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SUMMARY

SUMMARY

BAK1 (BRI1-ASSOCIATED KINASE 1) is an intensively studied member of the large leucine-
rich repeat (LRR)-receptor-like kinase (RLK) family in Arabidopsis. It was initially identified as
interacting partner of the brassinosteroid receptor BRI1 (BRASSINOSTEROID INSENSITIVE 1),
which perceives the plant hormone brassinolide and thereby regulates a wide set of
developmental and physiological processes in plants. In addition, BAK1 has been discovered to
play an important role in one aspect of the active defense of plants against pathogens, the so-
called pattern-triggered immunity (PTI). This involves perception of conserved microbe-
associated molecular patterns (MAMPs) by so called pattern recognition receptors (PRRs).
Some of these PRRs interact with BAK1 immediately after MAMP recognition, and this
promotes receptor phosphorylation and initiates PTI.

In this work BAK1 was overexpressed in Arabidopsis in order to better understand its role
in innate immunity (Chapter 1). Surprisingly, constitutive overexpression of BAK1 led to stunted
plant stature, leaf necrosis and premature death of the plant. Using an inducible system to
express BAK1, it was revealed that this phenotype was probably due to the constitutive
activation of defense responses triggered by the accumulation of BAK1. As a consequence,
these plants displayed an enhanced resistance to the bacterial pathogen Pseudomonas syringae
pv tomato DC3000. Likewise, overexpression of BAK1 homologs, SERK1 and SERK4, also induced
constitutive activation of defense responses, supporting the idea of a redundant function for
SERK proteins in innate immunity. Mutation of a defense related gene SOBIR1 (SUPPRESSOR OF
BIR1-1) almost entirely reverted the BAK1 overexpression phenotype. The SOBIR1 protein
kinase appears to be involved in PTI as well as in a second aspect of the plant’s active defense,
effector-triggered immunity (ETI).

Since overexpression of BAK1 always produced putative truncated forms of the BAK1
protein, the possible connection between the accumulation of these protein fragments and the
overexpression phenotype was studied in more detail (Chapter 2). Apparently, the extracellular
domain anchored to the plasma membrane as well as the activity of the kinase domain both

contribute to the BAK1 overexpression phenotypes.



SUMMARY

Our study demonstrates that BAK1 over-accumulation causes a constitutive defense
phenotype likely due to constitutive PTI activation. However we can not exclude that in
addition ETI gets constitutively activated in these conditions. Moreover, the presence of the
BAK1 extracellular domain as well as its kinase function appears to be crucial for its ability to

induce defense responses.



GENERAL INTRODUCTION

1 GENERAL INTRODUCTION

Green plants are photosynthetic organisms able to capture and preserve light energy by
converting inorganic, atmospheric CO, into organic carbohydrates. In contrast, many other
organisms rely on the availability of these organic carbohydrates making plants very attractive
not only as symbionts but also as simple food or energy sources for herbivores and pathogenic
microbes. To defend themselves against such attacks, plants evolved an innate immune system
which is known to rely on different complementary and redundant mechanisms. It is organized
in layers to face a broad range of enemies including microbes, insects and herbivores (Thordal-
Christensen, 2003; Jones and Dangl, 2006; Mithofer and Boland, 2008).

The first, very unspecific line of plant immunity to block invaders consists in pre-formed
constitutive barriers, i.e. a “passive” host defense (Figure 1.1). This includes both mechanical
and chemical barriers (Thordal-Christensen, 2003). The mechanical barriers are formed by the
waxy cuticle, the plant epidermis and the complex cell wall, which surrounds each cell. In
addition, plants developed chemical barriers including peptides (i.e. plant defensins), proteins
(i.e. protease inhibitors) or secondary metabolites (i.e. phytoanticipins, glucosinolates,
saponines), which are constitutively produced and confer a large-spectrum resistance against
invaders (Broekaert et al., 1995; Joshi et al., 1999; Halkier and Gershenzon, 2006).

