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Introdu ction

1 Introduction

1.1 The plant immune system

Unlike mammals, plants lack specialized immune cells, such as macrophages and do
not possess an adaptive immune system. Nevertheless, plants have evolved a highly
effective defence system, which enables them to avoid colonization by most
potentially pathogenic microorganisms. It is organized in two layers and is based on

the recognition of non-self molecules or their action.

1.1.1 Basal immunity — MAMP-recognition

The first layer of host immunity recognizes general microbe associated molecular
patterns (MAMPSs), which are common to a large group of microbes. Most MAMPs
are essential for the viability of microbes and hence evolve slowly. Well known
MAMPs of pathogens are lipopolysaccharides from the outer membrane of bacteria,
the elongation factor Tu and flagellin, which derives from the bacterial flagella. Fungal
MAMPs are e.g. ergosterol, 3-glucan and most importantly chitin from the fungal cell
wall (Zipfel and Felix, 2005). Pattern-recognition receptors (PRRs) localized to the
plasma membrane are responsible for the detection of MAMPs. PRRs often
represent leucine-rich repeat receptor-like kinases (LRR-RLK) consisting of LRRs, a
transmembrane domain and an intracellular serine/threonine kinase domain. Besides
the LRR-RLKs, PRRs with an extracellular LysM motif or LRR-receptor-like proteins
(RLP), which lack the intracellular signalling domain, recognize MAMPs (Bittel and
Robatzek, 2007). Consistent with the slow evolution of MAMPs, plant genes
encoding PRRs are also relatively stable and inherited form generation to generation
(Bent and Mackey, 2007). So far, PRRs are only known to be transmembrane or
secreted proteins (Zipfel, 2008) and there is no example for intracellular MAMP-
perception in plants (Nurnberger et al., 2004). Detection of MAMPs by PRRs at the
cell surface results in signalling cascades that involve influx of Ca®" into the cells and
the activation of mitogen activated protein kinases (MAPKSs). This leads in turn to
defence reactions like the formation of papillae, generation of reactive oxygen
species (ROS) and changes in defence gene expression patterns (Niurnberger et al.,
2004; Gohre and Robatzek, 2008). The first plant reactions after MAMP-recognition
typically lead to the production of ROS, nitric oxide (NO) and ethylene, followed by
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cell wall strengthening, callose deposition and secretion of antimicrobial compounds,
as well as the activation of MAPK cascades, which in turn lead to transcriptional
changes (Bittel and Robatzek, 2007; see below). The perception of MAMPs by PRRs
and the following plant defence reactions are called MTI for MAMP triggered
immunity (Jones and Dangl, 2006; He et al., 2007).

1.1.1.1 MAMP-triggered defence responses

The perception of MAMPs by the plant needs to be translated into a defence
response against the pathogen. Signal transduction from the activated receptor to
downstream elements is in many cases mediated by MAPK cascades. These lead to
physiological changes like stomata closure or activate transcription factors, which
induce reactions like cell wall modifications or expression of a large number of genes
(Pitzschke et al., 2009). Some of them encode PATHOGENESIS-RELATED
PROTEINS (PR) and are induced in a huge variety of plant families. PR-proteins are
divided into 17 main groups, for example B-1,3-glucanases, chitinases and
peroxidases (Sels et al., 2008). They accumulate in the apoplast (and vacuole) and
can contribute to plant defence through their antimicrobial activity (Van Loon and Van
Strien, 1999). Characteristic for plant-pathogen interactions is further the rapid
production of ROS, called oxidative burst. ROS are produced in the apoplast via
amine oxidases and peroxidases and in the plasma membrane by NADPH oxidases
(Apel and Hirt, 2004; Nanda et al., 2010). As a part of plant defence, ROS may have
different functions. One may be their direct antimicrobial activity. Peng and Kuc
(1992) showed that H,O- inhibits the germination of spores of a variety of fungal
pathogens. In addition, ROS function in defence signalling, as they were shown to
activate MAPKSs, thereby controlling transcription factors, and they are involved in the
hypersensitive response (HR), a locally restricted cell suicide (for HR see 1.1.2.1;
Apel and Hirt, 2004; Torres, 2010; Nanda et al., 2010). Oxidative cross-linking of cell
wall component is another important process in plant defence involving ROS. This
causes a physical reinforcement of the cell wall, which may create an advance for
activating further defence mechanisms by slowing down the speed of penetration
(Lamb and Dixon, 1997). A very common defence reaction of plants against attacking
fungi is the formation of cell wall appositions called papillae. They form underneath
the site of attempted penetration, upon local physical pressure as applied by fungal
appressoria and/or chemical stimulation e.g. by fungal toxins (Aist et al., 1976).
Papilla formation is accompanied by cytoplasmic aggregation, which leads to the
2
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concentration of the main components of the secretory machinery at the site of
attack, indicating that papillae are build by local secretion (Aist, 1976). The finding of
An et al. (2006) that vesicles accumulate around the site of attempted penetration by
powdery mildew fungi in barley cells supports this. Papillae contain phenolic
compounds, antimicrobial molecules and H,O, in addition to general cell wall
components like callose or other polysaccharides. It is thought that these
antimicrobial and toxic components together with the strengthened physical barrier of
the cell wall are responsible for the restriction of pathogen invasion (Zeyen et al.,
2002). It is also interesting that papillae of cells successfully penetrated by powdery
mildew, in contrast to non-penetrated papillae, do not contain H,O,, indicating an

important role of H,O, in penetration resistance (Htickelhoven et al., 1999).

1.1.1.2 Examples of MAMP-recognition systems

The most prominent MAMP-PRR pair is the bacterial flagellin and the corresponding
LRR-RLK FLAGELLIN-SENSING 2 (FLS2; Gomez-Gémez and Boller, 2000). Section
1.3.3.2 describes the interplay of these two molecules is in more detail. Only recently,
Danna et al.,, 2011 showed that FLS2 is, in addition to flagellin perception,
responsible for the detection of a secreted protein from Xantomonas oryzae (Ax21) in
Arabidopsis. Another example is the bacterial elongation factor Tu (EF-Tu), which is
the most abundant protein in the bacterial cytoplasm and detected as a MAMP in
Arabidopsis thaliana and other Brassicaceae (Kunze et al., 2004). Responsible for
the recognition of EF-Tu is EFR (EE-Tu receptor), which is a LRR-RLK from the
same subfamily as FLS2 (Zipfel et al., 2006). Interestingly, the downstream signalling
of both receptors, FLS2 and EFR, requires another kinase named BAK1l (BRI-
ASSOCIATED KINASE 1). BAK1 interacts with several other RLKs and participates
in oomycete defence. This indicates that the perception of different MAMPs shares
subsequent downstream components for signal transduction (Heese et al., 2007,
Chinchilla et al., 2007; Zipfel, 2008; Roux et al., 2011). Besides these LRR-RLKs,
which recognize bacterial MAMPs, there are also receptors known for chitin, which is
present in the fungal cell wall (Kombrink et al., 2011). The chitin elicitor binding
protein (CEBIP) of rice cells binds chitin and is a LRR (receptor-like protein), which, in
contrast to RLKs, has no intracellular signalling domain. Knock down of CEBIP
inhibited typical plant defence responses like the production of ROS and the
expression of defence-related genes indicating its importance for chitin-detection and
signalling. CEBIP localizes to the plasma membrane and contains two LysM motifs

3
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thought to be responsible for the chitin-binding ability (Kaku et al., 2006). Recently,
Shimizu et al. (2010) identified another LysM-containing RLK CERKZ1 (chitin elicitor
receptor kinase 1) to be required for chitin signalling together with CEBIP in rice. After
chitin treatment, CEBIP and CERK1 form a complex thereby initiating downstream
defence signalling. Interestingly, Arabidopsis also possesses a CERK1 protein, which
is important for chitin-induced defence signalling but no CEBIP-like protein has been
identified. This leads to the speculation that the chitin perception systems of rice and
Arabidopsis could be different to some extent (Miya et al., 2007; Wan et al., 2008;
Petusching et al.,, 2010). In contrast to the dicot Arabidopsis, CEBIP has been
reported in the monocot model plant barley, where it seems to be involved in basal
resistance against Magnaporte oryzae (Tanaka et al., 2010). Another important
fungal MAMP is xylanase, which induces ethylene biosynthesis, PR-gene expression
and HR. In tomato, LeEIX2 (ethylene inducing xylanase) is the receptor responsible
for xylanase-perception (Ron and Avni, 2004). Beside MAMPSs, plants also detect
DAMPs (damage-associated molecular patterns), released if plant cells are
damaged. Similar to MAMP-recognition, PRRs mediate the perception of the
resulting molecules. In Arabidopsis the PEP1 (perpetual flowering 1) protein serves
as a DAMP and its detection by the cognate receptor protein PEPR1 (PEP1 receptor
1) and PEPR2 (PEP1 receptor 2), LRR-RLKS, leads to defence signalling (Tor et al.,
2009; Yamaguchi et al., 2010).

1.1.2 Effector-triggered defence

Pathogens aim to overcome plant MTI and therefore evolved effectors to suppress
MAMP-triggered defence. This suppression may either happen by directly preventing
perception, through interfering with defence signalling pathways or by inhibiting
defence function (Grant et al.,, 2006). The effectors are dispensable for the
pathogens viability, evolve more rapidly and clearly contribute to its virulence if the
plant does not detect them (Bent and Mackey, 2007). There are different definitions
concerning the term “effector”. Some researchers prefer a more strict definition of
effectors as “proteins secreted by pathogens and translocated into plant cells, where
they exert specific functions”, while others favour the more inclusive definition as “all
pathogen proteins and small molecules that alter host cell structure and function”
(Alfano, 2009). To defend itself against these pathogen-derived effectors, the plant
developed specific receptor-like RESISTANCE (R) proteins, as a second layer of
defence. R proteins recognize effectors either by direct effector binding or indirectly

4
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by monitoring effector targets. The simplest model for effector recognition is the direct
interaction between an effector and a plant R protein. Flor first described this so-
called gene-for-gene relationship in 1942. An example for this gene-for-gene
relationship is the rice R protein Pi-ta, which recognizes the M. grisea
metalloprotease AvrPita by direct interaction, thereby conferring resistance against
the rice blast fungus (Jia et al., 2000). Directly detected effectors can evade
recognition through mutations, and the R proteins also adapt easily (Bent and
Mackey, 2007). Besides direct recognition there have been indirect recognition
hypothesis described. The guard hypothesis states that the R protein is monitoring an
effector target and that it detects effector action on this target protein. Modification of
a guarded effector target (guardee) is recognized by the R protein and this induces
defence responses (Van der Biezen and Jones, 1998; Lahaye and Bonas, 2001). A
number of effectors are known to encode enzymes that alter host protein function
(Mudget et al., 2005). A prominent example for the guard hypothesis is RIN4 (RPM1-
INTERACTING PROTEIN 4) from Arabidopsis. Several effector proteins from
Pseudomonas syringae interfere with RIN4 to inhibit MAMP-induced defence. The R
proteins RPM1 (RESISTANCE TO P. SYRINGAE PV. MACULICOLA 1) and RPS2
(RESISTANT TO P. SYRINGAE 2) recognize these modifications leading to defence
responses against Pseudomonas strains expressing the respective effectors (Kim et
al., 2005; Day et al., 2005). Besides the guard hypothesis, the decoy model arose. In
the decoy model, the guarded protein has some kind of a double which is called
decoy, without any function in the absence of the cognate R protein, but the
modification of the decoy leads to defence induction if the R protein is present (van
der Hoorn and Kamoun, 2008). An example for this is given with the R protein PRF
(PSEUDOMONAS RESISTANCE AND EENTHION SENSITIVITY), which interacts
with the PTO (RESISTANCE TO P. SYRINGAE PATHOVAR TOMATO) kinase from
tomato. PTO recognizes PRF-targeting effectors, which in turn induces defence
(Gutierrez et al., 2010). In addition, RIN4 could also be a decoy, given that the
fungus does not directly benefit from RIN4 modification (van der Hoorn and Kamoun,
2008). To prevent indirect perception, the pathogen would have to stop its action on
the plant protein and this would mean los of virulence in most cases. This is in
agreement with the fact that indirectly percepting R proteins evolve more slowly (Bent
and Mackey, 2007). According to their domain structure, R proteins are divided into

two main classes. Most of them possess a nucleotide binding site (NB) and a LRR
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domain and are localized to the cytoplasm of the host cell (Jones and Dangl, 2006;
Chisholm et al., 2006). The second class are RLPs with extracellular LRR domains
(Dangl and Jones, 2001; Chisholm et al.,, 2006). This type of defence-related
pathogen detection, pathogen-derived effectors recognized by plant R proteins, is
called effector-triggered immunity (ETI; Jones and Dangl, 2006). Effectors need to be
transported to the host cytoplasm as the recognition of effectors by R proteins takes
place there in most cases. For this purpose, gram-negative bacteria like
Pseudomonas syringae employ the so-called type-three-secretion system (T3SS). It
enables them to inject effectors directly via a pilus that connects the bacterium with
the host cytoplasm (Buttner and He, 2007). Effectors from oomycete and powdery
mildews also interact with intracellular R proteins (Ridout et al., 2006; Whisson et al.,
2007; Dou et al., 2008). How they reach the host cytoplasm is not clear in detail but
they are introduced into the host cell from specialised structures called haustoria. In
case of the oomycete effectors, an RXLR motif is responsible for the translocation,
which might to involve host-mediated endocytosis (Whisson et al., 2007; Dou et al.,
2008).

1.1.2.1 Defence reactions following effector percep  tion

This second layer of plant defence frequently results in an HR and the expression of
PR-proteins as well as callose deposition (Thordal-Christensen, 2003; Bent and
Mackey, 2007; De Wit, 2007). A rapid localized death of cells surrounding the site of
attack is the main characteristic of an HR (Heath, 2000). The recognition of effectors
by R-gene products and their activation elicit the HR (Ingle et al., 2006). For example,
interaction of the effector-R-protein systems AvrPTOB-PTO-PRF as well as
AvrRPM1-RIN4-RPM1/RPS2 triggers an HR (Mur et al., 2008). Early evidences for
the beginning of an HR are Ca*" influx into the cytoplasm, the accumulation of ROS,
which might be translated into a MAPK signalling cascade, and the activation of
defence gene expression (Heath, 2000). ROS might be produced not only by NADPH
oxidases in the apoplast but also through mitochondria and chloroplast dysfunction
leading to the accumulation of ROS inside the cell (Mur et al.,, 2008). Another
important factor for the initiation of HR is salicylic acid (SA). NahG plants, unable to
accumulate SA, fail to conduct a HR. Moreover, dead cells accumulate SA at high
levels, while living, neighbouring cells have only slightly enhanced SA inside
(Alvarez, 2000). The third important molecule involved in HR initiation is NO
(Wendehenne et al., 2004). Without NO accumulation, Arabidopsis cells respond with
6
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a reduced HR (Zeier et al., 2004). The execution of the HR is characterized by
several cellular rearrangements like nucleus movement, reorganisation of the actin
cytoskeleton, cessation of cytoplasmic streaming, DNA cleavage and finally the loss
of plasma membrane function and protoplast shrinkage. Due to the accumulation of
phenolic compounds, the cells become brown and autofluorescent (Heath, 2000).
Although many aspects of the HR are well studied, a detailed model of the molecular
mechanisms is still incomplete (Mur et al., 2008). For biotrophic pathogens, which
need a living host cell, cell death might be an effective defence mechanism itself but
it seems as if the effects of the hypersensitive cell death exceed this direct function.
HR has been implicated in the systemic acquired resistance by priming neighbouring
cells for defence and HR goes along with many induced defence responses (Heath,
2000). But the HR initiating molecules ROS, SA and NO trigger defence in the
absence of HR, suggesting that HR might be a consequence of defence rather than

the actual defence mechanism (Mur et al., 2008).

1.1.2.2 Examples for the interference of effectors  with plant defence

How pathogen-derived effectors manipulate host defence is best studied for effectors
of the type Ill secretion system of bacteria. They mainly target three host processes,
which represent essential parts of host defence (Block et al.,, 2008). First, they
interfere with protein abundance either by using the host ubiquitination machinery or
by direct cleavage. This was shown e.g. for effectors of Ralstonia solanacearum
called GALA, which interact with components involved in ubiquitination in Arabidopsis
(Angot et al., 2006). Second, some effectors modulate host transcription. The
Xanthomonas campestris effector AvrBs3 e.g. binds to the promoter of upa20 and
induces its expression. Upa20 is a transcription factor, which is presumably
responsible for cell enlargement of which the pathogen benefits (Kay et al., 2007).
Thirdly, they alter the phosphorylation status of signalling kinases. The Pseudomonas
syringae effector AvrHopAIl directly interacts with MAPKs acting in FLS2
downstream signalling, thereby preventing flg22 (22 amino acids of the conserved
part of flagellin)-triggered PTI immune responses (Pitzschke et al., 2009). Pathogens
often posses a set of effectors with overlapping functions, which most likely target
important plant defence processes. This is the case e.g. for AvrPTO and AvrPTOB,
both interfering with the flagellin-induced defence. The same is true for the already
mentioned effector target protein RIN4, which is addressed by at least three different
effectors, AvrB, AvrRPM1 and AvrRPT2, indicating that RIN4 marks an important
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point of plant defence. The effector set AvrE, HopR1 and HopM1 interferes with
vesicle trafficking by influencing the function of MIN7 (HopM1 INTERACTOR 7), an
ARF (ADP-RIBOSYLATION FACTOR)- GEF (GUANIN EXCHANGE FACTOR), in
Arabidopsis (Pritchard and Birch, 2011; see also section 1.3.3.5). Other effectors
target the function of plant hormones like the P. syringae effector HopAM1. It
increases abscisic acid signalling, leading to stomata closure and thereby to the
protection of the plant and the bacterial colony from water stress (Goel et al., 2008).
Concerning fungal and oomycete effectors there is not as much information available.
However, prominent example for fungal effector function is Avr4 from Cladosporium
fulvum, which is thought to protect the fungus from plant chitinases thereby

circumventing chitin perception by the plant (Stergiopoulos and de Wit, 2009).

1.2 The barley — powdery mildew model system

Powdery mildew fungi are Ascomycete fungi that belong to the order of Erysiphales
and herein to the family of Erysiphaceae, which consists of 16 genera and 650
species worldwide. Altogether this family infects more than 9000 dicot- and over 600
monocot plant species. Most monocot host species such as barley and wheat belong
to the Poaceae family (Inuma et al., 2007). The majority of powdery mildew fungi only
infect a strongly restricted range of host plants, often only one single host species.
Blumeria graminis, which contains highly specialized formae speciales infects cereal
plants. Barley only is colonized by the barley powdery mildew fungus (Blumeria
graminis f.sp. hordei, Bgh), while it is for example resistant to infection by the wheat
powdery mildew fungus (B. graminis f.sp. tritici; Saenz et al., 1999; Wyand and
Brown, 2003). All powdery mildew fungi are obligate biotrophic parasites and
characterized by their epiphytic growth on host plants. Macroscopically visible
symptoms are typical white velvety pustules or plane and even covering mycelium
that can develop on the aerial parts of infected plants.

Bélanger et al. (2002) have reviewed the lifecycle of (cereal) powdery mildew fungi in
detail. Cereal powdery mildew fungi produce asexual conidiospores that germinate
0.5-1 h after leaf contact with a primary germ tube, which is the first emerging
structure (Kunoh, 2002). It functions in sensing and adhering the fungus to the leaf
surface as well as in water uptake (Carver and Bushnell, 1983; Carver and Ingerson,
1987). Subsequently, about 3-4 hours after infection (hai), a hook-shaped
appressorial germ tube emerges (Kunoh, 2002). It releases liquid material containing
esterases such as cutinases, which together with local turgor pressure enables the
8
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infection peg to penetrate the plant cell wall and papillae (Francis et al., 1996; Pryce-
Jones et al., 1999). The penetration takes place about 12-15 hai. To gain access to
nutrients, powdery mildew fungi form a special feeding structure, the haustorium,
which invaginates the host plasma membrane without disrupting it. The so-called
haustorial complex consists of an inner haustorial cytoplasm that is surrounded by
the haustorial plasma membrane, the haustorial cell wall, the so-called
extrahaustorial matrix and the extrahaustorial membrane (Gil and Gay, 1977). The
haustorial plasma membrane and the haustorial cell wall derive from the fungus,
whereas the extrahaustorial membrane is in continuum with the host plasma
membrane. However, the extrahaustorial membrane differs from the normal plant
plasma membrane in structure and function. For example, it is thicker and contains a
different set of proteins than the normal plant plasma membrane (Gil and Gay, 1977,
Koh et al., 2005). Since it represents the site of most intimate contact, the haustorial
complex may be responsible for nutrient transfer between host and pathogen
(Eichmann and Huckelhoven, 2008).

1.3 The cellular transport machinery in eukaryotes

Life and functionality of a eukaryotic cell depends on the correct organization of
different organelles, structures and membrane systems. It is becoming more and
more clear that plant defence also relies on a functional transport and secretion
machinery (see e.g. Huckelhoven, 2007b; Robatzek, 2007; Frei dit Frey and
Robatzek, 2009; Bednarek et al., 2010). Each cellular compartment is composed of
specific proteins that maintain its function and integrity. Therefore, a highly specific
transport system is necessary that is able to connect the different compartments and
to ensure the delivery of the respective proteins to their destination at the right point
in time. Fully functional cells depend on the correct synthesis, sorting and delivery of
many different kinds of proteins. Proteins produced and sorted in the secretory
pathway are either secreted proteins, proteins and enzymes that belong to the
different cell compartments, or plasma membrane-resident proteins. Targeting
domains that direct the nascent protein through its maturation process ensure the
correct processing of proteins. Proteins that are destined for the secretory pathway
are generally labelled with a signal peptide at their N-terminus. This signal peptide
leads to the attachment of the ribosome together with the nascent protein to the

endoplasmic reticulum (ER) membrane. During translation, soluble proteins are
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released into the lumen of the ER, while membrane-localized proteins are inserted
into the ER membrane (Lodish et al., 2000; Buchanan et al., 2002).

Following translation, the proteins are folded and modified before they are shipped to
the cis-Golgi compartment via COPII (coat protein complex Il) vesicles that mediate
the transport from the ER to the early Golgi. The formation of vesicles involves ER-
resident proteins, a small GTPase (guanosintriphosphate) called SAR1 (secretion-
associated RAS-related protein 1) and cytosolic coat proteins. After budding, the
CORPII vesicle travels to and fuses with the cis-Golgi membrane. Tethering factors
and the formation of specific SNARE (soluble N-ethylmaleimide sensitive fusion
protein attachment protein receptors) complexes for vesicle fusion assist this
process. Upon arrival at the cis-Golgi membrane, the proteins are further modified,
while migrating through the Golgi compartment from the cis to the trans-side, ending
up in the trans-Golgi-network (TGN). To maintain the integrity of the different
compartments COPI (coat protein complex 1) vesicles carry escaped proteins
backwards form trans to cis-Golgi and from the cis-Golgi to the ER. The formation of
COPI vesicles involves the small GTPase ARFI. The TGN functions as a sorting
station sending proteins to their respective compartment either by continuous
secretion or via secretory vesicles that deliver their cargo after a stimuli. Clathrin-
coated vesicles mediate transport from the TGN or the plasma membrane. The
classical secretory pathway from the ER via Golgi and further on along to the
destination compartments is called anterograde transport. Similar to the transport of
proteins out of the cell there is also an uptake of proteins from the exterior of the cell
by endocytosis. This mechanism allows the cell to sense environmental changes,
which for example is important for the detection of pathogens. Internalization of
material form the cell surface also involves clathrin-coated vesicles. The fist
compartment that is reached by endocytosed vesicles is the early endosome/TGN.
Here the proteins are sorted either into the late endosome/MVB (multi-vesicular
bodies) pathway for degradation (default endocytosis) in the vacuole or into a
recycling endosome. Internalized proteins are either destined for degradation in the
lytic compartments or recycled back to the plasma membrane. In addition, there are
signal-mediated pathways like the retrograde transport, which is responsible for the
recycling of escaped proteins (Lodish et al., 2000; Buchanan et al., 2002; Bassham
et al., 2008; Viotti, 2010). Figure 1 shows a simplified scheme of the basic transport

processes described above.
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Figure 1: Simplified scheme of transport processes in eukaryotic cells

The secretory default pathway is responsible for the transport of proteins from the ER to the
Golgi via COPII vesicles and further on to the plasma membrane in clathrin-coated vesicles.
The endocytic default pathway carries material form outside the cell in clathrin-coated
vesicles to the vacuole via EE (early endosome) and LE (late endosome)/MVB (multi-
vesicular bodies). In addition, retrograde transport mediates recycling of escaped proteins
using COPI vesicles.

