AVQ1

ERR-triade

HPL_MTh

VVvHPL1_ Cabernet_ Sauvignon

VVHPL2_ Cabernet_ Sauvignon
AOS_Vitis F6H025 predicted
Arabidopsis C74A A0S Q96242
Arabidopsis C74B2 HPL Q97ZSY9
Medicago C74C HPL Q7X9B3

Solanum_ tuberosum__C74D_DES_Q9AVQ1

HPL MTh

VVvHPL1 Cabernet Sauvignon

VVHPL2_ Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis_ C74A AOS 096242
Arabidopsis_ C74B2 HPL Q972SY9
Medicago C74C_HPL Q7X9B3

Solanum tuberosum_ C74D_DES_ Q9AVQl

HPL MTh

VVvHPL1 Cabernet Sauvignon

VVHPL2 Cabernet Sauvignon

AOS Vitis F6H025 predicted
Arabidopsis_C74A A0S Q96242
Arabidopsis_C74B2_HPL Q97ZSY9
Medicago C74C _HPL Q7X9B3

Solanum tuberosum C74D DES Q9AVQ1

DFVEQHGQAVLORGETEFNLSKERT I HNLLIEVLGENNYEE T I FF)ESLLS
DFVEQHGQAVLORGETEFNLSKEINT THNLLIEYV L.CENNJE®FT I FFIZSLLS
HAFYASASSILDEAE-SMGIKRDIMACHNL LAGFNAEGG KTLFIFALIK
DFFYDASTHVLDEGE-KMGISREMACHNLLEATCENS|YEEMKI IF)ET I LK
EFFLESAGEILVEAD-KLGISREIMATHNLLIFATCENTWEEMK I LEJFNMVK
NFIDENAGDCLRLGQEEFRLTRDIATONLLIAVLGEINAY(EEFSVELIESLIG
EGLMEAGTTVLDEAE-K-GIKRERMACHNLVITLGENNNEET TNOFIFILIK
DAFSKSAVSILDEAE-K-GIKREMAVONI LIFLVGINVIIAELNAF SIHLFR

* . . ERE .k * . *

FVGEAGASLHTQLAKEIRTVIKEEGGAITLSAINKMSLVKSVVYAT]H

K.k * . . .. . K

YARARKDFQLSSHDSVFEIKKGDLL@GFQKVAMTDPKIFDDPET
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YGKAKQDLVIESHDSVFEVKEGEMLEGYQPFATKDPKIFERSEE
YGRAKKDLVIESHDAAFKVKAGEMLYGYQPLATRDPKIFDRADE
FARARKDFQISSHDAVFEVKKGELLEGYQPLVMRDANVFDEPEE
YAKAREDLVVQSHDASFEIKKGEMIEBGYQPFATKDAKIFDKPED
Y GKAKKDFMVQSHDASYKINKGQFVMGYQPMASRDPKIFANPDE

ek e ek oe Khkk e o ee koo Kkek * e ek

FVPDEATKEKGRELLNY LFSIMEPOTGSPS DRNINO KDYVTMTAVLEV
FVPDEATKEKGRELLNY LFSIMEPOTGSPS DRNINO KDYVTMTAVLEV
FVAHESMGD-GEKLLEYVYRENERE SDDATVENINO@®PEKDLVVLLSRVML
FVPDSAVGE-GEKLLKHVLEEIMEPETENPTLGNINO KDFVVLAARLEV
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VGETGSELLNYLY[USINMEPOTGTPSASNINO KDIVTLTASLLV
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oLk I KAk K ox :
FXXG XXXCXG
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5. APPENDIX

5.8 Three different volatiles emitted from leaves of Vitis vinifera cv. Muller-

Thurgau and Vitis rupestris.

Ratios of the three different volatile compounds (caryophyllene, trans-p-ocimene and (E,E)-a-
farnesene)) emitted from leaves of the Vitis vinifera cv. Miller-Thurgau (MTh) over Vitis rupestris

(Rup) plotted as logzo.
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