Microbes able to bypass this first layer of defense can be perceived by broadly
conserved molecular signatures, collectively known as microbe-associated molecular patterns
(MAMPs), which are specifically recognized by pattern recognition receptors (PRRs) of the host
organism and induce active defense responses leading to pattern-triggered immunity (PTI)
(Boller, 1995; Jones and Dangl, 2006; Boller and Felix, 2009) (Figure 1.1). This basal immune
system confers resistance to a broad range of microbes. Nevertheless some pathogenic
microbes are still successful by secreting or injecting effector molecules that suppress PTI.
Plants then evolved a strategy based on plant resistance (R) proteins to recognize these
effectors and trigger an even stronger immune reaction called effector-triggered immunity
(ETI), which is often associated with a form of programmed cell death called hypersensitive

response (HR) (Thordal-Christensen, 2003; Jones and Dangl, 2006). In contrast to PTI, ETI
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confers a highly specific resistance to individual pathogenic species (Figure 1.1). This layered
immune system suggests a co-evolutionary dynamic between host plants and pathogenic
microbes, in which plants develop perception systems with increasing specificity to detect the
pathogens presence in order to mount an active defense (Boller and He, 2009; Lehti-Shiu et al.,
2009; Dodds and Rathjen, 2010). Considering this, one could imagine that there is a constant

arms race between plants and their pathogens.

Cultivar-specific

High resistance
(effector-triggered immunity)
A A
Threshold forHR
o Broad range
c resistance
% (pattern-triggered immunity)
o A .
= Broad range Secfrfenon‘of
S resistance ) effector ° Resistance
=) Adaptatlor] e ‘0‘ molecules protein
c to constitutive
93] .
= barriers
(/) _________________________________________________
P Threshold for
¢ effective resistance
@ &
® o
Constitutive Perception of conserved Detections of
barriers molecular signatures by PRRs effectors
(passive hostdefense) (active host defense) (active host defense)
Low » High

Specificity of the plantimmune system

Figure 1.1: Plant disease resistance is composed of a multilayered surveillance system. Passive
host defense, consisting of pre-formed, constitutive barriers confers effective resistance against a broad
range of microbes. Microbes bypassing this first layer of defense are recognized via conserved
microbe/pathogen-associated molecular patterns (MAMPs/PAMPS, represented as diamonds) and elicit
active defense reactions leading to a broad range resistance called pattern-triggered immunity (PTI).
Successful pathogens can interfere with this non-specific immune response by secreting effector
molecules (represented as circles), which can be than recognized by host resistance proteins and trigger
a cultivar-specific immune response called effector-triggered immunity (ETI). ETI is often accompanied by
the programmed death of cells, called hypersensitive response (HR), at the site of the infection. The
scheme depicted here is an extension of the “zigzag model” of Jones and Dangl (2006) and represents

the correlation between the gradually increasing pathogen recognition-specificity of the host detection
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system, where the amplitude of the defense reactions is determined by the level required for effective

immunity.

1.1 Pattern-triggered immunity (PTI)

Once microbial invaders successfully overcame the preformed barriers, the plants
perceive their presence by sensing chemically diverse molecules of microbial origin, previously
collectively called pathogen-associated molecular patterns (PAMPs) (Boller and Felix, 2009).
Because these molecules are also characteristic for non-pathogenic microbes, e.g. symbiotic
rhizobacteria, it has been proposed and widely accepted to name them microbe-associated
molecular patterns (MAMPs) instead of PAMPs (Radutoiu et al., 2003; He et al., 2006; Mackey
and McFall, 2006; Boller and Felix, 2009). Perception of MAMPs by the plant triggers PTI. Beside
MAMPs diverse molecules of distinct origin have been identified that trigger PTI as well. There
are herbivore-associated molecular patterns (HAMPs) as well as damage- or danger-associated
molecular patterns (DAMPs). Whereas MAMPs and HAMPs share the feature of being foreign
(“non-self”) to the plant, DAMPs are molecules of plant origin (“self”) which are supposed to be
released in situations of damage or danger to activate PTI locally or systemically (Pearce et al.,
1991; Huffaker et al., 2006). Since MAMPs and the molecular machinery behind the MAMP

perception system are central to this thesis, | further focus mainly on MAMPs.