1.3.1 Peculiarities of transport in plant cells

This rough general model (Figure 1) is manly based on information from yeast an
animal cells but many important traffic proteins have homologues in plants. In a
phylogenetic analysis of different transport proteins Dacks et al. (2008) showed that
despite the existence of many conserved proteins, others evolved after the last
common eukaryotic ancestor independently in the different kingdoms. This might
explain the in many cases large protein families found in plants. For example the
SNARE protein family is highly expanded in plants with at least 54 members in
Arabidopsis, while only 21 and 35 exist in Saccharomyces cerevisiae and Homo
sapiens, respectively (Uemura et al., 2004; Moreau et al., 2007). The same is true for
the Rab-GTPase family with 11 members in Saccharomyces cerevisiae and 57 in
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Arabidopsis (Rutherford and Moore, 2002). Important is also that in contrast to the
yeast and mammalian Golgi the plant Golgi bodies are highly mobile. They move
through the cell along the ER/actin network driven by myosin motors or actin
depolymerisation/polymerisation (Hawes et al., 2008). Another main difference
between the general model and transport in plant cells is that all attempts to proof the
existence of COPII vesicles failed. However, COPII proteins are highly conserved
and there are more isoforms existing in plants compared to yeast and mammals
(Robinson et al., 2007). Nevertheless, they influence the transport between ER and
Golgi. The question how cargo from the ER reaches the Golgi still needs to be
elucidated in detail but two models arose: one considers the two compartments as a
mobile unit and the other as a kiss and run association. According to the one unit
model, cargo is exported during a synchronous movement of the Golgi along the ER
at specialized ER export sites (ERES), while in the kiss and run model, cargo is
exported during temporary association of the Golgi at the ERES. The transfer of
proteins might be carried out by tubular connections that form between the Golgi and
the ERES and this process might be COPII dependent (Hanton et al., 2006; Matrti et
al., 2010).

1.3.2 Specificity of transport processes

The basic processes of the eukaryotic trafficking system seem to be highly conserved
and ancient although there has been functional diversification (Koumandou et al.,
2007). Vesicles mediate the transfer of material between distinct membrane
compartments. An ingenious transport system has evolved to ensure the correct
loading, budding, transport and fusion of these vesicles. Specificity is achieved by the
interplay of many different proteins and protein complexes that ensure the correct
localization of the distinct proteins.

1.3.2.1 Initiation and budding: Genesis of vesicles

The three main vesicle classes, clathrin, COPI and COPII vesicles, share structural
and functional features. Each vesicle coat is composed of two sub-complexes, one
representing the inner and one the outer layer of the vesicle. The inner layer serves
as adaptor for the outer cage. The coat components interact with cargo molecules
either directly or indirectly (via adaptor proteins) and thus play an important role in
cargo recruitment. In addition, they interact with multiple accessory proteins, which

assist diverse steps of vesicle cycling, e.g. by supporting cargo recruitment,
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promoting vesicle movement, coat polymerisation or coat disassembly (McMahon
and Mills, 2004). According to Springer et al. (1999), the assembly of a “priming
complex” initiates the formation of a transport vesicle. For this purpose a GEF
recruits its small GTPase (from the ARF or SAR family for COPI and clathrin or
COPII vesicles, respectively) to the donor membrane where it is converted to its
active state. The active GTPase interacts with a primer protein, e.g. the appropriate
v-SNARE. A coat component carrying a GAP protein (GTPase activating protein)
binds this dimer, thereby completing the priming complex (consisting of a GTPase, a
primer and a coat protein). In the following, additional priming complexes and cargo
proteins accumulate (coat polymerisation) and deform the donor membrane, initiating
budding. Therefore, priming complexes contribute to transport accuracy by the
defined localization of the GEFs and by cargo selection (Springer et al., 1999). More
recently, it has become clear that cargo proteins themselves play an important role in
the formation of vesicles. This was shown for the cargo protein p24, which facilitates
the formation of COPI vesicles by stabilizing the priming complexes (Aguilera-
Romero et al., 2008). In addition to ARF and SAR-GTPases, some Rab-GTPases are
important for cargo selection. For example, Rab9 is involved in the recycling of a
TGN-derived receptor from the endosome back to the TGN (Aguilera-Romero et al.,
2009). Many of these key proteins of the vesicle budding machinery are present in
plants (Hawes et al., 2008; Hwang and Robinson, 2009; Marti et al., 2010) but there
are also some differences. For example Donohoe et al. (2007) identified two different
types of COPI vesicles in Arabidopsis and named them COPIla and COPIb. The main
difference seems to be in their coat architecture and the zone of action. COPla
vesicles are responsible for the transport from the cis-Golgi back to the ER and bud
from cis-Golgi cisternae, while COPIb vesicles seem to mediate intra-Golgi

retrograde transport, budding from medial and trans-cisternae.

1.3.2.2 Movement: direction of the vesicle to its d estination

After fission of a vesicle, it reaches its destination either by diffusion or by motor-
mediated transport along the cytoskeleton. Most motor proteins belong to the kinesin,
dynein or myosin protein family. Rab proteins, which may serve as receptors for the
motor proteins mediate their recruitment to the vesicle (Hammer and Wu, 2002).
Interestingly, for Rab7, which is important for the transport of late endosomes to the
lysosome in animal cells, it was shown that the motor recruitment by Rab7 is
captured by pathogens (Salmonella SifA and Heliobacter pylori). They use this
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pathway to enable the generation of a bacterium-containing compartment
(Hutagalung and Novick, 2011).

1.3.2.3 Coat release: preparation for fusion

It was thought for a long time that a vesicle has to get rid of its coat before it can fuse
with its target membrane. The uncoating classically occurs immediately after
budding. Recent investigations soften the necessity of vesicle uncoating prior to
fusion into a possibility (Angers and Merz, 2011). There are hints for vesicle coats
also involved in tethering and in fusion processes. Interactions between various
vesicle components ensure coat stability and it may be that the interference of Rab-
GTPases with these interactions facilitates uncoating (Angers and Merz, 2011). In
addition, tethering complexes have been considered to trigger coat release, after
they have identified the vesicle type, to allow SNARE pairing (Sztul and Lupashin,
2009).

1.3.2.4 Vesicle targeting and fusion

The final step of vesicle transport is the merge of the vesicle with its target
membrane. This process results in the delivery of vesicle cargo to the respective
destination compartment. Several proteins or protein complexes, which ensure the
correct cargo delivery, organize this highly specialized process. This final phase of
vesicle transport can be divided into three steps: tethering, docking and finally fusion
of the two membranes. The first contact of the vesicle with its target membrane is
referred to as tethering. Tethering processes are thought to initially bridge the two
membranes in a first loose interaction leaving a distance between the vesicle and the
destination membrane (Whyte and Munro, 2002; Sztul and Lupashin, 2006). The
currently known tethering factors can be classified into long coiled coil tethers and
multi-subunit tethering complexes (MTC). Long coiled coil tethers can cover
distances of more than 200 nm, while MTCs bridge distances up to 30 nm. The long
coiled coil tethers are further divided into Golgins, mainly found at the Golgi
membrane, and endosomal tethering factors. The MTC class comprises the HOPS
(homotypic fusion and protein sorting), CORVET (class C core vacuole/endosome
tethering), Dsl1 (dependence on SLY1), COG (conserved oligomeric Golgi), Exocyst,
TRAPPI, I, 1ll (transport protein particle) and GARP (Golgi associated retrograde
protein) complexes (reviewed in Cai et al., 2007; Brocker et al., 2010). Tethering

factors seem to be important for the specificity of membrane trafficking processes,
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because they interact with several critical components of the transport machinery. An
overview over the different MTCs and their known interaction partners is available in
the TableS1. The first group of interesting proteins identified as interaction partners of
all known tethering complexes (except Dsll) are Rab-GTPases. Most tethering
complexes are effectors of Rabs, which are responsible for the recruitment of the
complexes to the respective membrane. The TRAPP complexes are not effectors of
Rabs but function as Rab-GEFs thereby enabling the Rab to interact with its effectors
(reviewed in Sztul and Lupashin, 2009; Brocker et al., 2010; Hutagalung and Novick,
2011). The second proteins found to interact with many tethering complexes are
SNARE proteins. These proteins are, together with their interaction partners,
responsible for the final process of vesicle fusion.
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Figure 2: The life cycle of a vesicle

Formation of a vesicle at the donor membrane starts with the assembly of a priming complex
composed of a v-SNARE, an active GTPase, cargo and coat proteins. Accumulation of
additional priming complexes and cargo initiates budding and subsequently the vesicle
fissures from the donor membrane. Prior to the first contact with the target membrane
(partial) coat release is initiated. Tethering complexes may bridge the distance between
vesicle and target membrane by the interaction with Rabs, SNAREs and coat proteins.
Finally, the interaction of a v-SNARE with the t-SNAREs and the following conformational
changes from a cis-SNARE to a trans-SNARE complex leads to fusion. SM [Secl (yeast) /
Muncl18 (mammals) -related-]-proteins assist the final SNARE protein based fusion.

The interaction between SNAREs and tethering complexes might regulate the
stability of the complex or proofread SNARE assembly and it could be part of the
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fusion process itself as the tethering complex might interact with a GTPase on one
membrane and a SNARE on the other membrane. In addition, tethers interact with
coat proteins. This interaction should occur prior to shedding of the coat raising the
possibility of an involvement of tethers in vesicle uncoating (reviewed in Sztul and
Lupashin, 2009; Brocker et al., 2010). For plants, there is not as much information
available but some tethering complexes or subunits of them have been identified and
studied to some extend. The most prominent plant-tethering complex is the exocyst.
In Arabidopsis, multiple genes encode most subunits of the exocyst, while in yeast
each subunit is encoded by a single gene. This probably points to a more diverse
exocyst function in plants besides polarized secretion (Elias et al., 2003; Zhang et al.,
2010). In addition, subunits of the HOPS/VPS complex are present in Arabidopsis
and seem to function in membrane fusion at the prevacuolar compartment (PVC) and
vacuole (Rojo et al., 2003). Similarly, Guermonprez et al. (2008) suggested the
existence of a GARP complex in Arabidopsis and a role for this complex in retrograde
transport to the Golgi, and Thellmann et al. (2010) identified subunits of the TRAPP
complexes in Arabidopsis and linked them to cell plate formation. Long coil-coiled
tethers are also present in Arabidopsis, as for example shown for the family of
Golgins (Latijnhouwers et al., 2005 and 2007). After tethering, SNARE proteins
mediate further specificity. These proteins can be classified either according to their
localization or according to their structure. SNARE proteins that localize to the vesicle
are commonly designated as v-SNARESs, while the ones, which reside on the target
membrane, are called t-SNAREs (Sollner et al., 1993). The structural classification
distinguishes between Q and R-SNARE proteins according to the presence of the
amino acid arginine or glutamine at a specific sequence position. A functional
SNARE complex is composed of one R- and three Q-SNAREs (Fasshauer et al.,
1998) or one v- and three t-SNARESs, which form a four-helix bundle (Sutton et al.,
1998), the SNAREpin, also called trans-SNARE complex. This trans-SNARE
complex pulls the two membranes together, thereby providing enough energy to
overcome the repulsive nature of two opposing lipid bilayers (Malsam et al., 2008;
Sudhof and Rothman, 2009). After fusion of the two membranes, the trans-SNARE
complex becomes a cis-SNARE complex with all four SNAREs on the same
membrane (Bonifacino and Glick, 2004; Stdhof and Rothman, 2009). Finally, the cis-
SNARE complex is dissolved again and the SNARE proteins can be reused (Malsam

et al., 2008). The most prominent SNARE complex is involved in exocytosis in
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mammals and is composed of the v-SNARE synaptobrevin (=VAMP, vesicle-
associated membrane protein) and the t-SNAREs syntaxin and SNAP25 (providing
two a-helices). All SNARE complexes seem to be composed of proteins similar to
these well-studied complex components (Bonifacino and Glick, 2004). An additional
function of SNARE proteins in the regulation of membrane fusion is that non-
matching SNAREs (iISNAREs for inhibitorySNARE) were shown to bind or substitute
matching SNAREs thereby inhibiting the formation of a functional SNARE complex
(Varlamov et al., 2003). SNARE proteins confer a high degree of specificity to the
membranes designated to fuse through their protein combination and localization
(Bonifacino and Glick, 2004) but they cannot be responsible for the specificity of
fusion processes exclusively. There are examples where SNARE proteins can be
used in multiple pathways (Pelham, 2001; Malsam et al., 2008), and the fact that
SNARE proteins are recycled implicates that they are present not only at their site of
function (Bonifacino and Glick, 2004). In Arabidopsis Uemura et al. (2004) identified
54 different SNARE proteins, much more than in the yeast or mammalian genome.
They examined their cellular localization and found six at the ER, nine at the Golgi,
four at the TGN, two in endosomes, 17 at the plasma membrane, seven in PVC and
the vacuole, two in the TGN, the PCV and the vacuole and one in the TGN, PVC and
at the plasma membrane. An interesting protein family associated with the mediation
of additional specificity to fusion processes are SM [Secl (yeast) / Muncl8
(mammals) -related-] proteins. These proteins seem to have a proofreading and
regulatory function on SNAREs or SNARE complexes, respectively. On the one
hand, they have a function as negative regulators of fusion when they are bound to
the t-SNARE syntaxinl. This interaction keeps the respective t-SNARE in a closed
confirmation, which prevents SNARE complex formation. On the other hand, SM-
proteins also interact with the trans-SNARE complexes and this interaction promotes
fusion (SM proteins as positive regulators of fusion; Malsam et al., 2008). The
mammalian SM-protein Muncl8-1 was shown to be important for the delivery
(probably by influencing the actin network), tethering and docking (by binding to
monomeric syntaxinl) and fusion (by clasping the trans-SNARE complex) of
transport vesicles (Toonen and Verhage, 2007). Another example for additional
regulating components are again Rab-GTPases. Endosomal SNARE proteins and
proteins of the Secl family interact with Rab effectors or directly with Rab-GTPases.

The interaction of Rab-GTPases with well-known components of the fusion
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machinery confers an additional layer of accuracy to the fusion process (Stenmark,
2009; Hutagalung and Novick, 2011). Six Secl related proteins exist in the genome
of Arabidopsis but only one (KEULE) has been characterized and shown to play a

role in cytokinesis (Assaad et al., 2001, Lipka et al., 2007).

1.3.2.5 Rab-GTPases

Many of the vesicle trafficking steps involve the action of Rab-GTPases. Stenmark
(2009) and Hutagalung and Novick (2011) have described the multiple roles of Rab-
GTPases in transport processes in detail. Rab-GTPases are the hugest subgroup of
the super family of small Ras-like-GTPases. In yeast 11 different Rab-GTPases have
been identified, while there are more than 60 Rabs in mammals (and about 60 in
Arabidopsis; Pinheiro et al., 2009). Rab-GTPases cycle between the cytosol and their
respective membrane, depending on their GDP/GTP status
(quanosindiphosphate/guanosintriphosphate). The inactive, GDP-bound form is
inserted into the membrane via geranylgeranyl modification. GDP dissociation
inhibitors (GDIs) assist this process. The inactive membrane bound Rab is activated
by GEFs, which facilitate GDP release, and high cytosolic GTP levels ensure the
binding of GTP instead. Activated Rab-GTPases interact with a broad range of
effector proteins, which in turn facilitate the transport pathway they act in. A
GTPase-activating protein (GAP) stimulates the intrinsic GTPase activity of the Rab
and it is converted into is inactive, GDP-bound form again. GDI aids the release of
the inactive form from the membrane and the Rab is available for the next GTPase
cycle. Rab effector proteins are defined as proteins that interact predominantly with
the activated Rab form. These effectors represent a wide range of proteins, including
proteins for cargo recruitment, vesicle movement, vesicle uncoating, tethering and
fusion, as already outlined in the sections above. In addition, Rab-GTPases play an
important role in membrane identity because their insertion into a specific membrane
recruits a certain set of effectors selectively to this membrane sections. Interestingly,
the disease strategy of several microorganisms targets Rabs. Salmonella and
Clamydia for example, both release proteins that prevent the Rab-dependent
transport of their resident vacuoles to the lysosome (Hutagalung and Novick, 2011).
Viruses also manipulate Rab-dependent pathways for their internalisation (Stenmark,
2009). The Arabidopsis genome encodes 93 small GTPases, which are divided into
four subgroups: Rho, Rab, Arf and Ran (but no Ras-GTPases). The Rab family
contains 57 members, representing the largest group and functions in intracellular
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transport processes. It is further divided into eight subfamilies named AtRabA-F
(Vernoud et al., 2003).

1.3.3 Trafficking and transport in plant-pathogen i nteractions

Membrane trafficking and secretion are important processes for plant immune
responses. Pathogens are recognized by plants via specialized receptors and the
subsequent signal transduction induces various defence reactions of which many
involve endo- or exocytic transport processes. The precise execution of
defence-related transport processes by the plant and on the other hand the
disruption of the same by pathogen-derived effectors is critical for the outcome of the
plant-pathogen interaction (reviewed in Robatzek, 2007; Hickelhoven, 2007a;
Huckelhoven, 2007b; Kwon et al.,, 2008a; Frei dit Frey and Robatzek, 2009;
Bednarek et al., 2010).

1.3.3.1 Global changes in attacked cells

In plant cells attacked by pathogens, massive reorganization events take place on
the cellular level. Remodelling of the cytoskeleton leads to the aggregation of the
cytoplasm, nucleus, ER and Golgi bodies underneath the site of attempted
penetration. The focal arrangement of the cytoskeleton depends on actin
polymerisation. Inhibition of actin polymerisation prevents papilla formation and leads
to enhanced susceptibility (Kobayashi et al., 1997). These cell responses have been
observed for several plant-pathogen interactions (Takemoto et al., 2003; Koh et al.,
2005). The reorganization of many cellular organelles concentrates the main
components of the secretory machinery to the site of attack.

1.3.3.2 Plasma membrane reactions

An interesting trafficking process upon pathogen detection is the reorganization of
plasma membrane proteins. The plasma membrane is no homogenous layer but
likely comprises domains with a specific composition of lipids and proteins. These
specific domains are called lipid (or membrane) rafts and have been defined as
“small (10 -200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes” (Pike, 2006). Membrane
rafts might function as centers of signalling events because the amount of signalling
molecules like leucine-rich repeat receptor like kinases and G-proteins is high in
these fractions (Shahollari et al., 2004). For example, the composition of membrane
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rafts changes in Arabidopsis cells upon flg22 treatment leading to a concentration of
e.g. RLKs like FLS2 (Keinath et al., 2010). Similarly, the treatment of tobacco cells
with an elicitor of defence reactions (cryptogein) revealed changes in the composition
of the microdomains. This indicates that lipid rafts could play a role in defence
associated signalling, as it is known from rafts in animal cells (Stanislas et al., 2009).
The finding that a tobacco NADPH oxidase, NtRBOHD (Nt = Nicotiana tabacum)
accumulates in lipid rafts and is speculated to be involved in defence signalling
(Lherminier et al.,, 2009) also points towards this hypothesis. Interestingly, many
plasma membrane-localized proteins associated with defence concentrate at the site
of attempted attack or in papillae like for example PEN1/ROR2 and PEN3, see
below, or the prominent susceptibility factor MLO (MILDEW LOCUS O) from barley
(Bhat et al., 2005). Beside these microdomains, there are further examples for the
redistribution of plasma membrane-localized proteins. One of them is the
MAMP-perception receptor FLS2. FLS2 is a leucine-rich repeat receptor-like kinase,
which resides in the plasma membrane and detects the bacterial MAMP flagellin
(Gomez-Gomez and Boller, 2000). Mutant plants impaired in FLS2-mediated flagellin
perception are more susceptible to gram negative bacteria (Zipfel et al., 2004).
Flagellin-sensing induces plant defence as characterized by the rapid production of
ROS (Felix et al., 1999), the activation of a MAPK cascade (Asai et al., 2002) and
enhanced expression of defence-related genes (Zipfel et al., 2004). The receptor
FLS2 is rapidly internalized after elicitor treatment. It disappears from the plasma
membrane and localizes to small vesicles inside the cell instead (Robatzek et al.,
2006). This specific ligand-induced endocytosis is followed by the polyubiquitination
of FLS2, leading to its degradation (Lu et al., 2011). Similarly, the tomato MAMP
receptor LeEIX1/2 was predicted to be an extracellular receptor containing a motif for
endocytosis. This endocytosis signal is necessary for the elicitation of the defence
response (Ron and Avni, 2004). Moreover, an uptake of putative ligands into the cell
has also been shown. In tobacco cells for example, the bacterial-derived MAMP
lipopolysaccharide binds to the plasma membrane before it is internalized (Gross et
al., 2005). Moreover, the plasma membrane is in continuum with the extrahaustorial
membrane, which separates the haustorium from the host cytoplasm. This
specialized membrane is either the invaginated and differentiated plasma membrane
or synthesized de novo by targeted vesicle transport (Koh et al., 2005). The latter
hypothesis is supported by the finding that a resistance protein from Arabidopsis,
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RPW8.2, is integrated into the extrahaustorial membrane of Arabidopsis powdery
mildew fungi and found in vesicles surrounding the haustorial complex (Wang et al.,
2009; Micali et al., 2010). Furthermore, the composition of the extrahaustorial
membrane varies during haustorium development by the incorporation of plant
material (Micali et al., 2010). Both hypotheses necessitate the rapid provision of the
required components for the generation of the extrahaustorial membrane. Therefore,

secretion or recycling plays an important role for haustorium establishment.
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Figure 3: Examples of transport processes in plant—  pathogen interactions

Pathogen recognition of plants leads to various defence reactions that involve transport
processes. Signals like ROS and NO production as well as MAPK cascades end up in gene
expression of defence-related genes. As a result, antimicrobial compounds, callose, and
other materials are transported to the site of attack, where cell wall strengthening and papilla
formation take place. This involves components of the secretory machinery and vesicle-
mediated transport. At the plasma membrane, massive reorganization events occur including
receptor endocytosis, degradation or recycling as well as the formation of lipid rafts (pink
membrane areas). Successful biotrophic fungi establish a haustorium, which is in close
contact with its host cell. Pathogen-derived effecters try to interfere with or co-opt plant
defence processes at many stages.
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1.3.3.3 Vesicle trafficking in plant defence

The most prominent example for the importance of vesicle trafficking in
plant-pathogen interactions is a SNARE complex at the plasma membrane. It is build
up by the syntaxin SYP121 (SYNTAXIN OF PLANTS 121; =PEN1, required for
Arabidopsis penetration resistance), SNAP33 and the v-SNARE VAMP721/722
(Collins et al.,, 2003; Kwon et al., 2008b). PEN1 was discovered in a screen for
Arabidopsis mutants with altered penetration (Arabidopsis pen-mutants) resistance to
the non-adapted barley powdery mildew fungus (Collins et al., 2003). The enhanced
susceptibility to Bgh is accompanied by a delayed papilla formation and a reduction
in callose deposition around the penetration peg (Assaad et al., 2004; Kwon et al.,
2008b). Similar observations were made for VAMP721/722. Arabidopsis mutants
impaired in VMAP721/722 function show not only delayed callose deposition and
enhanced penetration rates after infection with the non-adapted powdery mildew
E. pisi, but also enhanced susceptibility to the adapted Golovinomyces orontii and
the oomycete Hyaloperonospora arabidopsidis (Assaad et al., 2004; Kwon et al.,
2008b). The closest homolog of PEN1, SYP122 is rapidly phosphorylated upon
treatment with flg22, indicating a pathogen-induced activation of the secretory
machinery (Nuhse et al., 2003). PEN1 and SNAP33 localize to the plasma
membrane and accumulate underneath the penetration peg upon inoculation, while
VAMP721/722 is found in endomembrane compartments that relocate towards the
site of attack after fungal treatment. The plasma membrane-localized SNARE
complex composed of PEN1 and SNAP33 might enable targeted fusion of
VAMP721/722-containing vesicles (Collins et al., 2003; Assaad et al., 2004; Kwon et
al., 2008b). Arabidopsis mutants of both, PEN1/SYP122 (dwarfism) and
VAMP721/722 (lethal), show growth phenotypes indicating that they act in a default
secretion pathway necessary for plant development. It was speculated that this pre-
existing secretory pathway was co-opted for immune responses (Assaad et al., 2004;
Kwon et al., 2008b). As callose deposition and papilla formation are delayed in the
mutants, molecules necessary for cell wall strengthening might be candidates for
VAMP721/722-vesicle cargo (Kwon et al., 2008b). In addition it was shown that a
powdery mildew attack specifically induces the accumulation of fluorophore tagged
PEN1 and SNAP33 in papillae and haustorial encasements. Since the fluorescence
of proteins is normally very low in the apoplast, the release of exosomes from

multivesicular bodies after fusion with the plasma membrane was suggested as

22



Introdu ction

transport mechanism (Meyer et al., 2008). Multivesicular bodies are thought to be the
plants sorting platform for recycling e.g. to the plasma membrane or vacuolar
degradation (An et al., 2006; An et al., 2006a; Huckelhoven, 2007b). Interestingly,
the barley homolog of PEN1, ROR2 (required for mlo-specific resistance) is important
for basal resistance of barley to Bgh (Freialdenhoven et al., 1996) and, like PEN1,
accumulates underneath fungal appressoria. In addition, it was shown that the barley
homolog of SNAP25, named HVYSNAP34, interacts with ROR2 and that this protein is
also involved in basal resistance of barley to Bgh (Collins et al., 2003) like the
homologs in Arabidopsis (see above). Another example for SNARE proteins involved
in resistance comes from tobacco. Mutant plants of SYP132, a plasma membrane-
localized syntaxin, show enhanced susceptibility to P. syringae and failed to
accumulate PR proteins at the cell wall. These observations led to the hypothesis
that SYP132 is responsible for the secretion of PR proteins for race-specific bacterial
defence (Klade et al., 2007). To defend themselves, plants produce various
secondary metabolites with toxic effects on the attacking pathogen. Some of these
antimicrobial molecules have been shown to be specifically transported to the site of
attempted penetration (Field et al., 2006). Another example for the directed vesicle
transport and accumulation of toxic compounds at the site of attempted pathogen
attack comes from the barley-Bgh interaction. Here, H,O,-containing vesicles are
found in close proximity of papillae, and effective papillae that prevent penetration,

stain positive for H,O, (Huckelhoven et al., 1999).

1.3.3.4 ABC-transporters

Besides vesicle trafficking and membrane fusion, an additional transport pathway for
secretion of antimicrobials was observed in plants. There are several ABC (ATP-
binding cassette)-transporters linked to the export of toxic compounds for defence.
For example, the NpPDR1 ABC transporter from Nicotiana plumbaginifolia is
upregulated after treatment with fungal or bacterial pathogens and seems to mediate
the transport of sclareol, an antimicrobial diterpene, through the plasma membrane
(Stukkens et al., 2005). Another prominent ABC-transporter associated with defence
is the Arabidopsis PEN3 protein, which localizes to the plasma membrane and
accumulates underneath the penetration peg. Mutants impaired in PEN3 function
show enhanced susceptibility to non-adapted powdery mildew fungi and the
necreotrophic fungus Plectosphaerella cucumerina (Stein et al., 2006). PEN3 is
thought to function together with PEN2, a glycosyl hydrolase (Stein et al., 2006).
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PEN2 localizes to peroxisomes and was shown to accumulate at pathogen entry
sites. It restricts growth of a broad spectrum of adapted and non-adapted pathogens,
which is thought to be due to its catalytic activity (Lipka et al., 2005). Stein et al.
(2006) generated the hypothesis that PEN2 converts a substrate from its non-toxic
into its toxic form, which is then transported out of the cell via the PEN3-ABC-
transporter. In the apoplast, it then unfolds its toxicity to the invader. Indeed PEN2
cleaves indol glucosinolates, which are synthesized, by CPY81F2 and MYB51 after
MAMP-perception (flg22). Glucosinolates or their hydrolytic products are prominent
candidates for antifungal compounds (Clay et al., 2009; Bednarek et al., 2009). In
addition to this antimicrobial activity, cleavage of indol glucosinolates by PENZ2 is
required for callose synthesis and accumulation at the cell wall upon
MAMP-perception. PEN3 is also involved in the callose response and may be
responsible for the transport of indol glucosinolate cleavage products to the cell wall
resident callose synthase POWDERY MILDEW RESISTANT 4 (PMR4; Clay et al.,
2009).

1.3.3.5 Secretory machinery as target for pathogen manipulation

Because several components of the trafficking machinery have functions in plant
defence reactions these pathways are appropriate targets for pathogens to interfere
with. There are several examples for pathogen-derived effectors that employ
molecules of the plant secretory system for the pathogen’s own benefit. As already
mentioned, HopM1, an effector protein from P. syringae, is transferred into the host
cell via the T3SS and found in plant endomembrane fractions. It promotes bacterial
infection by the interaction with AtMIN7, an ARF-GEF protein (Nomura et al., 2006).
ARFs play an important role in vesicle trafficking because they are involved in vesicle
coat formation (Bassham et al., 2008). The interaction of HopM1 with AtMIN7 leads
to the ubiquitination and following degradation of AtMIN7. Polarized vesicle trafficking
is thereby inhibited as demonstrated by the reduction of callose deposition (Nomura
et al., 2006). Interestingly, treatment of wild type Arabidopsis plants with the fungal
toxin brefeldin A enabeld P. syringae strains lacking HopML1 to infect again (Nomura
et al., 2006). This toxin also inhibits an ARF-GEF (GNOM, Geldner et al., 2003),
which is involved in polarized secretion. Another P. syringae effector called AvrPto
seems to interact with the small GTPase RabE of tomato and Arabidopsis as
indicated by yeast two hybrid screens (Bogdanove and Martin, 2000; Speth et al.,
2009). The Arabidopsis GTPase was shown to localize to the Golgi and the plasma
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membrane consistent with the well-characterized role of RabE form yeast and
mammals in Golgi-plasma membrane transport (Speth et al., 2009). The oomycete
effectors Avrlb (Phytophtora soyae) and Avr3a (Phytophtora infestans) are
recognized by intracellular receptors of the plant cell. They are secreted from
haustoria into the extrahaustorial matrix. The RXLR-EER motif at the N-terminus of
the effectors has been identified to be responsible for the translocation of the
effectors into the plant cytoplasm. The mechanism is unclear but it is speculated that
the translocation process involves plant cell-mediated endocytosis of the effectors. At
least for Avrlb the translocation was observed in particle bombardment experiments
without any contribution of the fungus (Whisson et al., 2007; Dou et al., 2008). Similar
results were obtained in experiments with powdery mildew-derived Avr proteins
(AvralO, Avrkl), which are predicted to be in the cytoplasm, where they interact with
the corresponding R-genes (MLA10 (mildew resistance locus A) and MLK (mildew
resistance locus K), respectively) of the plant but here no translocation signal has
been identified yet (Ridout et al., 2006).

1.4 Objectives

Ensuring adequate food supply for the world population is one of the greatest
challenges in theses days. The protection of crops against diseases can make a
valuable contribution to achieve this. An effective way to reduce yield losses due to
diseases is engineering crops, which show durable resistances against pathogens.
For this purpose, understanding of plant resistance mechanisms but also
mechanisms that underlie compatible plant-pathogen interactions is very important.
Several proteins important for transport processes have been shown to influence the
susceptibility of plants to pathogens as outlined in the introduction. To gain a deeper
insight into the role of such processes in the interaction of barley with its powdery
mildew fungus Bgh, proteins with predicted functions in membrane trafficking and
secretion were analyzed here for a possible involvement in this plant-pathogen
interaction. 161 candidate genes were selected for a transient knock down screening
to possibly identify genes, which cause significant differences in the penetration
success of Bgh. The knock down screening resulted in three genes, which enhanced
the susceptibility of barley to Bgh when they are knocked down. These candidates
were subject to further investigations. During the course of this work, | focused

especially on HVCOGS3, a subunit of a Golgi resident tethering complex, which is
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important for secretion in yeast and mammals (Ungar et al., 2006). In further cell
biological investigations, | examined possible effects of HyvCOG3 knock down in more
detail. In addition, other subunit homologs of the complex as well as potential
interaction partners of COG3 in yeast were isolated and investigated in functional
characterization experiments concerning a possible involvement in the interaction
between barley and Bgh. Putative HvCOG3 interaction partners exhibiting knock
down or over-expression effects on the barley-Bgh interaction were analyzed for their
subcellular localization with and without Bgh treatment to visualize possible Bgh-

induced relocalizaiton events.
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2 Methods and material

2.1 Plant material, growth conditions and pathogens

For transient transformation assays the barley (Hordeum vulgare L.) cultivar ‘Golden
Promise’ was used. Kernels were directly sown into soil (Typ ED 73, Einheitserde-
und Humuswerke, Gebr. Patzer GmbH & Co. KG, Sinntal-Jossa, Germany) and
grown in a growth chamber (Conviron, Winnipeg, Canada) at 18T, with a relative
humidity of 65% and a photoperiod of 16 h light at 150 pymol s*m™ photon flux
density. Gene expression analyses were performed with the barley cultivar ‘Ingrid’
and its backcross line ‘Ingrid-mlo5’ (without a functional MLO protein), which exhibits
full penetration resistance to powdery mildew. Both ‘Ingrid’ cultivars were provided by
L. Munk (Royal Veterinary and Agricultural University, Copenhagen, Denmark).
Kernels were pre-germinated over night on wet filter paper to ensure equal
development before they were transferred into soil. The plants were cultivated in a
growth chamber (Sanyo, Munchen, Germany) under the same conditions as
described above. Barley leaves were infected with the powdery mildew fungus
Blumeria graminis f.sp. hordei (Bgh) race A6, which was provided by J. Pons-
Kihnemann (Justus-Liebig Universitat, Giessen, Germany). The fungus was
maintained on the barley cultivar ‘Golden Promise’ in a Sanyo (Minchen, Germany)
growth chamber at the above described conditions. The inoculation took place by
blowing spores from infected plants into an inoculation hood. For functional analysis,
detached leaf segments were fixed on water agar in Petri dishes and inoculated with
a density of up to 200 conidia per mm?. The plants used for gene expression analysis
were horizontally laid down within their pot. The inoculation density for gene
expression studies ranged between 80 and 100 conidia per mm?. Arabidopsis
thaliana T-DNA insertion lines were purchased at the Nottingham Arabidopsis Stock
Centre (NASC, Longhborough, UK) for four different AtRabD-GTPases (Table 1). As
the T-DNAs were inserted into Columbia-0 (Col-0; Lehle Seeds, Round Rock, USA),
Col-0 plants were used as wild type control in the functional characterization

experiments.
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Table 1: Arabidopsis T-DNA insertion lines for AtRabD -GTPases

Name Locus name NASC Stock number T-DNA insertion
RabD1 At3g11730 Salk033433 intron
RabD2a At19g02130 Salk099495 intron
RabD2b At5g47200 SAIL 151 C11 intron
RabD2c At4g17530 Salk034873 intron

The cultivation of Arabidopsis thaliana plants was performed in a soil sand mixture at
a ratio of 2:1 (Fruhstorfer Erde, Typ P, Vechta, Germany; Quarzsand, granulation:
0.1-0.5 mm Sakret® Trockenbaustoffe Europa GmbH & Co. KG, Wiesbaden,
Germany). Seeds were suspended in water containing tween20 and transferred
directly on the soil sand mixture with a pipette. After a two-day incubation period at
4T for stratification they were grown in a growth camber (Conviron, Winnipeg,
Canada) at 22C, 64% relative humidity and a photop eriod of 10 h light for vegetative
growth. The Arabidopsis powdery mildew Erysiphe cruciferarum was provided by
E. Stein (Justus-Liebig Universitat, Giessen, Germany) and maintained on Col-0 and
the susceptible mutant pad4 (phytoalexin deficient 4) under the above described
conditions. For inoculation, spores from pad4 mutant plants were used due to
enhanced conidia production. Arabidopsis plants were put under an inoculation box,
whose top was covered with a close-meshed net (0.2 mm; Eckert GmbH,
Waldkirchen, Germany). The spores were wiped off from infected leaves by a smooth
brush and then assigned by gently scrubbing across the net. The inoculation density

ranged between three to five conidia per mm?.

2.2 Isolation of barley RNA and generation of cDNA

Seven to nine day old barley leaves were harvested and homogenized in liquid
nitrogen for RNA extraction. RNA was isolated form about 300 mg of the plant
material according to a RNA extraction method (Chomicznski et al., 1986) optimized
for plants. The plant material was vortexed thoroughly with 1 ml RNA extraction
buffer before 200 ml chloroform were added. After vortexing again, a 10 min
incubation period on a shaker followed prior to centrifugation at 13.500 rpm for
15 min at 4C. The RNA-containing supernatant was transferred into a fresh tube

containing 1 ml chloroform. After an additional vortexing step, the supernatant was

28



Methods and Material

mixed with iso-propanol for precipitation and incubated over night at -20C.
Centrifugation at 4C and 13.500 rpm for 20 min res ulted in a whitish pellet, which
was washed twice with 70% ethanol, dried on ice and resolved in H,Opgpc. The
concentration of total RNA was determined by measuring the optical density at
260 nm using the NanoDrop® (Peglab Biotechnologie, Erlangen, Germany)
spectrophotometer and the RNA integrity was assessed via rRNA bands using
denaturating gel electrophoresis (1.2% agarose and 5% formaldehyde (w/v)).

RNA extraction solution:

S conc;lr':?;tion L
Phenol 38% 38 ml
Guanidin thiocyanate 0.8 M 11.82¢g
Ammonium thiocyanate 0.4 M 769
3 M Sodium acetate pH 5 0.1M 3.34 ml 3 M NaAc
Glycerol 5% 5ml
Autoclaved H,Opgpc add 100 ml

The obtained barley mRNA was rewrote into first strand cDNA via two step reverse
transcription (RT)-PCR. For two step RT-PCR oligo (dT) primers and the M-MuLV
Reverse Transcriptatse (Fermentas GmbH, St. Leon-Rot, Germany) were used to
transcribe 5 ug of the total RNA. In some cases, the One-step RT-PCR kit (Qiagen,
Hilden, Germany) was conducted to isolate the desired sequences directly out of

RNA according to the manufacturer’s instructions.

2.3 Semi quantitative gene expression analysis

To examine the gene expression levels of HYCOG subunits and potential HvCOG3
interaction partners a time course experiment was conducted with ‘Ingrid WT' and
‘Ingrid-mlo5’ plants. Therefore, the first leaves were inoculated with Bgh spores or
mock-inoculated (treated alike without delivering spores) and harvested at 0, 12, 24
and 48 h after inoculation. The respective RNAs and cDNAs were generated as
described above and 0.5 pl of the resulting cDNA were used for subsequent gene
expression analyses using SupraTherm™ DNA polymerase (Genecraft, Munster,
Germany). Between 28 and 31 cycles were used. For primer sequences see Table 2.
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Table 2: PCR information for genes analyzed in semi

-quantitative RT-PCR

Gene ID forward primer 5 —-3)/ annealing propluct
reverse primer (5 —3’) temperatur size

nuscz | meowrs | Asceioececacmamen coc | 2s3mp
weDl | s | Secsicosceriocscr sic | eotop
HVCOG2 AK370312 AN el 57C 401 bp

HvVCOG3 AK249208 T O S IS OATAT 54T 1200 bp
HVCOG6 AK354922 A SSAECOCACAS 57C 509 bp
HVCOG7 AK363189 pesveallesaiicons 57C 493 bp
HvCOG8 AK248490 LeascecTace e 53T 701 bp
HVGOS1-like | TA36193_4513 | Sy Lo oo A S o n 60T 380 bp
HVSEC22-like | TA49055 4513 | A e o e s 57C 706 bp
HUWTIL-like | TA38030_4513 | Ao o e s 60T 716 bp
HVYKT6-like | TA38338 4513 | LS T e 60T 697 bp
HVYPTL-like | TA34665_4513 | o ealcimcm o e T oo 60C 647 bp

2.4 Generation of constructs for transient transfor mation

of barley

2.4.1 Origin and isolation of sequences used for cl  oning procedures

The candidate genes for the RNAIi screening, which are involved in membrane
trafficking and secretion were selected via a key word based search in the EST-
database (http://harvest.ucr.edu/) of the Leibniz-Institut fur Pflanzengenetik und
Kulturpflanzenforschung (IPK, Gatersleben, Germany; Zhang et al., 2004) by Ralph
Huckelhoven (TUM, Phytopathology, Freising, Germany). They were provided in one
of the following vectors: pCRblunt, pBluescript SK+, pSORT or pLambdazZAP.
Screening candidates that derived from the Y2H screen were obtained from C. Hofle
(TUM, Phytopathology, Freising, Germany) in the pGADT7-Rec vector. Genes
differentially regulated in the BI-1 / RacB array (performed by C. Weiss, Freising,
Germany) were isolated out of a cDNA pool comprising inoculated and non-
inoculated leaves of the barley cultivar ‘Ingrid’, harvested at different time points. The

‘Ingrid’ RNA or cDNA pool was also used for the isolation of the HVCOGs and
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potential HYCOGS3 interaction partners. HvCOG3 itself was isolated out of a cDNA
pool comprising leaves harvested at different time points after infection from the
cultivar ‘Golden Promise’. For all sequence isolation PCRs, proof reading
polymerases were used. Candidate genes obtained in vectors were amplified using
vector specific primers and the proof reading polymerase Pfu (Promega, Madison,
WI, USA). Failures were repeated with the other proof reading polymerases
Herculase (Agilent Technologies, Santa Clara, CA, USA) and Phusion (New England
Biolabs, Ipswich, MA, USA). Primers and PCR conditions for the isolation of
sequences for subsequent cloning into transient expression vectors are described in
Table 3, Table 4 and Table 5. All primers used in this work were purchased from
Eurofins MWG Operon (Ebersberg, Germany).

Table 3: Isolation of vector-provided sequences for RNAI constructs generation

forward primer (5° —3')/ | annealing Product
- ; : Polymerase .
reverse primer (5 —3’) | temperatur size
. TAGGGCGAATTGGGTA
pbluescript CCGCTCTAGAACTAGTGGA 53C Pfu TableS2
CCGCCAGTGTGCTG
pCRblunt COAATTGGGCCCTCTA 53C Pfu TableS2
TACGTAAGCTTGGATCCTCT
pSORT GGGAAAGCTGGTACGE 54C Pfu TableS2
CGGCCGCTCTAGAAGT
pLambdaZAP AGGGAACAAAAGCTGGA 53C Pfu TableS2
TATCAACGCAGAGTGGCC
pGADT7-Rec CCOTATCGATGCCCACT 56C Pfu TableS3

31



Methods and Material

DOV IO 99191

dggLg TG (uoisnydg) dais om Bt STBTL 5S¢ o JEUOdIL0D SUI0SOXT aAjeInS
dq g9 0,86 1M 41 de1saug e e 040168 d b NISNYSXT anqeing
dq ees a1 (uoisnyd) deis om| P SR 9v06L S d urajoid Byl-go8Y BB
dq 085 0.5 M HDd- Ly delseuo b Sl 18LT 58 d utaloid sxif-sey sreid
dq poe .55 (uoisnyd) deis omL B el Ly 0LP6Z 58 d uisjoid 0.,0X3 8B
dgoeg 2,55 B 401 o delgeuo om%w%mwmwmﬁ%%ﬁ 4 Z1LB9C 58 urayourd Aptey uiteudp anenS
da /79 2,09 W HOd L deigeuo sl R e LSK GO0REY L 2043} | AN
dq 169 086 1 HOd- LY delseun Gedioe e e CLSH 8eE8evL 2AY-0L AN
dagls 2.09 1D 40d-LY delseug Golehe bt le B £LSk 0£08EY1 Y4 L ANH
dag 9o/ 2,85 W 4Od LY delseug B ¢LSt SS06HY L SYYZZ OIS
dq 0gg .09 1B H0d-LH delsaun AR e ELSF €698V L | SO
dg Loz D.E6 (uoisnyd) deis om| e 0BF8EZAY BE0ONH
dq g6t y1e (LoIsny) dels om] e B2LEITMY LO00AH
dq 605 DuLG (Lolsnyd) dels om G TIBRSEAY QD0
dq 1gp 0.£8 (uotsnyd) deis oml S L LOZSEAY GOOOM
da Log @ (uoisnyd) dels om Sl e BESISEAY FOOOMN
dd 000}, ~ .£5 (i) 1duosenigd R e sl 80ZBHTHY £900M
da Loy TS (LoIsny ) dels om] P ke ] TLEOLEMY ZO00M
dazle 0.65 (Loisny ) dels om] e G8L0LEMY L O00AH
e | | o | mdseme T g oguns

uoneiauab Jonnsuod YNy 1oj saouanbas yNQG2 Jo uone|os| iy ajqel

AN

3



Methods and Material

2911199 % YD 1Y 299 209Y 0 L0y

dq ¥99 2.09 (uoisnyd) dejs om| e bt e €15¥ G99¥EVL 10y 237-|LdANH
da 89.2 07585 (uoisnyd @y)) deys om| it S |'ST166MYE 1av 23140 oAH
dq L/€2Z 0.6569 (uoisnyd @) deys om e Y 80Z6V2HY IMFEO0INH
gL | 083 e Tt A S : O+t
dq 9¢9 2.8 (uoisnuyd) dejs om| A 89125V oYIl-0/a 1L Y4 VAH
dq 169 0.8 M YOd-LY deiseuo s e €l5¥ L6L6ZVL NIf-A1 Y4 YAH
dq /9 2.09 Wi ¥Od-1Y deiseuo e R L €lSY G99EVL 2Y1-L LdAAH
dq /69 0.8 W ¥Od-LY deiseuo e e €ISy 8EEBEVL 2Y1-QUIMANH
dqglL 0.09 Wl YOd-LY deseuo T €1GY 0£08EV.L 2YI-HLAH
dq 902 0.89 Wl YOd-1Y deigauo e €181 SS061V L 2Y1-gg0ISAH
dq ogg 2.09 M ¥Od-1Y deigeuo el e L clGy $6198VL N 30U) .M%Wwwo oAy
dq 090} 0,58 (uorsnud) deis oML | o5 00vl 10116055391 1901¥0399090001w00 |  BOZEVENY dv9 Indg9004H
da geez 0.9 o OvBL99v00LLOVOTOTOY00LY0 8026V DV doys euoEO0 M
dq L/¢T 0.£9 (uoisnyd) dejs om| T e R 80Z6VTHY £9001H
azIs injeladwa) uoe|os| (,£<.6) 1oawnid asianal al Le3/5ues
Jonpoud Buijeauue ] (,£+.G) Jawind piemio}