1.1.1 MAMPs sensed by plants

Typically, MAMPs are highly conserved and crucial for the microbial lifestyle, thus
mutation or deletion of a MAMP in order to avoid recognition will have deleterious effects on
the microbial survival. For example, plants sense fungal microbes through perception of
fragments of chitin, the main structural component of the fungal cell wall (Felix et al., 1993;
Shibuya et al., 1993). Other examples for fungal MAMPs are ergosterol, a component of fungal
cell membranes (Granado et al.,, 1995); xylanase, an enzyme able to degrade hemicelluloses,
one of the major components of plant cell walls (Hanania and Avni, 1997); or B-glucans, which

are cell wall components of certain fungi, oomycetes and bacteria (Klarzynski et al., 2000).
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Bacteria can be sensed through perception of bacterial flagellin, the main protein subunit of
bacterial flagellum, which is the motility organ of bacteria and essential for the overall
pathogenicity of bacterial plant pathogens (Felix et al., 1999). Indeed, some bacteria with
mutated flagellin are unable to build a functional flagellum and are thus usually immobile and
less pathogenic (Naito et al., 2008). The sensitivity to flagellin was first demonstrated in tomato
cell cultures treated with peptidic preparations from Pseudomonas syringae pathovar (pv)
tomato (Felix et al., 1999). Another well studied example of bacterial MAMPs is the bacterial
elongation factor Tu (EF-Tu), the most abundant bacterial protein, essential for protein
translation (Kunze et al., 2004; Zipfel et al., 2006). EF-Tu was found as the active compound of
crude bacterial extracts perceived by Arabidopsis plants blind to flg22 (Kunze et al., 2004).
Other examples for bacterial MAMPs are the cold-shock protein, an RNA-binding protein
inducible by cold-shock (Felix and Boller, 2003), or peptidoglycan (PGN), an important
component of the bacterial cell envelope (Erbs et al., 2008). These examples well illustrate that
MAMPs are required for microbial fitness, and highly conserved in a broad range of microbes,
but absent from the host, and therefore ideal targets for basal immune recognition.

In general MAMPs are active at subnanomolar concentrations, and are recognized
through specific epitopes. This is the case for the highly conserved 22 amino acid section of
flagellin (flg22) and the 18 amino acid sequence of EF-Tu (elf18), both localized in the N-
terminal part of the corresponding protein (Felix et al.,, 1999; Kunze et al., 2004). Recently a
second flagellin epitope defined as flgll-28was identified which is different from flg22 (Cai et al.,
2011). It was shown that flg22 was able to elicit defense responses in various plant species,
including Arabidopsis, tobacco and potato, revealing an evolutionarily conserved recognition
system for bacterial flagellin (Felix et al., 1999). By contrast, flgll-28 is only active in Solanaceae
species (Cai et al., 2011). Pretreatment of Arabidopsis plants with flg22 increased the resistance
against bacterial pathogen Pseudomonas syringae pv tomato DC3000 (Pto DC3000) (Zipfel et
al.,, 2004). Interestingly elf18 induces a set of signaling events and defense responses highly
similar to that induced by flg22 (Zipfel et al., 2006). However, in contrast to flg22,

responsiveness to elf18 is restricted to Arabidopsis and other Brassicaceae, indicating that the
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perception system responsible for the detection of this MAMP is evolutionarily younger (Kunze
et al., 2004).

These examples demonstrate that the chemical composition of MAMPs is very diverse,
ranging from carbohydrates, over lipids to proteins. The key feature of all these compounds is

the elicitation of PTI upon detection.

1.1.2 Pattern recognition receptors (PRRs) perceive conserved molecular

signatures to initiate broad range resistance

MAMPs, HAMPs and DAMPs are perceived by plants possessing the corresponding PRRs.
Several PRR-ligand pairs have been well characterized, which are illustrated in Figure 1.2. Many
of the identified PRRs are receptor-like kinases (RLKs). Well known examples are FLS2
(FLAGELLIN SENSING 2), EFR (ELONGATION FACTOR TU (EF-Tu) RECEPTOR), CERK1 (CHITIN
ELICITOR RECEPTOR KINASE 1), PEPR1 and 2 (PEP RECEPTOR 1 and 2) and WAK1 (WALL-
ASSOCIATED KINASE 1). These PRRs are localized in the plasma membrane with different motif-
repetitions (e.g. leucine-rich repeat (LRR) or lysine motif (LysM)) responsible for ligand binding
in their extracellular domains (also called ecto-domain), and an intracellular Serine/Threonine
(Ser/Thr) protein kinase domain. Most kinases contain a conserved aspartate (D) residue, which
is essential for catalytic activity, within the catalytical loop, which is responsible for
phosphorylation and phosphotransfer efficiency (Johnson et al., 1996; Adams, 2003). In Ser/Thr
kinases this catalytic aspartate is often preceded by an arginine (R) amino acid therefore they
are called “RD” kinases. Interestingly most of the RLK PRRs, such as FLS2 and EFR, are non-RD
kinases lacking the arginine preceding the catalytic aspartate and thus generally fail to auto-
phosphorylate the activation loop (Dardick et al., 2012). Therefore non-RD kinases are thought
to require other mechanisms or additional proteins for their regulation (Krupa et al., 2004;
Dardick and Ronald, 2006; Dardick et al., 2012).