$JONJJsU0d uojssaidxe-19A0 104 saouanbas YNQ2 Yibusal-||n} JO Uolje|os] :G a|gel

33



Methods and Material

2.4.2 Generation of RNAI constructs

RNAI constructs were generated using the Gateway® cloning system (Invitrogen,
Karlsruhe, Germany), which is based on the site-specific recombination ability known
from the bacteriophage A. The Gateway® cloning system delivers the gene of interest
form an entry vector with specific attachment-sites (att-sites) to a destination vector
with att-sites, catalyzed by the LR-Clonase™ enzyme mix (Invitrogen, Karlsruhe,
Germany). The appropriate plant vector system, the entry vector pIPKTA38 and the
destination vector pIPKTA30N, as well as a cloning protocol were provided by P.
Schweizer (Leibnitz-Institut fir Pflanzengenetik und Kulturpflanzenforschung (IPK),
Gatersleben, Germany; Douchkov et al., 2005). Bacteria containing the RNAI cloning
vectors were propagated in LB medium with Kanamycin (50 pg/ml; pIPKTAS38 in
TOP10 cells) or Ampicillin (100 pg/ml; pIPKTA30N in ccdB resistant DB3.1 cells
(Invitrogen, Karlsruhe, Germany)), respectively and the plasmid DNA was isolated
using the Midi plasmid isolation kit NucleoBond® Xtra (Machery und Nagel, Diren,
Germany). The insert sequences were isolated as described in section 2.4.1. For the
screening 5 ul of the insert-PCR products were checked on a agarose gel and the
remaining 20 ul from candidates showing defined gel bands were purified using the
QIAquick® PCR purification kit (QIAGEN, Hilden, Germany). The inserts isolated with
specific primers were checked by loading the whole PCR reaction on an agarose gel
and purified via the QIAquick® gel extraction kit (QIAGEN, Hilden, Germany). For
cloning of the insert sequences into pIPKTA38 4 pl of the purified PCR product and
1 pl pPKTA38 (150 ng/ul) were mixed with 1 yl of H,O, T4 DNA Ligase buffer, 50%
PEG and NaCl (0,5M) each, 0.5 ul of Swal (10 u/pl) and 0.5 pl T4 DNA Ligase
(5 u/ul). The reaction mix was incubated in a PCR cycler for one to two hours at 25C
and another 15 min at 65T to inactivate the ligase activity. This cloning strategy
leads to the insertion of the candidate PCR product between the att sites of the entry
vector pIPKTA38. Subsequently 3.5 ul H,O and 0.5 uyl of Swal buffer, 0.5 ul Swal
restriction enzyme and 0.5 upl NaCl (0.5 M) were added and the mixture was
incubated for additional one to two hours at 25T to reduce false positive clones
containing uncut or re-ligated empty pIPKTA38. Subsequently the mixture was
transformed into either the XL1-blue (Agilent Technologies, Santa Clara, CA, USA) or
TOP10 (Invitrogen, Karlsruhe, Germany) E. coli cells. The obtained colonies were
first checked with pIPKTA38 vector specific primers (see Table 4), before two of the

PCR positive colonies were propagated and isolated via quick and dirty plasmid
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isolation using the buffers of the NucleoBond® Xtra Midi kit (Machery und Nagel,
Duren, Germany) as follows: 1.5 ml of the E. coli culture were spined down and the
resulting pellet was resolved in 180 pl of the S1 buffer. After addition of 180 pl S2
buffer, the mixture was incubated at room temperature for three to five minutes
before 180 ul S3 were added. After centrifugation at 4C and 14 .000 rpm for 10 —
20 min the supernatant was mixed with 1 ml 100% ethanol and centrifuged again for
15 - 30 min. The pellet was cleaned with 70% ethanol and centrifuged for 5 min. The
resulting pellet was dried and dissolved in 30 pl distilled H,O. A first digestion check
with EcoRI (cuts out the cloned PCR product) identified positive colonies, which were
propagated again and isolated with the NucleoSpin® Plasmid Mini kit (Machery und
Nagel, Duren, Germany) to obtain pure plasmid DNA for the further subcloning
procedure. For pIPKTA38 vectors containing specific PCR products and pIPKTA38
vectors containing significant screening candidates, sequence confirmation was
performed by Agowa (Berlin, Germany) or GATC (Konstanz, Germany) sequencing
services. The sequences of all screening candidates without significant effects were
not re-checked. For the recombination reaction about 300 ng of the insert-containing
pIPKTA38 were mixed with 100 ng of the destination vector pIPKTA30N, 1.6 ul
Clonase buffer, 2 ul LR-Clonase™ enzyme mix (Invitrogen, Karlsruhe, Germany) and
filled up to 8 ul with 1x PE buffer and incubated over night at 25°C in a PCR cycler.
The LR reaction mixture was transformed into either the XL1-blue or TOP10 E. coli
strains. Cultivation of pIPKTA30N containing bacteria was shifted from 37<C at the
beginning of the screening to 30T to avoid cultiva tion-associated plasmid changes.
The obtained colonies were checked for insertions via colony-PCR using primers
located in the intron and either in the promoter/terminator region or in the insert (see
Table 4 for primer sequences). Two positive tested colonies were propagated and the
plasmids were isolated using NucleoSpin® Plasmid Mini kit (Machery und Nagel,
Duren, Germany) and checked for the correct insertion of the PCR product by EcoRV
digestion (fragment sizes: PCR product + 150 bp and PCR product + 300 bp).
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Table 4: Vector specific primers used for cloning a nd sequence confirmation:

Vector forward primer 5 —3)/ annealing

reverse primer (5 —3’) temperature
poEM-T S schTchoene 53
pov-1 e s4c
pIPKTASS A esce 53
PIPKTASON Istinsert | popuercochonteccacrmeet sec
PIPKTASON 2nd nsert | oo MSASSSRRACECTATAomcceTn sec
pGADT-7 A oN sac

2.4.3 Generation of over-expression constructs

The standard cloning procedure for the generation of over-expression constructs was
conducted as follows: The basic sequences used for over-expression construct
generation were obtained as described in Table 5. The blund-ended PCR products
obtained by proof reading DNA polymerases were A-tailed using the SupraTherm™
DNA polymerase (by adding 1 ul SupraTherm and 1 ul dATP (2mM) to the PCR
products and incubation of the mixture for 10 — 15 min at 72<C). Subsequently, the
PCR products were ligated into the pGEM®-T vector (Promega, Madison, WI, USA)
according to the manufacturer’'s constructions. The pGEM®-T vector is suitable for
cloning PCR products with adenine overhang, because the vector possesses a
thymine overhang and it is capable for blue/white selection. After ligation, the
constructs were transformed into 100 ul or 50 ul of the E. coli strains XL1-blue or
TOP10, respectively. The obtained colonies were usually checked by vector specific
colony-PCR before propagation in the appropriate medium, plasmid isolation
(NucleoSpin® Mini kit; Machery und Nagel, Diiren, Germany) and control digestion.
See Table 4 for vector specific primers used. The sequences of plasmids with
positive digestion results were confirmed by the sequencing services of Agowa or
GATC prior to further subcloning steps. For subcloning, donor and target vector were
digested with appropriate restriction enzymes. The bands were separated on an
agarose gel and purified using QIAquick® gel extraction kit (QIAGEN, Hilden,
Germany). Subsequently, the fragment to be inserted and the open target vector
were mixed in the ratio 3:1 together with ligase buffer and 1 pyl T4 DNA Ligase
(Fermentas GmbH, St. Leon-Rot, Germany) in a reaction volume of 20 pl, incubated

over-night at 8C and transformed into XL1-blue or TOP10 cells. For detailed
36




Methods and Material

information on subcloning, see Table 5. All enzymes used for the cloning procedures

were obtained form Fermentas GmbH (St. Leon-Rot, Germany) if not described

differently.

Table 5: Enzymes used for subclonig into plant expr

ession vectors

Construct

Donor vector

Enzymes for
subcloning

Plant expression
vector

All RNAI constructs

pIPKTA38-X

LR-Clonase™

pIPKTA30ON

HvCOG3 OEx pGEM-T-HvCOG3 Xbal / Pstl pGY-1-HvCOG3
pGEM-T- 1.
HvCOG3ohneStop OEx HvCOG3ohneStop Xbal / Ncol pGY-1-HvCOG3ohne Stop
HvCOG3ohneStop-GFP 0GY-1-GFP Phusion. blunt pGY-1-HvCOG3ohneStop-

OEx

GFP

GFP-HVCOG3 OEx PGEM-T-HvCOG3 Xbal / Pstl PGY-1-GFP-HVCOG3
HVCOG3put. GAP PGEM-T-HVCOG3put.GAP | N¢o!/ SP nﬁglb'“m Il pGY-1-HVCOG3put.GAP
HVGOSlE)'E(f (c-term) pGEM-T-HVGOS1-like Xbal / Pstl pGY-1-HVGOS1-like
HVSEC22-like OEx PGEM-T-HVSEC22-like Xbal / Pstl PGY-1-HVSEC22-like
HVVTI1-like OEx PGEM-T-HWTI1-like Xbal / Pael PG Y-1-HWTI1-like
GFP-HWVTI1-like OEx pGY-1-HWTI1-like BamHI DG Y-1-GFP+0-HvWTI1-like
HVYKT6-like OEx PGEM-T-HVYKT6-like Xbal / Pael PG Y-1-HVYKT6-like
HvYPT1-like OEx PGEM-T-HvYPT1-like Xbal / Pstl pGY-1-HvYPT1-like
GFP-HVYPT1-likeOEX | pGEM-T-HvYPT1-like BamH| PGY-1-GFP+1-HvYPT1-like
HVARFALD-like OEX | pPGEM-T-HVARFALD-like Xbal / Pstl PGY-1-HVARFALD-like
HVARFALB/C-like OEx | pGEM-T-HVARFALB/C-like Xbal / Pstl pGY-1-HVARFA1B/C-like
HVCOG3 dsRNA PGEM-T-HVCOG3-like Sall PGEM-T-HvCOG3dsRNA
HVMLO dsRNA PGEM-T-HVMLO Aatll PGEM-T-HVMLOdSRNA

2.4.4 Constructs for targeted yeast two hybrid

The potential interaction partners of HVCOG3 were selected due to sequence

homology to the published interaction partners of COG3 in yeast. To investigate a

possible interaction of the barley proteins, a targeted yeast two hybrid assay was

performed (see section 2.7). For this purpose, cDNAs from HvCOG3, HVCOPI ylike

and HvYPT1-like (see section 2.4.1) were cloned into pGEM-T. After sequence

confirmation, the cDNAs were subcloned into pGBKT7 containing the DNA-binding

domain (BD) or pGADT-7-Rec containing the activation domain (AD; Yeast Protocol
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Handbook, Matchmaker Two-Hybrid Library Construction and Screening Kit,
Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France). HvCOG3 was
subloned into the yeast vector pGBKT7 in frame with the DNA-BD using the Xmal
and Pstl restriction sites. The putative interaction partners HvCOPIylike and
HvYPT1-like were cloned into the yeast vector pGADT-7-Rec in frame with its

activation domain using Xmal / Xbal and Xhol / Smal restriction sites, respectively.

2.4.5 Generation of a dnHvYPT1 -like construct

The yeast YPT1 gene is represented by a gene family with four members in
Arabidopsis, which are thought to be redundant (Pinheiro et al., 2009). This might be
the case also in barley and therefore, we wanted to analyze the specificity of the
RNAI result through the generation of dominant-negative (dn) version of the HVYPT1-
like gene used for over-expression and RNAI experiments in this work. We used the
Transformer™ Site-Directed Mutagenesis protocoll (Clontech, Heidelberg, Germany)
for the exchange of the 121st amino acid asparagin with isoleucine, which is
described by Pinheiro et al. (2009) to produce a dominant-negative HvVYPTL1-like
protein in Arabidopsis. The mutagenesis procedure is based on the use of mutagenic
primers, one specific for the exchange of the respective nucleotide
(CTTCTCGTGGGGATCAAATGTGATCT), and one selection primer
(AAATGCTTCAATGATATCGAAAAAGGAAG), which changes the restriction site
Sspl of the pGY-1 vector into an EcoRYV site. All enzymes used were purchased from
Fermentas (St. Leon-Rot, Germany). In a first step, a 20 pl mixture containing 6 pl of
T4 Polymerase buffer, 0.5 pg pGY-1-HvYPT1-like, 0.15 pg of the phosphorylated
selection primer and 0.15 pg of the phosphorylated mutagenesis primer were
incubate for 5 min in a water bath at 100C. Afterw ards, the mixture was transferred
immediately on ice before 1 pl T4 DNA polymerase, 2 ul T4 DNA Ligase, 1.5 pl
dNTPs (10mM) and 2 ul ATP (10mM) were added and filled up to 30 pl. The reaction
mixture was incubated for 2 h at 37C for DNA elong ation and ligation before an
incubation step at 70C terminated the reaction. In a first selection step, the
restriction enzyme Sspl was used to eliminate unmutated plasmids by incubation for
2 h at 37C and stopped at 70C for 5 min. Mutated plasmids do not contain the Sspl
recognition sequence anymore and stay intact. The digested plasmid mixture was
transformed into BMH71-80 mutS E. coli cells and propagated. For the subsequent

plasmid isolation, the quick and dirty method (described in generation of RNAI
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constructs) was used. The digestion with Sspl was repeated with 1 pl of the isolated
plasmid DNA at 37C and after 2 h digestion, another pl Sspl was added and the
mixture was incubated for one more hour. This resulted in the linearization of
unmutated plasmids, which are less efficiently transformed into E. coli, and thus the
probability of the selection of positive clones is enhanced. The Sspl treated plasmid

mixture was transfered into TOP10 cells.

2.5 Generation of double stranded RNA (dsRNA)

Due to difficulties in the reproducibility of the HYCOG3 RNAI result obtained during
the screening, double stranded RNA was generated and introduced into barley
epidermal cells as described in section 2.8 to verify the screening result. The
PGEM-T vectors used as templates were generated as described in Table 5. To
linearize the plasmids, 10 pg each were cut in two reactions behind the insert (with
regard to the respective RNA-polymerase promoters T7 or Sp6) as follows: pGEM-T-
HvMLOdsRNA was cut using Pstl (T7) and Aatll (Sp6), pGEM-T-HVCOG3dsRNA
using Sall (T7) and Xbal (Sp6) and pGEM-T-RFP using Sall (T7) and Aatll (Sp6).
The mixture was incubated for two hours at 37C bef ore it was transferred into a new
reaction tube containing 170 pl H,Opgpc. TO remove the restriction enzymes 200 pl
phenol/chloroform/isoamylacohol (pH 8) were added before the mixture was
centrifuged for 5 min at 20.800 rcf and 4<C. Afterw ards, 200 ul of the supernatant
were mixed with 420 pl ethanol (100%) and precipitated for 20 min on ice before an
additional 30 min centrifugation step followed. Then, the supernatant was removed
and after drying, the pellet was dissolved in 10 pl H,Opepc. TO generate the RNA-
single strands (sense and antisense), the RNA polymerases T7 and Sp6 from
Fermentas (St. Leon-Rot, Germany) were used. Two pg of the linearized plasmid
were mixed with 2 pl of the respective RNA polymerase, 8 pl buffer, 1 ul RNase-
inhibitor, 5 pl NTPs (10mM) and filled up to 50 pl with H,Opgpc. The mixture was
incubated for two hours at 37<C before the two reac tions were combined, denatured
for 5 min at 95C and cooled down within the thermo block at -20C. The mixtures
were checked on an agarose gel before and after the synthesis of the double
stranded RNA. To determine the dsRNA concentration, 6 pl H,Opgpc, 1 pl sodium
acetate (3M) and 25 pul ethanol were added to 4 pl of the reaction mixture. After

centrifugation at 4C and 20.800 rcf for 10 min, th e supernatant was removed before
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the pellet was washed with 70% ethanol and resolved in 400 pl H,Opepc by heat

treatment. Finally, the concentration was determined at the wavelength of 260 nm.

2.6 Constructs for stable transformation of barley

Two constructs for the generation of stable transgenic barley plants lacking HvCOG3
were generated. The HYCOG3 sequence, which was already used for the transient
RNAI construct generation, was introduced into the stable RNAi vectors pIPKb007
and pIPKb010 (Himmelbach et al., 2007). In pIPKb007, the HvCOG3 RNAI cassette
is expressed under the control of the ZmUbi promoter and thus it is silenced in the
whole plant, while in pIPKb010 the construct is controlled by the epidermis specific
promoter TaGstlAl (of the wheat glutathione S-transferase), which results in
silencing in epidermal cells only. As this vector set for stable construct expression in
barley is gateway compatible, | generated the constructs using the LR-Clonase™
enzyme mix (Invitrogen, Karlsruhe, Germany) as described in section 2.4.2 for
transient RNAI constructs. As entry vector, the HYCOG3-containing pIPKTA38 from
the screening was used. The constructs were checked for proper intron orientation by
several restriction enzymes and sequencing. The transgenic plants were generated
at the IPK (Gatersleben, Germany) by Go6tz Hansel in the barley cultivar ‘Golden
Promise’ background.

2.7 Yeast transformation

A targeted yeast two hybrid experiment was conducted to investigate possible
interactions between the barley HvCOG3 and HvCOPIlylike or HvYPT1-like
according to the lithium acetate (LiAc) method for small-scale yeast transformation
(Yeast Protocol Handbook, Clontech-Takara Bio Europe, Saint-Germain-en-Laye,
France). Chemically competent cells of the Saccharomyces cerevisiae strain AH109
were transformed according to the Yeast Protocol Handbook with pGBKT-7-HvCOG3
and pGADT-7-HvCOPIylike or pGADT-7-HvYPT1-like, respectively. The AH109
strain was pre-cultured in YPDA medium at 30C to a n optical density (OD) of ODggo
> 1.5 and then used to inoculate the main-culture, which was cultivated until the
ODggo reached 0.4 to 0.6. After centrifugation the yeast cells were rinsed with sterile
water and re-suspended in 1x TE (0.1 M Tris-HCI, 10 mM EDTA in H2Ogest, pPH 7.5) /
1x LiAc (1 M lithium acetate in H2Ogest, pH 7.5) solution (ratio 1:1). 0.2 pg of each
plasmid and 0.1 mg of ultra sonicated (20 min) salmon testes carrier DNA (Sigma-
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Aldrich Chemie GmbH, Minchen, Germany) were mixed and incubated on ice for
30 min. The mixture was added to 100 ul of competent yeast cells. Then 600 pl
PEGI/LIAC, (40% polyethylene glycol in 1x TE / 1x LiAc solution) were added and
after an incubation period of 30 min at 30C, 70 ul of 100% DMSO (dimethyl
sulfoxide) were added, followed by an incubation step at 42<C in a water bath. Before
the suspension was centrifuged and re-suspended in sterile 1x TE buffer it was
chilled on ice for 5 min. The transformed cells were cultivated on a selective synthetic
dropout medium, which lacks the amino acids tryptophan (tryp) and leucine (leu) as a
transformation control. To test for interactions, cells were plated on the interaction
selective medium QDO (quarto drop out), which lacks the amino acids tryptophan,
leucine, histidin (his) and adenine (ade). After several days, colony development was

examined.
YPDA medium
Peptone 2% 209
Yeast extract 1% 109
Adenine 0.03 % 30 mg
Glucose 2% 209
Agar-agar (for plates only) 1.5% 15¢
adjust pH to 6.5 and autoclave ad HyO0qeqt 11
Dropout media
Double dropout Quadruple dropout
(-tryp, -leu) (-tryp, -leu, -ade, -his)
Yeast nitrogen base without amino acids 0.17 % 1749 0.17 % 1749
Ammonium sulphate 0.5% 5¢ 0.5% 5¢
Appropriate 10x amino acid mix 0.059 % 590 mg 0.055 % 550 mg
Glucose 2% 209 2% 209
Agar-agar (for plates only) 1.5% 159 1.5% 159
adjust pH to 5.8 and autoclave ad Hy0qeq 11 ad HyOgeqt 11
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50% polyethylene glycol (PEG)

PEG mol. Wt. 3300 5049

autoclave ad H,;04est 100 mi

10x dropout stock (mg/l)

L-adenine hemisulfate salt 200 mg
L-arginine HCI 200 mg
L-histidine HCI monohydrate 200 mg
L-isoleucine 300 mg
L-leucine 1000 mg

L-lysine HCI 300 mg
L-methionine 200 mg
L-phenylalanine 500 mg
L-threonine 2000 mg
L-tryptophan 200 mg
L-tyrosine 300 mg

L-uracil 200 mg

L-valine 1500 mg

2.8 Transient transformation of barley epidermal ce s

The first leaves of seven day old barley plants were transiently transformed via gold
particle delivery into barley epidermal cells. For the gold particle stock solution,
27.5 mg of 1.0 Micron gold (Biorad, Munchen, Germany) were suspended in 1 ml
H2Opigest and incubated in the ultra sonic bath for 30 sec before a centrifugation step
for 30 sec at 14.000 rpm. The supernatant was discarded and the gold particles were
cleaned with another ml of water and two times with 100% ethanol before the gold
pellet was dried in a thermo block at 50C and resu spended in 1 ml of 50% glycerol.
The gold stock solution was stored at -20C. The bal llistic transformation of barley
epidermal cells was done using the Particle Inflow Gun system PDS-1000/HeBiolistic
Particle Delivery, offered by Biorad (Minchen, Germany). The shooting procedure
was adapted from P. Schweizer (IPK, Gatersleben, Germany) with some

modifications and applied as follows: The first leaves of barley plants were cut and
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laid with the abaxial side up on Petri dishes containing 0.5% (w/v) water agar with
0.01 mg/ml benzimidazol (stock solution: 40 mg/ml in 96% ethanol), which is a
senescence inhibitor, to keep the leaves alive for at least five days. The gold particles
were coated with the desired plasmids as follows: The gold stock solution was
incubated for at least 15 min in an ultra sonic bath, to destroy possible particle
clusters. For functional analysis, the hepta-adapter system was used. Therefore, 7 ug
of the plasmid containing the gene of interest and 7 pg of the plasmid carrying the
reporter gene were mixed in a 1.5 ml tube before adding 60 ul of the gold stock
solution. To adhere the plasmids to the gold particles, the mixture was vortexed
vigorously, while slowly adding the calcium nitrate (1M, pH10) in a drop wise manner.
The volume of calcium nitrate was calculated for each shot as the volume of total
plasmid DNA plus the volume of the gold particle solution. For localization studies,
the single shot system was applied. Here, 1 ug of the plasmid containing the gene of
interest, 1 pug of the plasmid carrying the reporter gene and 10 ul of the gold stock
solution were used. As a control, the empty vector was included in each experiment
and for RNAIi experiments pIPKTA36 (MLO-RNAI; Douchkov et al., 2006) was used
in addition as a positive control. The gold-plasmid mixture was incubated for 30 min
at room temperature and inverted from time to time. Afterwards the coated particles
were spun down and the supernatant was discarded. The gold pellet was washed
with 1 ml 70% ethanol and centrifuged at 14.000 rpm for 30 sec. This step was
repeated with 1 ml 100% ethanol before the supernatant was carefully removed. The
pellet was dissolved in 30 pl 100% ethanol for shooting with the hepta-adapter and in
8 Ml for single shots in a ultra sonic bath. The dissolved gold-plasmid solution was
evenly distributed on the macro-carriers (Biorad, Minchen, Germany) and these as
well as the Petri dish containing the leaves, were placed into the Particle Inflow Gun.
For ballistic transformation of the barley leaves, 26 Hg (quicksilver) vacuum were
applied and the gas pressure was regulated by rupture discs of 900 psi (pounds per

square inch; Biorad Minchen, Germany).
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2.9 Microscopic evaluation of transformed barley

epidermal cells

2.9.1 Evaluation of RNAI and over-expression experi  ments

For functional characterization, the gene of interest, cloned into either the RNAI
vector pIPKTA3ON or the over-expression vector pGY-1, was introduced into barley
epidermal cells (cv. ‘Golden Promise’) via particle bombardment using the hepta-
adapter (see section 2.8). Barley leaves were inoculated 48 h after bombardment
with Bgh as described in section 2.1. The evaluation took place 48 h after inoculation
by fluorescence microscopy using a Leica DM 1000 microscope (Leica
Microsystems, Wetzlar, Germay). In RNAI experiments, the transformed cells were
analyzed by calculating the susceptibility index (SI) as the ratio between all
transformed cells and cells containing a fungal haustorium. In over-expression
experiments, the penetration efficiency (PE) was calculated as the ratio between all
cells that have been attacked by the fungus and the cells where the fungus has
successfully established a haustorium. Statistical evaluation was done using a two-

sided unpaired Students t-test.