Beside the RLK-type of PRRs, some PRRs have a typical receptor-like protein (RLP)
structure, which contains a ligand-binding ecto-domain and a trans-membrane domain but
lacks the intracellular kinase domain. The CEBiP (CHITIN ELICITOR-BINDING PROTEIN), LYM1/3
(LYSM DOMAIN GPI-ANCHORED PROTEIN 1 and 3) and EIX1/2 receptors (ETHYLENE-INDUCING
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XYLANASE RECEPTOR 1 and 2) belong to this group (Shimizu et al., 2010; Bar et al., 2011,
Willmann et al., 2011).

plant
bacteria , , “
5 5 AV
: : N
| | S
gﬁmg: flagellin EF-Tu peptidoglycan chitin xylanase AtPeps OGs
CERK1 | CERK1
PRRs: ' EIX1/2
<>LYM1/3 ; CEBIiP ; Q
= LRR ’ LysM D EGF-like repeat

I transmembrane domain . non-RD kinase . RD kinase

Figure 1.2: Schematic representation of characterized ligand-receptor pairs involved in pattern
recognition in plants. PRR: pattern recognition receptor; MAMP; microbe-associated molecular pattern;
DAMP: damage-associated molecular pattern; FLS2 (FLAGELLIN SENSING 2) was characterized as the
receptor for bacterial flagellin (the recognized synthetic epitope is flg22) in A. thaliana (Chinchilla et al.,
2006), N. benthamiana (Hann and Rathjen, 2007), tomato (Robatzek et al., 2007) and rice (Takai et al.,
2008); EFR (ELONGATION FACTOR TU (EF-Tu) RECEPTOR) was found to be responsible to EF-Tu (or
synthetic epitope elf18) recognition in Brassicaceae (Zipfel et al.,, 2006); CERK1 (CHITIN ELICITOR
RECEPTOR KINASE 1) recognizes chitin in A. thaliana (Miya et al., 2007), LYM1/3 (LYSM DOMAIN GPI-
ANCHORED PROTEIN 1 and 3) together with CERK1 mediates recognition of bacterial peptidoglycan
(PGN) in A. thaliana (Willmann et al., 2011); CEBiP (CHITIN ELICITOR-BINDING PROTEIN) in
association with CERK1 is responsible for chitin perception in rice (Shimizu et al., 2010); EIX1/2
(ETHYLENE-INDUCING XYLANASE RECEPTOR 1 and 2) are identified xylanase receptors in tomato
where EIX2 is the signaling competent receptor and EIX1 is a decoy receptor (Bar et al., 2011); PEPR1/2
(PEP RECEPTOR1 and 2) are responsible for the recognition of self-derived molecules, AtPeps, in A.
thaliana (Yamaguchi et al., 2006; Krol et al., 2010; Yamaguchi et al., 2010); WAK1 (WALL-ASSOCIATED
KINASE 1) binds plant cell wall-derived oligogalacturonides (OGs) (Brutus et al., 2010).
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1.1.2.1 FLS2 is responsible for bacterial flagellin perception