2.9.2 Evaluation of subcellular localization

The subcellular localization of GFP fusion proteins was examined in planta using the
confocal laser-scanning microscope Leica TSC SP5 (Leica Microsystems, Wetzlar,
Germany). Epidermal cells of the barley cultivar ‘Golden Promise’ were transiently
transformed via the particle delivery system described above using single shots. To
determine the subcellular localization, the GFP-fusion proteins were co-transformed
together with genes encoding the marker proteins mCherry, CFP, GmMAN:1 or
sGFPHDEL and analyzed two days after bombardment. Probes for the assessment
of possible fungal-induced localization changes were inoculated 4 h after
bombardment and analyzed two days later. For information on spectral excitation and
detection, settings see Table 6. Generally, experiments were scanned bidirectional
and with a line average of 2-3. If appropriate, cells were scanned sequentially.
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Table 6: Wavelengths used for excitation and detect  ion of fluorescent proteins

Fluorescent protein Excitation Detection

pGY-1-GFP (Schultheiss et al., 1999)

pGY-1-sGFPHDEL (Eichmann, 2005) 488nm | 495-530 nm

pGY-1-mCherry (D. Liu & G. Langen, Justus Liebig Univ. Giessen) /

GmMAN:1 (Yang et al., 2005) 561 nm 570-625nm

pGY-1-CFP (R. Eichmann, TUM, Phytopathology, Freising) 458 nm 465 — 500 nm

2.10 Microscopic evaluation of Arabidopsis T-DNA
insertion lines

To determine differences in the proliferation of the Arabidopsis powdery mildew
E. cruciferarum on different T-DNA insertion lines (Table 1), fungal structures were
stained with wheat germ agglutinin-tetramethylrhodamin (WGA-TMR; Invitrogen,
Karlsruhe, Germany) or with acetic ink (10% blue ink and 25% acetic acid in water).
For the WGA-TMR staining solution 0.01 pg/pl WGA-TMR, 0.01 pg/ul bovine serum
albumin were solved in 1x PBS buffer (8% NacCl, 0.2% KCI, 0.765% Na,HPO,4 x H,0,
0.2% KH;PO4 in HOpigest). WGA-TMR binds to extra- and intracellular chitin
structures of fungi, while the acetic ink stains only extra cellular structures. The
Arabidopsis leaves were harvested five days after inoculation and discoloured
(ethanol : chloroform : trichloracetate; 8 : 2 : 1.5%) before staining. For ink staining,
the leaves were incubated for two minutes in the acetic ink solution. For WGA-TMR
staining, the leaves were rinsed with water and incubated in 1x PBS buffer for a few
minutes. Then the leaves were transferred into the staining solution and vacuum
infiltration was applied two times. After incubation in the dark over night, the probes
were examined. By using fluorescence or bright-field microscopy, the amount of

conidia-chains developed per colony was examined.
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3 Results

3.1 Screening for candidates using transient gene s  ilencing

As pointed out in the introduction membrane trafficking and secretion may play a key
role in the interaction of plants with pathogens. This work aimed in the identification
and analysis of genes that are involved in these processes and influence the barley
defence reaction after Bgh infection. Therefore, R. Huckelhoven (TUM,
Phytopathology, Freising, Germany) selected candidate genes with a
transport/secretion-associated annotation via a keyword-based research in the
HarvEST-database (http://harvest.ucr.edu/) and ordered correspoding ESTs from the
Leibniz-Institut fur Pflanzengenetik und Kulturpflanzenforschung (IPK, Gatersleben,
Germany). If possible, ESTs were selected that derive from barley epidermis
inoculatied with Bgh (HO library; Zhang et al., 2004). In addition to these membrane
trafficking candidates, interesting genes from a previous yeast two-hybrid screen with
a constitutively activated mutant of the barley Racl-GTPase performed by C. Hofle
(TUM, Phytopathology, Freising, Germany) were included. Furthermore some genes
differentially expressed in an array experiment with stable transgenic plants over-
expressing the known susceptibility factors HvRacB and HvBI-1 (Bax Inhibitorl),
performed by C. Weis (TUM, Phytopathology, Freising, Germany) were also
analyzed. Over-expression of the constitutively activated form of the small GTPase
HvRacl was found to be involved in susceptibility of barley to Bgh (Pathuri et al.
2008), as it was shown for HvRacB (Schultheiss et al., 2002; Schultheiss et al., 2003)
and for HvBI-1 (Eichmann et al., 2010). Therefore, potential interaction partners of
HvRacl, and differentially regulated genes in HvRacB and HvBI-1 over-expressers
were of special interest. In summary, the project started with a candidate gene set
comprising 135 membrane trafficking/secretion-related genes, 20 from the previous
HvRacl-Y2H screen and six genes differentially expressed in the micro-array. Most
membrane trafficking/secretion-related EST-sequences were annotated as “putatively
expressed protein” or “predicted protein” when the corresponding nucleotide
sequence translated into the protein sequence was blasted against the NCBI protein
database. Therefore, the best-hit protein sequence was analyzed for conserved

domains by NCBI protein blast. Based on the predicted domains, | classified them
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into 16 groups, shown in Figure 4. Each group and the Y2H/array-candidates are
represented with their percentage of the initial set of the 161 candidate genes.

For the identification of candidates involved in the interaction of barley with Bgh the
TIGS (transient induced gene silencing) system described in Douchkov et al. (2005)
was established. | adopted the procedure in general with some modifications. The
main differences between the original protocol and the execution in this work are that
| used GFP as a reporter gene instead of GUS and that | evaluated the experiments
by manual microscopy instead of using an automated robot evaluation system. In
addition, the amount of gold used per shot was reduced, to reduce leaf damage. In
sum, 146 (91%) from the initial 161 candidates were apmlified. Out of them, 137
(94%) were cloned into the entry vector pIPKTA38 and thereof 107 (78%; 87
membrane trafficking candidates, 16 Y2H candidates and 4 array candidates) were
successfully subcloned into the plant RNAIi-vector pIPKTA30N under the control of

the cauliflower mosaic virus (CaMV) 35s promoter (vectors: Douchkov et al., 2005).
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Figure 4: Classification and protein domains predic ted for the initial set of genes
EST-sequences of the candidate genes were blasted against the NCBI nucleotide database,
the best hit was translated into the corresponding protein sequence and this protein
sequence was blasted against the NCBI protein database. The obtained putative conserved
domains were used to create the diagram.
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Results

Detached leaves of the barley cultivar ‘Golden Promise’ were transiently transformed
via particle gun-mediated transformation. The leaves were inoculated with the
powdery mildew fungus Bgh two days after bombardment and analyzed
microscopically two days after inoculation for differences in the outcome of the
barley-Bgh interaction. The susceptibility index of epidermal cells was calculated as
the ratio between the amount of all transformed cells and the amount of transformed
cells containing haustoria. Each TIGS experiment included the empty-vector as well
as a MLO-RNAI construct (pIPKTA36, Douchkov et al., 2005) as controls. MLO is a
susceptibility factor conserved in barley and Arabidopsis. Mutations in the MLO gene
in barley confer complete and race-unspecific penetration resistance to barley
powdery mildew isolates (Eichmann and Huckelhoven, 2008), making it a good

positive control.
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Figure 5: Summary of the TIGS screening

Candidate genes were transiently knocked down via ballistic transformation in barley
epidermal cells of the cv. ‘Golden Promise’ and analyzed microscopically for an influence on
the barley-Bgh interaction (see TableS2, S3, S4 for candidate IDs and screening result). The
detached leaf segments were co-bombarded with a pGY-1-GFP construct, used as
transformation marker, and the respective pIPKTA30N-candidate RNAi-construct. Leaf
segments were inoculated with the powdery mildew fungus Bgh two days after bombardment
(dab) and examined microscopically two days after inoculation (dai). Columns represent the
mean values of all conducted independent experiments of each candidate.
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After the first TIGS experiments, | repeated all candidates, which induced
susceptibility by more than 100% (21 candidates) or reduced susceptibility by more
than 50% (9 candidates) in comparison to the empty vector control at least three
times. In addition, candidates with interesting annotations (28 canditates) were
repeated irrespective of those thresholds. This let to 305 TIGS experiments for the
107 candidates. In Figure 5 all screened candidates are shown, ordered by the
relative deviation of the susceptibility index from the control. Each column represents
the mean value of all conducted TIGS experiments of the respective candidate.
Interestingly, the majority (67%) of the candidates showed a tendency towards more
susceptibility although not significantly. Knock down of 33% of the tested candidates
reduced the susceptibility of barley epidermal cells. Although the TIGS screening
system has been described as a powerful screening method (Douchkov et al., 2005;
Ihlow et al., 2008) the variation of the susceptibility indices between different TIGS
experiments on one candidate was high during the screening. This made it difficult to
obtain consistent effects but at the end of the screening three candidates turned out
to alter the susceptibility of barley to its powdery mildew fungus significantly. They

were subject to further investigations as described in the following sections.

3.2 Candidates significantly influencing the intera ction of

barley with Bgh

3.2.1 A predicted protein putatively containing an EXO70 domain

Transient silencing of a gene annotated as a predicted protein (EST-accession no.:
HD14NO0z2r; internal screen no.: 19) resulted in 84% enhanced susceptibility of barley
epidermal cells to Bgh (Figure 6A). This was statistically significant at p < 0.01
according to Student’s t test applied on seven independent TIGS experiments. The
susceptibility index of the individual experiments varied from 23 to 151% increased
susceptibility relative to the control. The first in silico analysis of the EST-sequence
HD14NO02r (in the middle of 2010; nucleotide blast against the NCBI and TIGR
nucleotide databases) did not reveal a full length sequence as the comparison with
the most closely related Arabidopsis and rice sequences indicated. NCBI analysis of
the corresponding truncated protein sequence of HD14NO2r revealed a conserved
EXO70 domain at the c-terminal part of the protein.
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Figure 6: Knock down and phylogenetic analysis of t he putative EXO70G-like gene

A: Relative deviation of the SI of HVEXO70G-like-RNAi from the empty vector control.
Transient silencing of HYEXO70G-like resulted in a significant induction of the susceptibility
of barley cv. ‘Golden Promise’ to Bgh (+ 84%, Student’s t test p < 0.01). The detached leaf
segments were co-bombarded with the transformation marker GFP (in pGY-1) and the
HVEXO70G-like RNAi-construct (in pIPKTA30N) or the empty vector, respectively.
Inoculation took place two dab and the microscopic analysis was conducted two dai. The Sl
of the control was set to 100%, while candidate and MLO-RNAI control are given as mean
values of seven independent TIGS experiments rel. to the empty vector control. The bars
represent standard errors. B: Phylogenetic analysis of AK362856. Protein sequences of the
EXQO70 family from Arabidopsis (Synek et al., 2006) were used to phylogenetically classify
AK362856, which branches together with the AtEXO70G-group. The protein sequences were
aligned using the program ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and the
phylogenetic tree was generated using TreeView.
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EXO70 is a protein that belongs to a tethering complex, which is involved in the
docking of vesicles to the plasma membrane (Zhang et al., 2010). The initial
candidate set contained 13 EST-sequences for which NCBI predicted an EXO70
domain in the corresponding protein sequence. | subcloned seven of them
successfully into the pIPKTA30N RNAi-vector but TIGS experiments revealed only
for HD14NO02r knock down an effect on the barley-Bgh interaction. Later sequence
analysis (in 2011) using the NCBI nucleotide blast identified the EST-sequence
HD14NO2r to match with the nucleotide sequence of AK362856, a potential full
length mRNA. Synek et al. (2006) described 22 EXO70 genes in Arabidopsis. | used
the protein sequences corresponding to these genes to classify the putative EXO70
domain-containing protein from the screening. The phylogenetic analysis showed that
the protein, corresponding to AK362856, groups in a branch together with the
EXO70G proteins from Arabidopsis (Figure 6B). Therefore, it was termed
HVEXO70G-like. Due to the lack of full-length sequence information at the end of the
screening, | did not analyze this candidate in more detail although a putative EXO70

domain made it an interesting candidate.

3.2.2 Two ADP ribosylation factor

Two ADP ribosylation factor proteins (ARF) seemed to interfere with the defence
response of barley to Bgh in the knock down screening experiments (Figure 7A+B).
One (EST-accession no.: HO30EO3S = internal screen no.: 86) enhances the
susceptibility of barley to Bgh significantly (Student’s t test p < 0.05), while the other
(EST-accession no.: HO02DO01S; internal screen no.: 36) shows a clear tendency
towards more susceptibility (p = 0,059) in comparison to the control. ARF-GTPases
are responsible for the recruitment of coat proteins for COPI and clathrin coated
vesicles to the donor membranes (Bassham et al., 2008). The initial set of candidate
genes contained 11 EST-sequences of putative GTPases (9 ARF-GTPases and 2
ARF-like-GTPases), which all have been analyzed in the screening. Beside the two
above-mentioned constructs, none conferred a consistent effect. Nucleotide blast of
the two EST-sequences, with significant effects in the screening (HO02D01S and
HO30EO03S), against the TIGR database identified TA29797_4513 (HO02DO01S) and
TA29770_4513 (HO30EO3S) to code for the full-length sequences of the
corresponding ARF proteins. Vernoud et al. (2003) and Boéhlenius et al. (2010)

described the ARF-GTPase protein families of Arabidopsis and barley respectively.
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Figure 7: Two ADP-ribosylation factors influence th e barley- Bgh interaction

A: Relative deviation of the SI from the empty vector control. Transient knock down of both,
HvVARFA1D-like (HO02D01S) and HvARFA1B/C-like (HO30EO03S), resulted in increased
susceptibility of barley cv. ‘Golden Promise’ to Bgh (HVARFA1D-like: + 173%, Student’s t test p
= 0.059; HVARFA1B/C-like: + 69%, Student’s t test p < 0.05). The detached leaf segments
were co-bombarded with the transformation marker GFP (in pGY-1) and the RNAi-constructs
of HVARFA1D-like or HVARFA1B/C-like (in pIPKTA30N) or the empty vector, respectively.
They were inoculated two dab and analyzed two dai microscopically. The Sl of the control was
set to 100%. HYARFA1D-like/HVARFAL1B/C-like and the MLO-RNAI control are given as mean
values of nine independent TIGS experiments for each candidate rel. to the empty vector
control. The bars represent standard errors. B: Phylogenetic tree of the protein sequences of
ARF A-family members from Arabidopsis (Vernoud et al., 2003) and barley (Bohlenius et al.,
2010) and the screening ARF-candidates HVARFAL1D-like and HvVARFA1B/C-like. Protein
sequences were aligned using the program Clustalw
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and the phylogenetic tree was generated using
TreeView. C: Alignments of the protein sequences of HVARFA1D-like and HVARFA1l are
shown as well as of HYARFA1B/C-like and HYARFA1B/C.
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Comparison of the protein sequences from the screening HVARFs with the described
sequences of Arabidopsis and barley revealed that both of them belong to the ARF A
family. The protein sequence of HvVARFAL1D-like is identical to HVARFA1D and
HVARFA1B/C-like is most closely related to HYARFAL1C with 97% identical amino
acids (Figure 7C). Phylogenetic analysis also showed that they cluster together with
the respective proteins from barley (Figure 7B). The sequences of the four barley
ARFA-GTPases are very similar and the RNAi-constructs are quite long. It seems
likely, that both constructs knock down the whole ARFA family because they contain
more than 20 contiguous homolog nucleotides. Therefore, it is not yet possible to
relate the screening results to one individual GTPase due to co-silencing of various
other ARF-GTPases. To analyze the potential involvement of ARFA-GTPases in
more detail, | isolated the full-length sequences of HVARFA1D-like and
HVARFA1B/C-like out of RNA for over-expression experiments. They were inserted
into the plant over-expression vector pGY-1 under the control of the CaMV35s
promoter (Schweizer et al., 1999) and transiently over-expressed in barley epidermal

cells using particle bombardment.
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Figure 8: Over-expression experiments of  HvVARFA1D-like and HVARFA1B/C-like

Transient over-expression of both, A: HvARFA1D-like (TA29797_4513) and B:
HVARFA1B/C-like (TA29770_4513), did not alter the PE of barley cv. ‘Golden Promise’ to
Bgh significantly. The detached leaf segments were ballistically transformed with the
transformation marker GFP (in pGY-1) and the over-expression constructs of HYARFA1D-like
or HYARFALB/C-like (in pGY-1) or the empty vector, respectively. The leaf segments were
inoculated two dab and analyzed via fluorescence microscopy two dai. The PE (ratio of all
attacked cells to cells attacked and penetrated) of the control was set to 100% and the OEXx
of HVARFA1D-like/HVARFA1B/C-like is given with the mean values of three independent
experiments relative to the empty vector control. Bars represent standard errors.
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As shown in Figure 8, the over-expression of neither HvVARFAL1D-like nor
HVARFA1B/C-like significantly influenced the penetration efficiency of Bgh. However,
both constructs showed a tendency to supersusceptibility. During the plant defence
reaction, various genes are up or down regulated (Gohre and Robatzek, 2008). Thus,
the expression pattern of genes putatively involved in defence is of special interest
and as the results above indicate an involvement of HVARFAL1D-like and
HVARFA1B/C-like in defence, their expression was analysed. | used a time-course
inoculation experiment comprising infected and non-infected leaf samples of the
susceptible cultivar ‘Ingrid” WT and the mlo-resistant cultivar ’Ingrid-mlo5’. Both
HVARFA genes were expressed in barley leaves as examined via semi-quantitative
RT-PCR (Figure 9). HVARFA1B/C-like signals slightly increased after Bgh
inoculation, especially in the ‘Ingrid-mlo5’. In contrast, the expression of HYARFA1D-
like shows no pathogen-induced changes.

uBC2 S — — - — | - — —
PDI ——— - — — — — — - | — - —
HVARFA1D-like ——— e S av— o — — G — — |G — —
HVARFA1B/C-like = — —— e
hai 0 12 24 48 | 12 24 48 | 0 12 24 48 |12 24 48
control Bgh control Bgh
'Ingrid' WT ‘Ingrid-mlo5’

Figure 9: Expression of HVARFA1D-like /HVARFA1B/C in different barley genotypes

The barley cultivars ‘Ingrid’ and ‘Ingrid-mlo5’ were inoculated with Bgh and infected as well
as mock-inoculated leaves were harvested at 12, 24 and 48 hai. The gene expression levels
of HYARFALD-like and HVARFAL1B/C-like as well as control genes are shown as inverted
ethidium bromide stained gel pictures. UBC2: UBIQUITIN (control for constitutive
expression), PDI: PROTEIN DISULFIDE ISOMERSE (control for pathogen-induced gene
expression)

The publically available expression database PLEXdb (http://www.plexdb.org)
confirms a pathogen-inducible expression of HVARFA1B/C-like in the experiment
BB10 (Meng et al., 2009), which compares gene expression between four different
barley genotypes. In this experiment the EST representing HYARFA1D-like seems to
be slightly down regulated after inoculation, at least in some genotypes, which is not
visible in the semi-quantitative experiment conducted in this work (see TableS5 for

IDs used in PLEXdb and FigureS1 for expression summary).

54



Results

3.2.3 The putative tethering complex subunit HvCOG3

The EST-sequence HA14AO08r is the third-screening candidate, which influences the
susceptibility of barley to Bgh significantly with p < 0.05 (Student’s t test). Knock
down of this gene enhanced the susceptibility of barley epidermal cells by 156%
(Figure 10). In 10 independent TIGS experiments the Sl varied between 20%
enhanced resistance and 448% enhanced susceptibility. Analysis of the EST-
sequence by nucleotide blast against the NCBI database revealed the AK249208
gene to represent the corresponding full-length sequence. As there was no
annotation available for this NCBI sequence | used the TIGR database to identify it
as the “putative tethering factor Sec34” (TA38481_4513; not full-length). Sec34 is
part of a complex, which localizes to Golgi bodies and is called COG complex for
conserved oligomeric Golgi complex. As one subunit of this complex Sec34 was
renamed into COG3 (Ungar et al., 2002).

Figure 10: Transient knock
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200 - induction of the susceptibility of

barley cv. ‘Golden Promise’ to
Bgh (+ 156%, Student’s t test p
< 0.05). The detached leaf
segments were co-bombarded
with the transformation marker
GFP (in pGY-1) and the RNAI
construct of HYCOG3 (in pIPKTA30N) or the empty vector control, respectively. The leaves
were inoculated two dab and analyzed using fluorescence microscopy two dai. The Sl of the
control was set to 100%. HvCOG3-RNAi and the MLO-RNAI control are given as mean
values of ten independent TIGS experiments rel. to the empty vector control. The bars
represent standard errors.
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During the following investigations on HvCOG3 and its surrounding protein
framework, it appeared difficult to reproduce the screening RNAi-effect on the barley-
Bgh interaction. However, the change from the pIPKTA30N vector based RNAI-
system to the direct introduction of double stranded RNA verified the initial screening
results. Introduction of dsRNA of HVCOGS3 enhanced the susceptibility of ‘Golden
Promise’ epidermal cells by 21% with p < 0.05 (Student’s t test). This strengthens the
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reliability of the screening result although it is not clear why the vector based RNAI-

system failed to reproduce the effect.

3.3 Investigations on HvCOGa3 effects in barley

To gain deeper insights into the possible functions of HvCOG3 | isolated its full-length
cDNA sequence out of RNA and introduced it into the plant over-expression vector
pGY-1, under the control of the CaMV35s promoter (Schweizer et al., 1999). The
fluorescent microscopic analysis revealed a significant reduction of the penetration
success of Bgh in epidermal cells of ‘Golden Promise’ with 71% of the empty vector
control (Student’s t test p < 0.05). The PE of the seven independent experiments
ranged from 26% increased penetration to a reduction to 35% of the penetration level
observed in the control (Figure 11A). As COG3 belongs to a complex in yeast and
mammals (Ungar et al., 2002) and as homologous genes for all complex subunits
exist in barley (Figure 15), the observed over-expression effect of a single COG
subunit was unexpected. In silico analysis of the protein sequence of HvCOG3, using
the domain predicting program plantsp
(http://plantsp.genomics.purdue.edu/cgi-bin/fscan/feature-scan.cgi) indicated a
putative Rho-GAP domain for the c-terminal part of the protein (Figure 11C). A
possible explanation for the reduced penetration efficiency of Bgh after HYCOG3
over-expression could be that this putative Rho-GAP domain might indirectly regulate
the activity of the complex. To test this hypothesis, | generated a pGY-1 construct
over-expressing only the c-terminal part of the protein, which contains the putative
Rho-GAP domain. After eight independent experiments, which varied between - 50%
to + 523% penetration efficiency there was no significant effect observable (Figure
11B). Thus, it seems as if the putative Rho-GAP domain alone, which was predicted
for HYCOG3, does not influence the outcome of the barley-Bgh interaction and that
the N-terminus could be important for its funciton. Investigations on COG3 in yeast
and animal cells showed that it localizes mainly to the cis-Golgi compartment in these
organisms (Kim et al., 2001; Suvorova et al., 2001). To investigate the localization of
COGS3 in barley, | generated C- and N-terminal GFP-fusion constructs of HvCOG3
and inserted them into the plant over-expression vector pGY-1. The over-expression
of the N-terminal fusion construct in barley epidermal cells produced a rather weak
and unspecific GFP-signal in the cytoplasm and showed only a weak co-localization
with the Golgi-marker construct GmMAN1-RFP (Yang et al., 2005; data not shown).
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The C-terminal GFP-fusion construct did not to produce any detectable GFP signal

(data not shown).
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Figure 11: Over-expression of

HvCOG3 and its putative Rho-GAP domain

A: Transient over-expression of full-length HYCOG3. B: Transient over-expression of the
HvCOG3c-terminus, containing the putative Rho-GAP domain. Over-expression of HYCOG3
resulted in a significant increase in resistance of barley cv. ‘Golden Promise’ to Bgh (71%
relative to the control, Student’s t test p < 0.05); over-expression of the c-terminus had no
significant effect. The detached leaf segments were co-bombarded with the transformation
marker GFP (in pGY-1) and the over-expression construct of HvCOG3/the HYCOG3 putative
Rho-GAP domain (in pGY-1) or the empty vector, respectively. Inoculation took place two
dab and two dai the experiments were evaluated microscopically. The PE of the control was
set to 100%, while HvCOG3 and HvCOG3c-terminus OEx are given as mean values of
seven (A) or eight (B) independent experiments relative to the empty vector control. C:
Protein sequence of HvCOG3. Purple font: predicted Rho-GAP domain
(http://plantsp.genomics.purdue.edu/cgi-bin/fscan/feature_scan.cgi), Green over-
expressed c-terminal part of HvCOG3

box:

57



Results

3.3.1 Effects of HvCOG3 RNAI on barley epidermal cell function

The EST-sequence HA14A08r, which represents HvCOG3, belongs to the
membrane trafficking and secretion candidate gene set. Therefore, the screening
effect observed in cells with restricted HvCOG3 function might be due to deficiencies
in secretory transport processes. To investigate possible secretion defects in
HvCOG3 knock down cells | used a secreted GFP protein version (Sigpep-GFP). The
Sigpep-GFP construct links an N-terminal signal peptide to GFP in pGY-1 and was
generated in a previous work by J. Preu3 (TUM, Phytopathology, Freising,

Germany).
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Figure 12: Analysis of secretionin  HvCOG3 RNAi cells

The accumulation of a secreted GFP-version in the cytoplasm of HvCOG3 deficient cells was
significantly enhanced. A secreted GFP construct, linking a signal peptide N-terminally to
GFP (Sigpep-GFP in pGY-1) was co-expressed together with either the empty pIPKTA30N
control or the HVCOG3 RNAI construct (in pIPKTA30N) and the transformation marker
mCherry (in pGY-1) in barley epidermal cells (cv. ‘Golden Promise’) and analyzed by
confocal laser-scanning microscopy two dab. A: The GFP intensity detected in the cytoplasm
was normalized to the fluorescence intensity of the cytoplasmic transformation marker
mCherry for each of the 50 cells from three independent repetitions. The brighter GFP
fluorescence in HvCOG3 deficient cells is significantly higher compared to control cells
(Student’s t test p < 0.05). B: Confocal laser-scanning micrographs of barley epidermal cells
expressing Sigpep-GFP together with either the empty vector (upper picture) or the HvCOG3
RNAI construct (lower picture) two dab. A total of 50 cells were examined in three
independent repetitions. All cells of the same experiment were imaged with the same
excitation and detection settings.
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In a transient assay, barley epidermal leaves were ballistically transformed with the
cytoplasmic transformation marker mCherry, Sigpep-GFP and either the empty
pIPKTA30N vector or the HYCOG3-RNAI construct (in pIPKTA30N). The transformed
cells were analyzed using confocal laser-scanning microscopy two dab. As the
Sigpep-GFP protein will be secreted due to the signal peptide, the GFP-signal inside
the cells should be low. Indeed, in barley epidermal cells expressing the empty
pIPKTA30N vector together with Sigpep-GFP the GFP intensity was very weak in
most cases. In contrast, cells expressing the HvCOG3-RNAI construct clearly
revealed brighter GFP fluorescence in the cytoplasm in comparison to the empty
vector control (Figure 12B). To quantify this effect, the GFP fluorescence intensity
was normalized to the fluorescence signal of mCherry for each cell, and this effect of
HvCOG3 RNAI was significant at p < 0.05 (Student’s t test; Figure 12A). Several
subunits of the COG complex have been reported to be important for the
perpetuation of the Golgi structure in mammalian cells (Ungar et al., 2002; Zolov and
Lupashin, 2005). To examine a possible effect of HvCOG3 RNAIi on Golgi bodies of
barley cells, | analyzed the frequency of bright shining Golgi bodies using a green
fluorescent Golgi marker protein called sGFPHDEL (Eichmann, 2005). sGFPHDEL
co-localizes with the Golgi marker protein GmMan:1 described by Yang et al. (2005)
but provides much brighter fluorescent signals. In a ballistic transient transformation
assay, barley epidermal cells were simultaneously transformed with either the empty
pIPKTA30N vector or the HYCOG3 RNAI construct (in pIPKTA30N) together with the
SGFPHDEL construct (in pGY-1). The transformed cells were examined three dab
using confocal laser-scanning microscopy. Figure 13B shows representative pictures
of the distribution of Golgi body in control or HvCOG3-RNAI cells, respectively. To
guantify the amount of Golgi bodies, bright shining Golgis per cell were counted, and
classified into the following four categories: 0-10, 10-20, 20-50 or more than 50
detectable Golgi bodies per cell. The frequency at which cells were classified into the
different categories is shown in Figure 13A. There are less bright shining Golgi
bodies detectable in barley epidermal cells expressing the HYCOG3-RNAI construct.
A x? analysis was used to test for a significantly different distribution between the two
constructs. This revealed that the two test series are significantly different form each
other with a probability of 99.5%.
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Figure 13: Analysis of Golgi bodiesin  HvCOGS3 knock down cells

The amount of bright shining Golgi bodies was significantly reduced in HvCOG3 deficient
cells. Barley epidermal cells (cv. ‘Golden Promise’) were simultaneously transformed with a
green fluorescing Golgi marker protein (sGFPHDEL in pGY-1) and the empty pIPKTA30N or
the HVCOG3-RNAI (in pIPKTA30N) construct. Transformed cells were analyzed three dab
using confocal laser-scanning microscopy and the amount of bright fluorescing Golgi bodies
per cell was examined. A: The analyzed cells were classified into four categories with
different amounts of Golgi bodies. Statistical analysis using a X test showed that the two
constructs exhibit a significantly different distribution concerning the amount of Golgi bodies
per cell with a probability of 99.5%. B: Confocal laser-scanning micrographs of barley
epidermal cells expressing sGFPHDEL together with either the empty vector (upper picture)
or the HYCOG3 RNAI construct (lower picture) three dab are shown. A total of 70 cells were
examined in three independent repetitions. The detection settings were chosen on an
intentionally low level, to obtain GFP signals only form clearly bright shining Golgi bodies. All
cells of the same experiment were imaged with the same excitation and detection settings.

3.4 Investigations on the COG complex of barley

3.4.1 In silico studies

Because of the functional effects of HYCOG3 knock down in barley, | started to

investigate genes associated with COG3 in yeast or mammals. As already mentioned,

Figure 14: The vyeast COG
/' ‘ complex

Model of the yeast COG complex
‘ ‘ ‘ subunit architecture. Redrawn after
Loh and Hong (2004)
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COGS3 exists in a complex together with seven other subunits in yeast and mammals
(Ungar et al., 2002). There was no information available concerning a COG complex
in barley and therefore, | used the sequence information from the eight human COGs
(Quental et al., 2010) for a data base research in NCBI and TIGR. The obtained plant
sequences were translated into the amino acid sequence and analyzed for
similarities using the ClustalW?2.0 program. All eight human COG protein sequences
exhibit homologs in Arabidopsis, as published by Koumandou et al. (2007) and in
addition in rice and barley. The similarities (ClustalW 2.0 scores) between the human
and plant COG protein sequences varied between 18% and 35%, while the plant

COG complex sequences were highly similar.
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Figure 15: Phylogenetic tree
of human, Arabidopsis , rice
and barley COG subunits

The COG complex is highly
conserved in plants. Nucleotide
and protein sequences of the
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human (Hs), Arabidopsis (At),
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identified based on human
COG sequence information
published in Quental et al.
(2010). The protein alignments
were performed using the web-
program ClustalW 2.0 (http/Awwv.ebi.ac.uk/Toolsimsalclusta2) and the phylogenetic tree was
generated by the program TreeView.
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The protein sequences from the COG subunits of rice and barley show between 82%
and 91% similarity (see TableS5 for gene IDs of the human, Arabidopsis, rice and
barley COG subunits). A phylogenetic tree was generated using TreeView to
illustrate the relationships between the different COG proteins (Figure 15). The
occurrence of all human COG subunits in plants indicates the existence of HvCOG3
in a complex similar to that known from yeast and mammals. This made the other

COG subunits interesting candidates for further investigations.
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3.4.2 Functional characterization of the different HvCOG subunits

| isolated cDNA fragments from the different HvCOGs, 300 — 700 bp in size, for the
generation of RNAI constructs of the remaining barley COG subunits. The RNAI
constructs (in pIPKTA30N) were ballistically introduced into barley epidermal cells
(cv. ‘Golden Promise’) and analyzed microscopically for a putative effect on the
interaction of barley with Bgh. To quantify the effects the susceptibility index was

calculated two dai for five to six independent experiments per subunit (Figure 16).
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Figure 16: Knock down of the different COG subunits in barley epidermal cells

Beside HYCOG3 also HvCOG1 induces susceptibility in HYvCOG3 RNAI cells significantly (+
67% Student's t test p < 0.05). Epidermal cells of barley cv. ‘Golden Promise’ were
transiently transformed with the marker gene GFP (in pGY-1) and the RNAI construct of one
of the different HYCOG subunit genes (in pIPKTA30N) via particle bombardment. The
detached leaves were inoculated two dab and microscopical evaluation took place two dai.
The susceptibility index of the empty vector control was set to 100% and the HvCOGs and
MLO-RNAi are given as the mean values of five (HvCOG4-8) to six (HvCOG1-2)
independent experiments. The bars represent standard errors. The HvCOG3 knock down
result from the screening was included in this graph for completeness.

Beside HvCOG3 whose knock down already enhanced the susceptibility to the barley
powdery mildew during the screening (Figure 10), one additional barley COG
complex component, HvCOG1, significantly increased the amount of epidermal cells
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that allow the establishment of a haustorium (Student’s t test p < 0.05). The
susceptibility index of the six independent experiments performed, varied between
1% and 173% elevated susceptibility. The knock down experiments of the other
subunits revealed no significant impact on the success of Bgh. Nevertheless, TIGS of
HvCOG2, HvCOG4, and HvCOGS at least tend to enhance the susceptibility of
barley to Bgh, while knock down of HvCOG6, HYCOG7 and HvYCOG8 do not seem to
have any effect on the SlI.

3.4.3 Gene expression analysis of HvCOG subunits

As the results described above indicate, the COG complex appears to be important
for plant defence. One characteristic plant response to a pathogenic attack is the
differential regulation of many genes (Bischof et al., 2011). Using semi-quantitative
RT-PCR, the HVCOG subunits were analysed for a differential expression in barley
leaves inoculated with Bgh. | compared the expression of different barley COG
subunits in a time-course inoculation experiment with susceptible and mlo-resistant
barley (‘Ingrid’ MLO WT / ‘Ingrid-mlo5’) plants (Figure 17A).
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Figure 17: Analyses of HvCOG complex subunits in ‘Ingrid’ and ‘Ingrid-  mlo%’

A: ‘Ingrid” WT and ‘Ingrid-mlo5’ plants were inoculated with Bgh and infected as well as
mock-inoculated leaves were harvested at 12, 24 and 48 hai. A shows the inverted ethidium
bromide stained gel pictures of HvC0G2,3,6,7 and 8. UBC2: UBIQUITIN (control for
constitutive  expression), PDI: PROTEIN DISULFIDE ISOMERSE (control for
pathogen-induced gene expression) B: Transient knock down of HvCOG2 and HvCOG3 in
‘Pallas-mlo5’ background. GFP (in pGY-1) as transformation marker and either the empty
vector control (pIPKTA30N), HvCOG2, HvCOG3 (in pIPKTA30N) or MLO (in pGY-1) as
positive control, were introduced into barley epidermal cells of ‘Pallas-mlo5’. The leaves were
inoculated two dab and analyzed microscopically two dai by calculating the PE. Between 50
and 87 individual interaction sites were analyzed per construct in four independent
experiments. The bars represent standard errors.
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The gene expression of the complex components HYCOG2 and 6-8 was clearly,
HvCOGS3 slightly increased in the mlo-resistant barley plants after Bgh inoculation. In
susceptible ‘Ingrid” WT plants, the Bgh dependent induction was very weak but
visible for HYvCOG2, 6 and 7. These results support that the HvCOG complex might
be involved in penetration resistance. The COG complex subunits HvCOG1, 4 and 5
were not available at this point of the project. | used the publicly available expression
database PLEXdb (http://www.plexdb.org) to support the observed pathogen-induced
semi-quantitative gene expression pattern. The BB10 experiment displays four
different barley genotypes inoculated and not inoculated at six different time points
(Meng et al., 2009). Analysis of the ESTs representing the different HvCOG subunits
showed a clear pathogen-induced enhancement of HvCOG1 and HvCOG5-8. For
HvCOG3 and 4 it was not as clear and COG2 displays a much lower expression level
compared to the other subunits and an almost even expression (see TableS5 for IDs
used in PLEXdb and FigureS1 for expression summary). Taken together, the gene
expression results of the subunits semi-quantitatively analyzed here are largely in
agreement with the data from the PLEXdb database experiment BB10 except that
HvCOG2 is not responding to pathogen infection in PLEXdb. In sum, these results
indicate that the HYCOG complex might be involved in resistance. Because the semi-
guantitative expression analysis indicated an enhancement of the HvCOG subunit
gene expression in the ‘Ingrid-mlo5’ plants, | investigated a possible participation of
the barley COG complex in mlo-mediated penetration resistance. Therefore, |
knocked down two subunits, Hv*COG2 and HvCOGS3, transiently in epidermal cells of
the barley cultivar ‘Pallas-mlo5’ and analyzed them for differences in the penetration
resistance against Bgh. As a positive control for resistance break down, the HYMLO
gene was over-expressed to ensure the general viability of the fungus in the different
experiments. In four independent repetitions, neither knock down of HvCOG2 nor
HvCOGS3 clearly influenced the mlo-mediated penetration resistance in ‘Pallas-mlo5’

plants (Figure 17B).
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3.5 Investigations on potential interaction partner s of
HvCOG3

3.5.1 Functional analysis of potential HvCOG3 inter  action partners

As the investigations on HvCOG3 and the other subunits of the COG complex of
barley indicate their importance for plant defence, the next step was a literature-
based search for potential interaction partners of COG3. This let to ten proteins
potentially interacting with COG3 in yeast or mammals, listed in Table 7. Three of
them are subunits of the COG complex (see above). The corresponding homologous
Arabidopsis sequences were identified in NCBI in a gene-annotation based search.
The obtained Arabidopsis nucleotide sequences were used to identify the barley
homologs via a nucleotide blast against the TIGR database (see TableS5 for gene
IDs). All of the ten described COG3 interaction partners revealed a homologous
sequence in barley, although for HvGOS1-like only the c-terminal part was available.
The best-hit sequences were used for subsequent investigations. HvYPT1-like,
HvGOS1-like c-term, HVYKT6-like, HYSEC22-like and HvVTI1-like were successfully
isolated out of barley leaf cDNA and cloned into the plant expression vectors
pIPKTA30N and in pGY-1 for RNAI and over-expression experiments, respectively. In
addition to these non-COG complex subunits, COG3 interacts with several subunits

in-between the COG complex (Table 7; see 3.4.2 for functional analysis).

Table 7: COG3 interacting proteins from yeast or ma  mmals

Interaction partner Description Reference
YPT1 Rab protein Suvorova et al., 2002
SED5 t-SNARE Suvorova et al., 2002
GOSs1 v-SNARE Suvorova et al., 2002
YKT6 v-SNARE Suvorova et al., 2002
SEC22 v-SNARE Suvorova et al., 2002
VTI1 v-SNARE Suvorova et al., 2002
COPIly COPI coatomer Suvorova et al., 2002
CoGl1 Complex component Loh and Hong, 2004

SEC35 (=C0G2) Complex component VanRheenen et al., 1998
SGF1 (=C0OG4) Complex component Kim et al., 2001
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Several attempts to isolate the homologues sequence of the t-SNARE SED5 failed,
as well as the isolation of the full-length sequences of HYCOG1, 2 and 4. The RNAI
and over-expression constructs of the COPI coat subunit COPIly were kindly provided
by P. Schweizer (IPK, Gatersleben, Germany). The potential interaction partners
were functionally characterized in transient knock down and over-expression
experiments in detached barley leaves. Interestingly, the knock down and over-
expression experiments of several potential interaction partners showed a significant
impact on the susceptibility of barley cells to the powdery mildew fungus (Figure 18).
Knock down of the small Rab-GTPase HvYPT1-like and the COPI coat subunit
HvCOPI ylike induced the susceptibility to Bgh to plus 29% and 48% relative to the
empty vector control, respectively (Student’s t test HvYPT1-like: p < 0.05; Student’s t
test HYCOPI plike: p < 0.05; Figure 18A).
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Figure 18: RNAI and over-expression of potential Hv ~ COG3 interaction partners

Knock down of HvYPT1-like (+ 29% Student’s t test p < 0.05) and HvVCOPIylike (+ 48%
Student’s t test p < 0.05) and the over-expression of HvVTI1-like (+ 97% Student’s t test p <
0.05) significantly altered the susceptibility of barley epidermal cells. Detached leaf segments
of the barley cv. ‘Golden Promise’ were transiently transformed via particle bombardment.
The transformation marker GFP (in pGY-1) and a potential interaction partner in either pGY-1
(for over-expression) or pIPKTA30N (for RNAI) or the empty vector controls, respectively
were simultaneously expressed in barley epidermal cells. The leaf segments were inoculated
two dab and the microscopic evaluation was conducted two dai. A: Knock down
experiments: The Sl of the empty vector control was set to 100% and the potential HvCOG3
interaction partners are given with the mean values of five to six independent experiments.
The bars represent standard errors. B: Over-expression experiments: The PE of the control
was assessed to 100% and the OEXx results of the potential HvCOG3 interaction partners are
given as the mean values of three to six independent experiments relative to the empty
vector control. Bars represent standard errors.
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The susceptibility indices varied between plus 8% and 48% for HvYPT1-like and plus
13% and 65% for HVYCOPI jlike, respectively. Additionally, one of the three subunits
that interact with COG3 in between the yeast COG complex (COG1, 2 and 4)
significantly altered the SI. Knock down of HYCOG1 resulted in a significant increase
of haustoria-containing cells as it was already described in section 3.4.2. However,
the over-expression of neither HvYPT1-like nor HYCOPI y4like significantly altered the
penetration efficiency of Bgh.

Concerning the over-expression experiments of the other potential interaction
partners, HvVTIl-like turned out to nearly double (plus 97%) the susceptibility of
barley epidermal cells relative to the control (Student’s t test p < 0.05). Cells that
over-expressed HvVTI1-like showed between 38% and 285% more penetrated cells
(Figure 18B). HYCOG1, 2 and 4 were not over-expressed because | was not able to
isolate full-length clones out of cDNA or RNA until now, presumably due to their very
long sequences. In sum, interference with the expression of genes that are involved
in the same transport step as HYCOG3 seems to affect plant defence severely as five

of them enhance susceptibility when they are knocked down or over-expressed.

3.5.2 Further investigations on  HvCOPI plike, HYYPT1-like and HvVTI1-like

As either knock down or over-expression of the three potential HYvCOG3 interaction
partners, HvVCOPI ylike, HvYPT1-like and HvVTI1-like led to enhanced susceptibility
of barley epidermal cells to Bgh, further experiments were conducted to elucidate
their function in more detail. A presumable dominant negative form of the Rab-
GTPase HvYPT1-like was generated by site directed mutagenesis and functionally
analyzed for an effect on the interaction of barley with Bgh. The experiments
indicated a tendency towards more susceptibility, but the result was not statistically
significant. In addition, Arabidopsis T-DNA insertion lines of the four different RabD-
GTPases similar to the barley YPT1-like gene were investigated for an influence on
the interaction with Erysiphe cruciferarum. No significant differences in fungal
proliferation were observed between the insertion lines and the wild type Col-0 but a
functional redundancy between the different RabD-GTPases cannot be excluded. To
determine the subcellular localization in planta N-terminal fusion constructs of full
length HVYPT1-like and HvVTI1l-like were generated and inserted into the plant
expression vector pGY-1. A C-terminal fusion construct of HvCOPIylike was

obtained from P. Schweizer (IPK, Gatersleben, Germany).
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Figure 19: Subcellular localization of ~ HvCOPI plike, HvYPT1-like and HvVTI1-like

Confocal laser scanning micrographs of barley epidermal cells (cv. ‘Golden Promise’)
over-expressing GFP-fusion constructs of HYCOPI plike (A, green), HvYYPT1-like (B, green)
and HvVTI1-like (C, green) together with either a cytoplasmic and nuclear marker protein (A:
CFP (blue); B and C: mCherry (red)) shown in the first column or the Golgi marker protein
GmMAN:1 (red), shown in the second column after transient particle transformation. Co-
localization, indicated by overlapping fluorescence in the merged pictures, is shown in
turquoise (A, first column) and or yellow/orange (A, second column, B and C). HVCOPIly
shows a weak co-localisation with CFP and seems to be diffusely distributed all over the cell,
while HVYPT1-like and HvVTI1-like both co-localize partly with the GmMAN:1 (arrows in the
second column B and C)
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Each construct was transformed transiently into barley epidermal cells by particle
bombardment together with either mCherry/CFP (cyan fluorescent protein) as a
cytosolic and nuclear marker protein or the Golgi marker protein GmMAN1-RFP
(Yang et al., 2005). The subcellular localization of the proteins was examined one to
three days after particle bombardment using confocal laser-scanning microscopy.

The green fluorescing HVCOPIy-like fusion protein showed a weak co-localization
with the cytoplasmic and nuclear marker protein CFP but it seemed to be diffusely
distributed all over the cell (Figure 19A). The GFP-fusion constructs of HvYPT1-like
and HvVTI1-like both produced bright fluorescence signals and co-localized at least
partly with the Golgi marker protein GmMAN:1 (arrows in Figure 19B and C). In
addition, GFP-HvVTI1-like localized to the cell periphery (Figure 19C), most likely
representing the plasma membrane. This was indicated as plasmolysis triggered by

glycerol led to characteristic Hechtian strands, which become visible when the

plasma membrane peals away form the cell wall due to protoplast shrinkage (Figure
20).

Figure 20: GFP-HvVTI1-like partly
localizes to the plasma membrane
Glycerol mediated plasmolysis of cells
transformed with GFP-HvVTI1-like
triggers the formation Hechtian strands

'ﬂ (indicated by arrows).
20.0 um

To examine a potential effect of Bgh challenge on the subcellular localization of the
HvVTI1l-like and HvYPT1-like GFP-fusion constructs, barley leaf segments
expressing either GFP-HvVTI1-like or GFP-HVYPT1-like together with mCherry were
inoculated four hours after bombardment with spores of Bgh. The GFP fluorescence
signal was analyzed 24 to 48 hours after inoculation by confocal laser-scanning
microscopy. Interestingly, the GFP signal of both, GFP-HvVTI1-like and GFP-
HvYPT1-like, accumulates around the site of impeded and successful fungal attack
(Figure 21; indicated by arrows). Especially in GFP-HvVTI1-like expressing cells with
impeded fungal penetration, the GFP-fluorescence is very bright, indicating an
accumulation at non-penetrated papilla (Figure 21A; left column, indicated by
arrows). In addition, the small dots, which co-localized partly with the Golgi marker

protein GmMMAN:1 (see Figure 19C, right column) were still visible. Concerning GFP-
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HvYPT1-like, the fluorescence was clearly visible in successfully penetrated cells
while in cells with impeded penetration, almost no redistribution of the GFP-tagged
protein was observed. In addition, there were only surprisingly few cells successfully
defending themselves against Bgh when GFP-HvYPT1-like is over-expressed. This
might hint to a disruption of HvYPT1-like function due to the N-terminally fused GFP.
Analysis of barley epidermal cells transiently transformed with GFP-HvYPT1-like
concerning an effect on the interaction with Bgh, revealed significantly more
successfully penetrated cells in comparison to the control (data not shown). This

strengthens the result obtained during HvVYPT1-like RNAIi experiments.

attacked cell penetrated cell

GFP-HvVTI1-like

cytoplasmic marker mCherry

attacked cell penetrated cell

GFP-HVYPT1-like

cytoplasmic marker mCherry

Figure 21: Subcellular localization of  HvVTI1-like and HvYPT1-like after inoculation

Barley epidermal cells (cv. ‘Golden Promise’) were transiently transformed via particle
bombardment with either GFP-HvVTI1-like (A, green) or GFP-HvYPT1-like (B, green) and
mCherry (red). The leaf segments were inoculated with Bgh four hours after transformation
and the GFP-fluorescence was examined two dai using confocal laser-scanning microscopy.
Yellow/orange colour in the merged pictures indicate co-localization. Arrows indicate the site
of fungal attack, arrow heads mark haustoria build by the fungus after successful penetration
(right column).
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4 Discussion

Membrane trafficking and secretion become a more and more recognized part of
plant defence reactions. Many defence-related processes activate the protein
secretory machinery or induce other membrane trafficking processes. For example, a
pathogenic attack leads to the reorganization of cellular components, enabling the
polarized delivery of toxic compounds with harmful effects on the invading pathogen
to the site of attempted penetration. In addition, cell surface proteins, important for
defence, are transported to the plasma membrane and plasma membrane resident
proteins are redistributed, concentrating in defence signalling platforms, all aiming in
the restriction of the pathogens colonization success. Many proteins of the well-
studied transport and secretory machinery of yeast are conserved in other eukaryote
kingdoms, including plants. However, their precise functions in plants are often
unknown and their possible involvement in plant-pathogen interactions is an
emerging field of research (Hiickelhoven and Panstruga, 2011). The present study
focused on candidate genes of barley that are presumably participating in membrane
trafficking processes. They were functionally analyzed for a possible involvement in
the interaction of barley with its powdery mildew fungus Bgh via a transient knock
down screening. In a second part, candidate genes whose knock down altered the
susceptibility of barley to Bgh significantly were subject to further investigations.
Knock down of one candidate, HvCOG3, promoted the colonization of barely leaves
by Bgh and was of special interest during the second part of this work. In yeast and
mammalian cells COG3 is described as a Golgi resident protein, which is involved in
the retrograde transport of proteins in between the different Golgi stacks and from the
Golgi back to the ER. To gain deeper insights into the role of this gene in barley it
was investigated in more detail by different molecular and cell biological methods,
starting to elucidate the function of this gene and its potential physiological context in

barley.

4.1 Identification of promising candidates using Tl GS

To identify candidate genes that affect the outcome of the barley-Bgh interaction the
TIGS system developed by Douchkov et al. (2005) was adapted. TIGS is based on
the generation of constructs using the Gateway cloning system and the calculation of
the susceptibility index instead of penetration efficiency as used previously (e.g. by
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Huckelhoven et al., 2003). This time-optimised procedure enables a transient high
throughput screening for genes that function in susceptibility or resistance of barley to
Bgh. As the f-glucuronidase (GUS) reporter gene, which is used by Douchkov and
colleagues, did not stain transformed barley leaves reliably in our hands, we used
GFP as reporter in our screening experiments. Over all candidates, about two-thirds
induced susceptibility in TIGS experiments. This distribution maybe reflects the
overall importance of secretory and membrane trafficking processes for plant
defence. However, only three of the 107 tested genes revealed a significant effect.
This might be due to the variation of the SI of cells transformed with the empty
pIPKTA30N control vector, making it difficult to obtain candidates with significant

effects on the barley-Bgh interaction.

4.2 Candidate genes, which influence the susceptibi ity of

barley to Bgh

4.2.1 A putative exocyst subunit

Transient gene silencing of the candidate HD14NO02r significantly enhanced the
susceptibility of barley epidermal cells to Bgh. Database research supported, that this
EST-sequence belongs to a gene, which contains a putative EXO70 domain. EXO70
is one subunit of the exocyst complex, which was originally identified in budding
yeast and was shown to consist of eight subunits: SEC3, SEC5, SEC6, SECS,
SEC10, SEC15, EXO70 and EXO84 (TerBush et al., 1996; Kee et al., 1997). The
exocyst complex is important for the tethering of secretory vesicles to the plasma
membrane and all subunits accumulate at areas of active secretion (Munson and
Novick, 2006; Zhang et al., 2010). In yeast mutants with defects in exocyst subunits,
secretory vesicles still reach the site of secretion, but accumulate there because
fusion with the plasma membrane is inhibited (Munson and Novick, 2006; Zhang et
al., 2010). Further on, it is believed, that the exocyst complex defines the sites for
polarized secretion. Two subunits, SEC3 and EXO70, act as landmarks for sites of
active secretion and the other subunits of the complex are transported to these sites
via secretory vesicles (Finger et al., 1998; Boyd et al., 2004). Thus, the assembly of
the exocyst complex itself could tether vesicles, containing a subset of the exocyst
subunits, to the plasma membrane, which comprises the other subunits (Munson and
Novick, 2006). On the other hand, the exocyst complex subunit SEC6 interacts with
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the SNARE protein SEC9 (Sivaram et al., 2005). In addition, SEC1 (an SM-protein)
was shown to link the exocyst-mediated vesicle tethering to the final SNARE-
mediated fusion process. It was shown to interact with Sec9 and the exocyst
(Wiederkehr et al., 2004) and this interaction of the exocyst with the SNARE-based
fusion machinery indicates an active contribution to the fusion process (Munson and
Novick, 2006). In yeast, final fusion of post-Golgi secretory vesicles involves the
interaction between the t-SNAREs Sso0l/2 and Sec9 and the v-SNARE Sncl/2
(Brennwald and Rossi, 2007). Figure 22 shows a schematic model of the exocyst

function and its involved interaction partners.
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Figure 22: Model of exocyst function in yeast.

The eight subunit containing exocyst complex is responsible for the tethering of post Golgi
secretory vesicles to the plasma membrane prior to SNARE protein (pink) mediated fusion of
the two membranes. The tethering process involves several small GTPases: Rhol + 3 and
the Rab-GTPase Sec4 (yellow) (combined yeast model information from Brennwald and
Rossi, 2007 and Munson and Novick, 2006).

The exocyst complex is conserved between the different eukaryotic kingdoms. All
eight subunits of the exocyst have been reported in mammalian cells (Hsu et al.,
1996; Kee et al., 1997), Arabidopsis (Elias et al.,, 2003), rice, poplar and moss
(Chong et al., 2009). In Arabidopsis cells, an exocyst like structure, which tethers

vesicles to membranes has been observed during cell plate formation and pollen
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development (Otegui and Staehelin, 2004; Segui-Simarro et al., 2004). In yeast and
human, each of the eight exocyst-subunits is encoded by a single gene while
Arabidopsis comprises one SEC6 and one SEC8 gene, two genes for SEC3, SEC5,
SEC10, and SEC15, three EXO84 genes and as many as 23 EXO70 encoding genes
(Zhang et al., 2010). Synek et al. (2006), who identified these 23 EXO70 subunits of
Arabidopsis, divided them phylogenetically in three main groups, which were further
classified into nine clusters (EXO70 A to I). The protein sequence corresponding to
the barley AK362856 gene, which enhanced susceptibility to Bgh in the TIGS (Figure
6A) was phylogenetically grouped using ClustalWwW and TreeView. This analysis
revealed that it clusters into the EXO70G group of Arabidopsis as shown in Figure
6B. Synek et al. (2006) speculate that the Arabidopsis group EXO70A, which is most
similar to the yeast and human EXO70 subunit, represents those EXO70 proteins,
which fullfill a function in exocyst tethering while other EXO70 proteins might act
independently of the other exocyst subunits. Another explanation would be that
plants have evolved different EXO70 proteins for different purposes of secretion and
that each of them creates a unique exocyst complex, specialized for different
exocytosis events (Synek et al., 2006). This fits to the idea of the plant exocyst to
perform tethering in several types of secretion, since different tethering complexes
contribute to site-specific secretion in mammalian cells whereas in plants only the
exocyst tethering factor is known (Zhang et al., 2010). Like in mammals, the exocyst
complex of plants has been linked to polarized secretion as subunits, including
EXO70A1, localize to the growing tips of pollen tubes (Héala et al., 2008), are involved
in root hair elongation (Wen et al.,, 2005) and play a role in plant cytokinesis
(Fendrych et al., 2010). Polarized secretion is an important process in plant-pathogen
interactions (Huckelhoven, 2007b; Frei dit Frey and Robatzek, 2009) and one may
suggest that the exocyst might be involved in tethering of vesicles to the plasma
membrane, which deliver components for defence. Although all exocyst subunits are
present in plants, there is only limited information available about their individual
functions. Especially the role of the highly expanded EXO70 family is still unclear. In
2010, Li et al. investigated the expression level of the EXO70 gene family in different
Arabidopsis tissues and organs. Interestingly, they found a cell-type specific
expression of all EXO70 genes, except one, in polarized tissues like root hairs or
elongating pollen tubes. Due to the diverse expression patterns of the different

EXQO70 genes they strengthen the hypothesis of Synek et al. (2006) that this diversity
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might reflect the function of different EXO70 subunits in different exocytosis events
(Li et al., 2010). In addition, they suggest functions of EXO70 genes in cell type
specific exocytosis, tip growth and cell differentiation. Interestingly, one of the
EXO70G genes of Arabidopsis seems to be involved in the formation of xylem
elements in vascular bundles, a process that requires cell elongation, secondary cell
wall thickening and programmed cell death (Li et al., 2010). Similar processes are
known to be also important in plant defence. A possible involvement of the exocyst
complex in pathogen defence has been addressed by Pecenkova et al. in 2011,
where they examined the role of the EXO70B2 and EXO70H1 genes in the
interaction of Arabidopsis with P. syringae and Bgh. Analysis of mutant lines revealed
an enhanced susceptibility to P. syringae and inoculation of especially EXO70B2
mutant lines demonstrated altered papilla formation. In these plants extensive
vesicle-like halos appeared around the papilla, which indicate that docking of
defence-related vesicles is somehow compromised in Arabidopsis plants lacking
EXO70B2. These data indicate a role of the Arabidopsis exocyst complex in the
defence of bacterial as well as fungal pathogens (Pecenkova et al., 2011). The
finding that transient knock down of a putative barley EXO70 gene enhanced the
susceptibility of barely to Bgh (Figure 6A) fits to this hypothesis of the importance of
the exocyst complex in plant defence. The EXO70G group, where the putative barley
EXO70 gene branches to (Figure 6B), was not analyzed by Pecenkova et al. (2011),
but maybe an exocyst complex containing an EXO70 protein from the G-group is
important for the tethering of defence-associated vesicles to the plasma-membrane
especially in the compatible interaction of barley with its adapted pathogen Bgh. In
this work, the putative barley EXO70 gene was not investigated into more detail due
to the lack of a full-length sequence at the end of the screening. However, it would be
interesting e.g. to monitor EXO70 RNAI cells for secretory and especially tethering
defects or to examine the extension and possible function of the EXO70 gene family

in barley concerning pathogen defence.

4.2.2 ADP RIBOSYLATION FACTORS
Two ARF-GTPases (HO30EO03S (HVARFA1B/C-like) and HO02D01S (HVARFA1D-

like)) enhanced the susceptibility of barley to Bgh when they were knocked down
during the screening (Figure 7A). ARF-GTPases play an important role in vesicle
transport. They are responsible for the formation of COPI and clathrin coated
vesicles. An ARF-GEF mediates the conversion into their active GTP bound form,
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which leads to membrane association of the ARF-GTPase. At the membrane, they
recruit the coat complexes and thus initiate vesicle budding. In addition, ARF-
GTPases function in scission of the vesicle, which is driven by the interplay of GEFs
and GAPs and they are important for uncoating of COPI vesicles, depending on the
GAP-induced GTP hydrolysis (Reinhard et al., 2003; Pucadyil and Schmid, 2009).
The Arabidopsis genome encodes twelve ARF isoforms and eight ARF-GTPases
have been reported for barley (Vernoud et al., 2003; Bohlenius et al., 2010). In silico
analysis of the protein sequences of the ARF-GTPases used here, revealed that they
belong to the HYARFAL1 group defined by Bohlenius et al. (2010). HYARFA1B/C-like
shares 97% homology with HVARFA1B/C while HvVARFA1D-like is identical to
HVARFAL1D (Figure 7C). Arabidopsis plants without functional ARF-GTPases show
multiple severe defects in plant development because cell production and cell size
are decreased (Gebbie et al.,, 2005). In addition, Gebbie and colleagues (2005)
suggested defects in hormone or other signalling pathways, because flowering time,
apical dominance and fertility were also affected. Interestingly, altered cell size and
expansion have been linked to Bgh susceptibility in barley (Pathuri et al., 2008,
2009). There is not much information available about the specific cellular function or
localization of the different plant ARF-GTPases but AtARFALC has been shown to
localize to the Golgi compartments and endocytic organelles in both, Arabidopsis and
onion, and mutant plants exhibit defects in root hair development (Xu and Scheres,
2005). Their distinct localization has been reported to depend on interactions with
effectors, but also on specific protein domains and further binding partners e.g. on
the Golgi surface (Matheson et al., 2008). The barley HYARFA1B/1C-GTPase has
been shown to localize to MVB-like endomembranes (Bohlenius et al., 2010). In the
literature, several hints exist for an involvement of ARF-GTPases in host-pathogen
interactions. For example, the mammalian bacterial pathogen Legionella
pneumophila, which induces the formation of special bacteria-containing vacuoles in
the host cell, possesses an effector called RalF, which activates host ARF1. This
pathogen-induced activation recruits ARF1 to the vacuoles where the bacteria
proliferate. If ARFL1 is inactivated, the formation of these bacteria containing vacuols
is inhibited which indicates the importance of ARF1 for the pathogenesis (Alix et al.,
2011). Coemans et al. (2008) investigated tobacco ARF1 and showed that the over-
expression of ARF1 leads to the induction of cell death. In addition, they found a

strongly increased expression of ARF1 after treatment of tobacco plants with non-
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host but not after treatment with adapted pathogens. Consistent with the gene
expression data, silencing of ARF1 resulted in a disturbed non-host resistance of
tobacco against Pseudomonas cichorii (Coemans et al., 2008). In barley, RNAI
silencing as well as the expression of a dominant negative HYARFA1B/1C construct
resulted in increased susceptibility to the adapted powdery mildew fungus Bgh
(Bohlenius et al., 2010). This importance of HYARFA1B/1C for penetration resistance
is genetically linked to penetration resistance mediated by HYROR2. The authors
suggest that the accumulation of HYROR2 at or in papilla depends on HYARFA1B/1C
containing MVB and that HYARF1B/1C is responsible for callose deposition into
papillae while HYROR?2 is responsible for the timing of callose deposition (B6hlenius
et al., 2010). In gene expression experiments Bohlenius and colleagues (2010)
showed, that all tested barley ARF-GTPases except HYARFALD are expressed in the
epidermal cell layer, which constitutes the interface of the interaction between barley
and Bgh. Although the HYARFA1D could not be amplified out of cDNA by Bohlenius
et al. (2010), the EST clone used here derived form an epidermis EST library (Zhang
et al., 2004). In inoculated whole leaf samples, used for semi-quantitative gene
expression studies in this work, the expression of HYARFA1D-like seemed to be
unaffected by Bgh challenge, while the HYARFA1B/C-like expression was slightly
enhanced, especially in resistant ‘Ingrid-mlo5’ plants (Figure 9). The upregulation of
HVARFAL1B/C-like was confirmed by publicly available expression data (PLEXdb
experiment BB10). Interestingly, the transcript level of HVARFA1B was reduced
between 8 and 16 hai, but the HYARFA1C expression was unchanged in quantitative
PCR experiments (Bohlenius et al., 2010). Concerning HVARFA1D-like, which was
not analyzed by Bohlenius et al. (2010), the BB10 experiment indicated a slight
reduction of gene expression after Bgh treatment in some but not all genotypes,
which is also not the case in the °‘Ingrid’/Ingrid-mlo5’ inoculation time course
experiment in this work. Taken together, the functional analysis and gene expression
data of this work together with the work of Bohlenius et al. (2010) on HYARFA1B/1C
strongly support the hypothesis of ARF1-GTPases playing an important role in plant
defence. However, there is a high sequence similarity among the four barley ARFA-
GTPases and as the RNAi-constructs used in this work are rather long, each of the
two screening ARF-GTPases that significantly alter the susceptibility of barley to Bgh,
may knock down off-target barley ARFA family members. Depending on the

stringency of the amount of contiguous homolog nucleotides defined to be necessary
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for effective RNAI, it is likely that the constructs will knock down additional ARF-
GTPases outside the ARFA-GTPase group. Therefore, it is not possible yet to relate
the screening results to one individual GTPase due to the potential co-silencing of
various other ARF-GTPases. The fungal toxin brefeldin A (BFA) inhibits the function
of specific, BFA sensitive ARF-GEFs and is used as an inhibitor of vesicle formation,
leading to the inhibition of secretion and endocytosis (Robinson et al., 2008).
Recently, it was shown for Vitis vinifera, that BFA treatment increases susceptibility
of a nonadapted powdery mildew fungus while it reduces the penetration efficiency of
the adapted powdery mildew. The authors conclude that vesicle trafficking is
important for nonhost penetration resistance, maybe by the endocytosis of MAMP
receptors or secretion of cell wall material for defence. On the other side, the adapted
powdery mildew species might employ the host vesicle trafficking machinery e.g. for
the formation of the host derived extrahaustorial membrane or the host dependent

internalization of pathogen derived effectors (Feechan et al., 2011).

4.2.3 COGS3, the COG complex and potentially associa ted proteins

The main focus of this work was on HvCOG3 and its surrounding protein
environment. In the RNAI screening, knock down of HvCOG3 (HA14A08r) enhanced
the susceptibility of barley epidermal cells to Bgh significantly (Figure 10). Due to this
knock down effect of HvCOGS3, | additionally analyzed this gene for a putative over-
expression effect. The evaluation of this experiments revealed a significant reduction
in the penetration efficiency of Bgh into transiently transformed barley cells (Figure
11A). Wuestehube et al. (1996) were the first researchers who identified COG3 in
yeast. It was called SEC34 at that time due to the observed secretory defects. COG3
was isolated in a screen for yeast mutants that are compromised in the transport from
the ER to the Golgi as indicated by the accumulation of secretory proteins that
exhibited ER modifications but lacked Golgi modifications. In addition, they showed
that the sec34 yeast mutant cells grow more slowly compared to wild type cells, they
have deficiencies in the transport of soluble and integral membrane proteins and
accumulate vesicles. In 1999, VanRheenen et al. described COG3 as a protein of 93
kD, which is peripherally associated with membranes. COG3 is found throughout the
Golgi apparatus but mainly localizes to the cis-Golgi compartment (Kim et al., 2001,
Suvorova et al., 2001). During this work, an N-terminal and a C-terminal GFP fusion
construct of the barley COG3 gene was generated but both failed to produce
satisfactory fluorescence signals. The C-terminal fusion construct lacked any
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detectible fluorescence signal. The N-terminal fusion protein was localized diffusely
throughout the transformed barley cells and showed only a very weak co-localization
with the Golgi marker protein, maybe due to over-expression side effects or a false
processing of the N-terminal GFP fusion construct.

COGS3 exists in a large multimeric complex of approximately 750 kD together with
COG2 (=SEC35; VanRheenen et al., 1999). Over the years, several research groups
independently identified and worked with additional subunits of the COG complex,
which led to various names for the different complex components. In 2002, Ungar et
al. introduced the term COG complex (conserved oligomeric Golgi complex) for this
COG3 containing complex, consisting of the subunits COG1 to COG8 as basis for a
uniform nomenclature. In Table 8 the different historical names of the yeast and
mammalian COG subunits are summarized according to Ungar et al. (2002).

Table 8: Historical names of yeast and mammalian CO G complex subunits

Current name Former names
COG1 Cod3p, LdIBp, Sec36p, Tfilp
COG2 Sec35, LdICp
COG3 Sec34, GRD20
COG4 Cod1p, Sec38p, Sgfip, Tfi3p
COG5 Cod4p, GTC-90, Apidp
COG6 Cod2p, Sec37p, Tfi2p
COG7 Cod5p
COG8 Dorl

According to Ungar et al. (2002)

The COG complex is conserved between different kingdoms. The whole complex
exists in several taxa like yeast and human, the amoeba Dictyostelium discoideum as
well as in Phytophthora ramorum and Arabidopsis thaliana. Several other taxa
contain at least some subunits of the COG complex (Koumandou et al., 2007). In
silico analysis done in this work revealed homologous sequences for all COG
complex subunits in the rice and barely genomes (Figure 15). The fact, that COG3
exists in a complex in many genera and that all subunits exist in barley makes it
difficult to interpret the observed over-expression effect (Figure 11A), as the over-
expression of single complex components is not necessarily expected to cause
strong effects by its own. One possible explanation for this over-expression effect

could be that COG3 is kind of a bottleneck in between the complex and that it is the
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limiting factor of complex activity. The domain-predicting program PlantsP
(http://plantsp.genomics.purdue.edu/cgi-bin/fscan/feature_scan.cgi) detects a
potential Rho GAP domain at the c-terminus of the barley COG3 protein (Figure
11C). Given that there is indeed a functional GAP domain present in HYCOG3, its
over-expression could lead to reduced activity of a target GTPase. Interestingly, there
is a GTPase interacting with COG3 in yeast, the Rab protein YPT1 (Suvorova et al.,
2002). It might be that the amount of available COG3 regulates the efficiency of
vesicle tethering to the cis-Golgi membrane. If the target GTPase of COG3 is a
negative regulator of vesicle transport, the over-expression of Hv*COG3 might convert
this GTPase into its inactive state more frequently, thereby allowing enhanced
transport activity. Vice versa, under-expression of HvCOG3 would leave this GTPase
more often in its active state, which would slow down transport activity. As a result,
HvCOG3 over-expression might enhance the transport of important defence
compounds while knock down might reduce transport of these molecules. If Hv*COG3
is a target of Bgh, HYCOG3 could control a GTPase that positively regulates vesicle
trafficking. This hypothesis was addressed by the over-expression of only the c-
terminal, potential GAP domain containing, part of COG3. However, the result of the
transient experiments does not support this hypothesis as no significant effect was
observed (Figure 11B). However, the over-expression of the truncated COG3 c-
terminal part revealed a tendency for a dominant negative effect. Alternatively, the N-
terminus might be important for COG3 function. Another hypothesis for the over-
expression effect of HYCOG3 might be, that the amount of available HvCOG3 is
monitored by the cell and that the availability of the other COG complex components
is adjusted to the level of COG3. As a consequence, COG3 over-expression would
enhance the amount of the whole complex and therefore allow alleviated vesicle
tethering what in turn might enforce transport while knock out would impede
transport. This hypothesis is supported by the observation of Zolov a Lupashin (2005)
that a reduction in the amounts of the mammalian COG3 reduces the protein
contents of other components of the COG complex. The stable transgenic barley
plants, expressing an epidermis specific Hv*COG3 RNAI construct, which have been
generated in this project in cooperation with G. Hansel (IPK, Gatersleben), would be
useful to test this hypothesis.

The eight subunits of the COG complex are organized in two globular domains

(Ungar et al., 2002). In 2004, Loh and Hong developed a model for the molecular
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organization of the mammalian COG complex based on co-immunoprecipitation
studies. They proposed two globular loops, the first comprising COG1, 2, 3 and 4 and
the second consisting of COG4, 5, 6, 7, and 8, with the COG4 protein connecting the
two loops. Later on, two other groups specified the human COG complex architecture
in further investigations. They predicted the COG complex to comprise three
subcomplexes, one containing COG2, 3 and 4, one containing COG5, 6 and 7 and
that these two subdomains are linked by a heterodimer consisting of COG1 and 8
(Ungar et al., 2005; Oka et al., 2005). Thus, the actual structure of the COG complex
still needs to be elucidated in more detail. The functional characterization of all the
barley COG complex subunits via TIGS also revealed the lack of functional HvCOG1
to significantly enhance the success of Bgh on transiently transformed epidermal
cells. The other subunits failed to produce significant effects, but the KD of HYCOG2,
4 and 5 also tended to increase susceptibility. According to Lees et al. (2010), the
COG complex can be divided into an essential subunit loop consisting of COG1, 2, 3
and 4 (Wuestehube et al., 1996; Whyte and Munro 2001; Giaever et al., 2002;
Deutschbauer et al., 2005) and a nonessential subunit loop consisting of COG5, 6, 7
and 8 (Whyte and Munro, 2001). It is interesting to note that the subunits with
significant RNAI effects, HYvCOG1 and HvCOG3 are among the essential subunits
and HvCOG2 and 4 also tend towards more susceptibility when knocked down. In
addition, the fact that COG3 is an essential gene in yeast and that there is only one
homologues gene in barley, might explain the impossibility to generate viable
transgenic barley plants with constitutively silenced HvCOG3 (G. Hensel, IPK
Gatersleben, Germany, personal communication). The semi-quantitative gene
expression analysis of different COG subunits revealed a clear induction in ‘Ingrid-
mlo5’ background, and a slight induction for most of the analyzed subunits in ‘Ingrid-
WT’ plants (Figure 17). These results were generally supported by gene expression
data form PLEXdb, where most subunits were clearly induced after pathogen
treatment except HYCOG2, which is only very weakly expressed and the induction is
not as clear for HvCOG3 and 4. Taken together, at least some of the HvVCOG
complex subunits are differentially expressed after powdery mildew treatment,
supporting the functional characterization results, which indicate a significant change
in susceptibility when HvCOGL1 or 3 are knocked down. The knock down of HYCOG2
or HYCOG3 in mlo5 background did not hamper the mlo5 mediated penetration
resistance. Thus, the mlo5 resistance seems to be independent form a functional
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COG complex although the expression of most COG subunits is increased in these
mlo5 resistant plants.

Ongoing work on the different COG complex components, let to the replacement of
the hypothesis of Wuestehube et al. (1996), that COGS3 functions in ER to Golgi
transport, with a role of the COG complex in retrograde intra Golgi and in endosome
to Golgi trafficking (e.g. Kim et al., 2001; Whyte and Munro, 2001; Suvorova et al.,
2002; Zolov and Lupashin, 2005). This idea is supported by several findings. For
example, in COG subunit deficient mammalian cells, key enzymes of the Golgi
glycosylation machinery were mislocalized (Shestakova et al., 2006; Pokrovskaya et
al., 2011). Indeed, Pokrovskaya et al. (2011) showed that some subunits localize to
trafficking structures that also carry glycosyl transferases, indicating the importance
of the COG complex for the functionality of the Golgi glycosylation machinery. In
humans, this glycosylation defects that are caused by mutations in subunits of the
COG complex, lead to congenital disorders of glycosylation, a genetic disease with
severe effects on the physical and mental development (Smith and Lupashin, 2008).
In mammalian cells the amount of some integral Golgi membrane proteins
(MANNOSIDASEII, GOS28, GS15, GPP130, CASP, GIANTIN and GOLGIN-84) was
reduced when a functional COG1 or COG2 is missing, also indicating that a
functional COG complex is important for correct transport and localization Golgi
proteins (Oka et al., 2004). Furthermore, the COG complex interacting framework is
also associated with retrograde trafficking. Subunits of the COG complex were shown
to interact with yeast SNARE proteins that are involved in retrograde transport
(including SEDS5, SEC22, YKT6, GOS1 and VTI1) and with subunits of COPI vesicles
but not with COPII vesicle subunits (Suvorova et al., 2001; Suvorova et al., 2002).
Finally, Zolov and Lupashin (2005) nicely demonstrated that COG3 deficient HelLa
cells are capable for the transport of a GFP-tagged vesicular somatic virus G protein
(marker for anterograde transport) to the cell surface while these cells were unable to
accumulate the retrograde marker substance Shiga toxin around the nucleus. It is
now widely accepted that the COG complex functions in retrograde traffic and plays
an important role in Golgi glycosylation, at least in yeast and human cells (Ungar et
al., 2006) although there are also reports indicating an additional role in anterograde
transport (VanRheenen et al., 1998).

Whyte and Munro (2001) found that several components of the COG complex have

homologies with components of well-known tethering factors, namely the exocyst and
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the Vps52/53/54 (GARP) complex. Further evidence for an involvement of the
complex in vesicle tethering comes from Shestakova et al. (2007) who showed that
the interaction of the GOG complex with a cis-Golgi t-SNARE complex (including
Sed5/Syntaxin5) enhances the stability of this SNARE complex in yeast and
mammals. They also showed that the mobility of SNARE molecules is reduced in
COG7 knock down cells. Further on, the COG complex interacts with many proteins
implicated in the vesicle fusion machinery, supporting a function in tethering. For
example, the mammalian COG complex (namely COG4 subunit) interacts with the
SM protein Slyl, which plays an important role in SNARE complex regulation. This
interaction is required for the formation of the SYNTAXINS, GS28, YKT6 (t-SNARES)
and GS15 (v-SNARE) containing SNARE complex which acts in intracellular vesicle
docking (Shestakova et al., 2007; Laufman et al., 2009).
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Figure 23: Interaction network of the yeast COG com  plex

In yeast and mammalian cells, the COG complex (turquoise) interacts with different
components of the vesicle trafficking machinery like Rabs, SNARES, vesicle coats and coll
coiled tethering factors. Here, interactions between the COG complex subunit COG3 and its
known yeast interaction partners are indicated by arrows.

Beside the above described cellular effects of HvCOG3 knock down, some potential

interaction partners of HVCOG3 have been analyzed during this work for an
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involvement in the interaction of barley with Bgh. In yeast, COG3 interacts with at
least seven proteins from the vesicle trafficking machinery: the Rab-GTPase YPT1,
the t-SNARE SEDS5, the COPI vesicle subunit COPly and the v-SNAREs GOS1,
YKT6, SEC22 and VTI1 (Suvorova et al., 2002; Table 7). The interactions of COG3 in
yeast are summarized in Figure 23. Their most similar barley homologues were
functionally characterized via TIGS and over-expression experiments, except of
SED5, which could not be isolated. Three of them altered the outcome of the barley
Bgh interaction significantly. Knock down of HvCOPI ylike enhanced the penetration
success of Bgh significantly (Figure 18A). COPIly is one subunit of COPI vesicles
which are responsible for the retrograde transport and recycling of proteins in
between the Golgi and form the Golgi to the ER (e.g. McMahon and Mills, 2004).
Interestingly, D. Douchkov (IPK, Gatersleben), who provided the HvCOPIylike
constructs analyzed here, already found an increase in susceptibility after HvCOPI
like knock down when they inoculated transiently transformed cells with the non-
adapted wheat powdery mildew fungus. The fact that HvCOG3 and HvCOPI ylike
knock down enhances the susceptibility to Bgh suggests that the retrograde
trafficking machinery is important for a functional plant defence system. Knock down
of HYCOG3 may reduce the tethering efficiency of COPI coated vesicles while knock
down of HVCOPI ylike may disturb proper COPI vesicle transport. Thus, both proteins
might influence the same transport process, which is important for defence. It would
be interesting, to transiently knock down HvCOPI ylike in barley simultaneously with
HvCOGS3 to elucidate if they act in the same pathway or if there is an additive effect.
An HvCOPIpylike-GFP fusion construct revealed a weak co-localization with the
cytoplasmic and nuclear marker protein but was diffusely distributed all over the cell
(Figure 19A). As coat components of vesicles are recruited from the cytoplasm to the
sites of vesicle formation, the observed HvCOPI y-like -GFP localization might be due
to a strong production of the protein after over-expression. Thus, the surplus of the
coat subunit could lead to the observed localization. It might be reasonable to use a
weaker promoter for the localization experiments to gain the authentic localization. A
targeted yeast two-hybrid experiment with HvCOG3 and HvCOPI)-ike revealed no
interaction, as the transformed yeast colonies failed to grow on the interaction
selective medium. Thus, the barley HvCOG3 and HvCOPIp like do not interact at

least in the artificial yeast system (data not shown).
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The second gene of potential HvCOG3 interaction partners that influences the barley
Bgh interaction is the small GTPase HvYPT1-like. In yeast cells, YPT1 is a small
Rab-GTPase involved in several tethering events. It interacts with the tethering
complex TRAPP, which seems to be a GEF for YPT1 (Jones et al., 2000), while the
COG complex is an effector (specifically interacting with the GTP bound from) for
YPT1, functioning in retrograde transport (Suvorova et al., 2002). In case of the
TRAPP complex, YPTL1 is important for anterograde ER to Golgi transport, where it
aids uncoating of COPII vesicles (Hutagalung and Novick, 2011). In mammals, two
additional Rab GTPases (Rab6 and Rab41) have been reported to interact with the
COG complex, namely with subunit COG6 (Fukuda et al., 2008). Knock down of the
most similar barley homolog of the yeast YPT1 induces the susceptibility of
transiently transformed epidermal cells to Bgh (Figure 18). In plants there is not much
information available concerning YPT1 homologs. The Arabidopsis genome encodes
57 Rab-GTPases, which are divided into eight subgroups, AtRabA to AtRabH
(Vernoud et al., 2003). The RAB-D class of Rab-GTPases is most closely related to
the yeast YPT1 and human Rabl proteins. It is further divided into two subclasses,
RAB-D1 and RAB-D2. The Arabidopsis RAB-D1 class comprises only one gene
(At3g11730) while the RAB-D2 class is represented by three genes (RAB-D2A:
At19g02130; RABD2B: At5g47200; and RABD2C: At4g17530) with potential functional
redundancy (Rutherford and Moore, 2002; Pinheiro et al., 2009). Double mutant
combinations of all three RAB-D2 genes are viable; only the triple mutant is lethal
(Pinheiro et al., 2009). A GFP fusion construct of the barley YPT1-like, which induced
the susceptibility to Bgh, was partly co-localized with the Golgi marker protein
GmMAN:1 and in addition found in the cytoplasm of barley epidermal cells (Figure
19B). Fluorescent fusion proteins of the AtRAB-D1 and AtRAB-D2a proteins both
localized to Golgi bodies and the TGN in Arabidopsis cells (Zheng et al., 2005;
Pinheiro et al., 2009). Thus, the localization of the barley GFP-HvYPT1-like protein is
in agreement with the localization observed in Arabidopsis. Additionally, non co-
localizing parts might represent the TGN as well. The additional cytoplasmic
localization observed in GFP-HvYPT1-like expressing barley cells was also present
in Arabidopsis and Pinheiro et al. (2009) suggested that the cytoplasmic fluorescence
is caused by saturated labelling of Golgi bodies/TGN in these cells. Interestingly, in
Bgh attacked barley epidermal cells expressing the HvYTP1-like fusion construct, the

GFP fluorescence concentrates around the sites of penetration (Figure 21B). As this
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accumulation is not very strong, one cannot be sure whether this accumulation is due
to a specific recruitment of HvYPT1-like proteins to the plant-pathogen interface or if
it represents general cytoplasmic accumulation around the attack. Both RAB-D
classes interfere with trafficking from the ER to the Golgi, as Arabidopsis plants
expressing a dominant negative mutant form of AtRAB-D1 as well as AtRAB-D2a
accumulate secreted GFP and other cargo molecules in an ER-like structure inside
the cells (Batoko et al., 2000; Pinheiro et al., 2009). Nevertheless, AtRAB-D1 and
AtRAB-D2a seem to influence different interactors, because the wild type protein of
AtRAB-D1 was not able to compensate the dnAtRAB-D2a caused defect and vice
versa (Pinheiro et al., 2009). This role in anterograde ER to Golgi transport might not
be the only function of the AtRAB-D subclass. Given that one of these GTPases
interacts with the Arabidopsis COG3 like the yeast YPT1 interacts with COG3
(Suvorova et al., 2002), there might be an additional role in retrograde trafficking
through a cooperation with the COG complex. Due to the observed RNAI effect of the
barley YPT1 homolog, T-DNA insertion lines for the RAB-D class of Arabidopsis have
been treated with the Arabidopsis powdery mildew Erysiphe cruciferarum and
analyzed for a potential effect on its proliferation. None of the tested T-DNA insertion
lines caused significant effects on the fungal development in preliminary experiments
but as a functional redundancy of the different AtRAB-D proteins is very likely, a
function in the plant powdery-mildew interaction is still possible.

Beside the knock down of HYCOPIy-like and HvYPT1-like over-expression of a third
potential interaction partner of HYCOG3, HvVTI1-like, induced the susceptibility of
barley to Bgh (Figure 18). VTI1 is a v-SNARE protein that is required for vesicle
fusion at different transport steps. In yeast, this SNARE protein functions in the
transport from the TGN to the prevacuolar compartment, in transport to the vacuole
and in retrograde transport to the cis-Golgi (Fischer von Mollard et al., 1997;
Lupashin et al., 1997; Fischer von Mollard and Stevens, 1999). In Arabidopsis, VTI1
is represented by a gene family with four members: AtVTI11, AtVTI12 and AtVTI13
AtVTI14. AtVTI13 was not detectable in RT-PCR experiments and AtVTI14 only in
suspension-cultured cells but AtVTI11 and AtVTI12 are highly expressed throughout
the plant (Surpin et al., 2003; Uemura et al., 2004). Zheng et al. (1999) suggested a
role for the AtVTI11 v-SNARE protein in vesicle transport form the TGN to the
prevacuolar compartment. They reported AtVTI11 to localize to the TGN and the
PVC. A comprehensive localization study on Arabidopsis SNARE proteins using
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transient expression of fluorescent fusion proteins revealed AtVTI11, AtVTI12 and
AtVTI13 to localize mainly to the TGN. Additionally, AtVTI11 and AtVTI13 are also
found in the PVC while AtVIT12 is localized to the plasma membrane. This suggests
a function of AtVTI11 and AtVTI13 in anterograde transport from the TGN to the
PVC/vacuole and for AtVTI12 an involvement in retrograde transport from the PVC to
the TGN but also in transport to the plasma membrane (Uemura et al.,, 2004).
Localization experiments of the putative barley VTI1-like GFP-fusion protein revealed
punctuate structures that partly co-localized with the Golgi marker protein GmMAN:1
and additionally labelled the plasma membrane (Figure 19C). It might be speculated,
that the structures not co-localizing with GmMAN:1 may represent PVC and that the
observed plasma membrane localization might partly reflect over-expression effects,
because over-expressed SNARE proteins often localize to the plasma membrane.
Alternatively, the tested barley HvVTI1-like GFP fusion construct is similar to AtVTI12
(Uemura et al., 2004). Inoculated barley cells expressing the GFP-HvVTI1-like
construct accumulated the fusion protein at the attempted fungal penetration site in
or around papillae (Figure 21). This fungus-induced re-localization of HvVTI1-like is
an additional interesting hint for an involvement of this protein in the barley-Bgh
interaction. It might be that HvVTI1-like is involved in the transport of molecules
necessary for fungal success from the Golgi to the plasma membrane or that it might
interfere with penetration defence when over-expressed. This might explain the

enhanced penetration success of the fungus in cells over-expressing HvVTI1-like.
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5 Summary

The plant-pathogen interface is a highly dynamic area where many membrane transport
and trafficking processes take place that influence the outcome of the interaction
between the plant and the pathogen. In the first part of this work, a transient induced
gene silencing (TIGS) approach was used to screen 107 barley ESTs for a potential
involvement in the interaction of barley with its adapted powdery mildew fungus Blumeria
graminis f.sp. hordei (Bgh). The ESTs were predominantly selected due to their
annotation, which indicated an involvement in protein transport and secretory processes.
The screening revealed three barley genes, which enhanced the penetration success of
Bgh into barley epidermal cells significantly when they were knocked down: AK369764
(HVARFA1B/C-like), AK362856 (putative EXO70-like) and AK249208 (HvCOG3). The
second part of this work was focused on a more detailed investigation of HYCOG3,
starting to elucidate its function in barley. In yeast and mammals COGS3 is described as
part of a Golgi resident eight subunit-containing tethering complex that is responsible for
retrograde trafficking/recycling in-between the Golgi complex and from the Golgi back to
the ER. In contrast to the enhanced susceptibility during the knock down screening,
over-expression of HYCOG3 rendered barley epidermal cells more resistant. In addition,
HvCOG3 might be important for secretion and involved in the stability of Golgi bodies as
indicated by secretory pathway analysis of HYvCOG3 deficient barely cells, a result that
fits well to known effects of COG deficient yeast‘mammalian cells. Beside HvCOG3
itself, HYvCOGL1, which is a predicted component of the same tethering complex as
COG3, significantly enhanced the susceptibility of barley to Bgh. Beside the barley COG
complex components, the putative protein environment of HvCOG3 was analyzed based
on information from the yeast COG3 interactome. Like knock down of HvCOG1 and
HvCOG3, HvCOPIy-like, a subunit of COPI vesicles involved in retrograde trafficking and
HvYPT1-like, a Rab GTPase involved in several tethering events enhanced the
susceptibility of barley to Bgh when knocked down. The same is true for over-expressing
HvVTI1l-like, a v-SNARE protein potentially interacting with HvCOG3. In addition,
HvVTI1-like seemed to accumulate around the site of fungal attack in cells expressing a
GFP-HvVTI1-like fusion construct. Taken together, the results obtained during this work
strongly indicate the importance of a functional secretory system, including early

retrograde transport, for effective defence in barley.
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6 Zusammenfassung

Die Berthrungsstelle zwischen Pflanze und Pathogen ist ein extrem dynamischer
Bereich in welchem eine Vielzahl von Transport- und Sekretionsprozessen stattfinden. Im
ersten Teil der vorliegenden Arbeit wurden durch transient induziertes Gensilencing
(TIGS) 107 EST Sequenzen aus Gerste auf einen potentiellen Effekt auf die Interaktion
zwischen Gerste und dem adaptierten Mehltaupilz Blumeria graminis f.sp. hordei (Bgh)
hin untersucht. Die analysierten EST Sequenzen wurden Uberwiegend aufgrund ihrer
Annotation im Bereich Membrantransport und Sekretion ausgewahlt. Das Ausschalten
dreier Gerstengene filhrte wahrend der TIGS Untersuchung zu einer signifikanten
Erhdhung der Anfalligkeit von Gerstenepidermiszellen gegeniber Bgh: AK369764
(HVARFA1B/C-like), AK362856 (putative EXO70-like) und AK249208 (HvCOG3). Im
zweiten Teil dieser Arbeit wurde HvCOG3, welches in Hefe und tierischen Zellen
beschrieben wird, als ein im Golgiapparat angesiedeltes Protein, das Teil eines acht
Untereinheiten umfassenden Tetheringkomplexes ist, auf seine Funktion in Gerste naher
untersucht. In Hefe und im tierischen System ist der COG Komplex am retrograden
Transport bzw. am Recycling von Proteinen im Golgiapparat beteiligt und am Transport
vom Golgi zum ER. Wahrend das Ausschalten von HYCOG3 wéahrend des Screenings zu
einer erhohten Anfélligkeit der Gerste gegenuber Mehltau fihrte, verlieh die
Uberexpression von HvVCOG3 den Gerstenzellen eine erhohte Resistenz. AuRerdem
fihrte auch das Ausschalten einer weiteren COG Komplexuntereinheit, HvCOG1, wie
bereits HYCOG3 selbst, zu einer signifikanten Erhdhung der Anfélligkeit. Neben den acht
verschiedenen COG Komplexuntereinheiten wurden potentielle Interaktionspartner von
HvCOG3, die auf Basis von Informationen tber Hefe COG3 identifiziert worden waren,
bezuglich ihres Einflusses auf die Gerste-Bgh Interaktion analysiert. Hier fihrte das
Ausschalten von HVCOPI ylike, welches ein Baustein der Hulle von COPI Vesikeln ist, die
in retrograde Transportprozesse involviert sind, und das Ausschalten von HvYPT1-like,
einer kleinen GTPase die an verschiedenen Tetheringvorgangen beteiligt ist, zu einer
erhohten Anfélligkeit von Gerste gegeniber Mehltau. Aul3erdem erhohte die
Uberexpression von HvVTI1-like, eines v-SNARES, die Penetrationsrate. Die Expression
eines GFP-HvVTI1-like Fusionskonstrukts in inokulieren Gerstenzellen fiihrt zu einer
Akkumulation des Fusionsproteins um die Interaktionsstelle. Zusammengenommen
lassen die hier erhaltenen Ergebnisse auf die Wichtigkeit eines funktionierenden
Sekretionssystems, einschlie3lich des retrograden Transportes, fiur eine effektive
Penetrationsabwehr in Gerste schlief3en.
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8 Appendix

Table S1: Multi-subunit tethering complexes (MTC)
According to Brocker et al., 2010; modified

App endix

MTC
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Interaction partners

Small
GTPase
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Coat

Localization

Functions
between

Dslilp
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Golgito ER
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Cogl
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Cogd
Cog5
Cog6
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Sec22 Gosl
Sed5
Ykt6
Vitil

COPI

Golgi

Endosome to

Golgi
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Vps51/Ang2
Vps52
Vps53
Vps54

Ypt6

Tlgl
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Ensosome to
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Exocyst
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Secb
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Sec8
Secl0
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EXO70
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Rhol
Rho3

Ssol/2
Sncl/2
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Plasma membrane

Vesicle to plasma

membrane
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Vps8
Vps3
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Vps33

Vps21
(Rab5)

Endosome

TGN to early
endosome
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Vps18
Vps33

Ypt7 (Rab7)
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Nyv1
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subunit

vacuole

MVB to vacuole

Vacuole-vacuole
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Trs23
Trp31
Trs33

Yptl

COPII

Golgi

ER to Golgi

TRAPPII

TRAPPI subunits and
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Yptl
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COPI

Golgi

Endosome to
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TRAPIII
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Yptl
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