Soon after the discovery of a flagellin perception system in Arabidopsis (Felix et al.,
1999), it was observed that flg22 treatment induces inhibition of Arabidopsis seedling growth
(Gomez-Gomez et al.,, 1999). In an Arabidopsis mutant screen using the insensitivity of
seedlings to flg22 as read-out, FLS2 was identified as the flagellin receptor (Gomez-Gomez and
Boller, 2000). Thereafter heterologous expression of Arabidopsis thaliana FLS2 (AtFLS2) in
tomato cells and binding studies with 122|_|abeled peptides in Arabidopsis cells confirmed FLS2
as the bona fide receptor for flg22 (Chinchilla et al., 2006; Robatzek et al., 2006). Up to date
direct evidence of the capability of FLS2 orthologs to perceive flg22 was demonstrated in
Arabidopsis, tobacco, tomato, and rice (Chinchilla et al., 2006; Hann and Rathjen, 2007
Robatzek et al., 2007; Takai et al., 2008) (Figure 1.2). Interestingly, the other active flagellin
epitope, flgll-28, is not recognized by FLS2 and its receptor remains to be identified (Cai et al.,
2011; Clarke et al., 2013). The fact that Arabidopsis fIs2 mutants were more susceptible to Pto
DC3000 than wild type plants provided direct evidence that flagellin perception is crucial for
disease resistance against bacteria (Zipfel et al., 2004).

FLS2 belongs to the LRR-RLK XII subfamily of Arabidopsis RLKs (Shiu and Bleecker, 2003).
This family has ten members, but FLS2 has no true homologue in the Arabidopsis genome.
Orthologs of AtFLS2 with highly conserved architecture were found in all analyzed genomes of
higher plants further supporting the primary importance of this PRR in plant immunity (Boller
and Felix, 2009). Interestingly, also in mammals, bacterial flagellin is perceived by an LRR-
containing membrane localized receptor, called TLR5 (TOLL-LIKE RECEPTOR 5) (Hayashi et al.,
2001). However the epitope perceived by TLR5 is different (Smith et al., 2003).

The extracellular ligand-binding domain of FLS2 contains 28 LRR repetitions arranged in
tandem flanked by LRR N-terminal (LRRNT) and C-terminal (LRRCT) domains with characteristic
double-cysteine motifs (Boller and Felix, 2009). Recently, functional and binding studies of
chimeric receptors obtained by a domain swapping approach between the LRR domain of
tomato and Arabidopsis FLS2 revealed two equally important interaction sites distributed

within the FLS2 ecto-domain important for flg22 binding (Mueller et al.,, 2012a). The
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extracellular domain is followed by a membrane-spanning region characteristic to RLKs and an
intracellular domain including a non-RD kinase and a C-terminus (Shiu and Bleecker, 20013;
Dardick and Ronald, 2006) .

Surprisingly it has been reported that AtFLS2 also mediates the recognition of Xoo Ax21-
derived peptides, such as the axY°22, a synthetic sulfated 17 amino acids peptide claimed to be
recognized by the rice PRR XA21 to mediate immunity (Lee et al., 2009; Danna et al., 2011).
Even more surprisingly, AtFLS2 has also been described to be responsible for the recognition of
the endogenous CLAVATA3 peptide (CLV3p) to induce a so-called “stem-cell-triggered
immunity” (Lee et al., 2011). The CLV3p is known to be involved in the regulation of the
development of the shoot and floral meristems mediated through CLAVATA1 and 2 receptors
(Fletcher et al., 1999; Rojo et al., 2002). Neither axY°22 nor CLV3p have any similarity to flg22.
Why did these peptides interact with FLS2? Recent studies demonstrated that pure, freshly
synthesized axY°22 and CLV3p peptides applied even at extremely high concentrations, did not
activate the FLS2 receptor. This indicated that the results mentioned were due to a
contamination of the peptide preparations by flg22, confirming the high specificity of FLS2 for
its ligand flg22 (Danna et al., 2012; Mueller et al., 2012a; Mueller et al., 2012b).

1.1.2.2 Bacterial EF-Tu is sensed by EFR in Brassicaceae

EFR is responsible for the perception of EF-Tu and has been identified in a targeted T-
DNA insertion mutant screen on Arabidopsis seedlings (Zipfel et al.,, 2006) (Figure 1.2). Its
presence is restricted to the plant family of Brassicaceae. Heterologous expression of EFR in
Nicotiana benthamiana plants naturally lacking the EF-Tu perception system provided
additional evidence that EFR is responsible for EF-Tu perception. This study also demonstrated
that signaling cascades downstream of PRRs are similar in N. benthamiana and A. thaliana
model systems (Zipfel et al.,, 2006). The EFR mutants of Arabidopsis showed higher
susceptibility to an infection by Agrobacterium tumefaciens, confirming its importance in PTI
(zipfel et al., 2006). In addition, it has been shown that tobacco and tomato plants expressing
the EFR gene are less susceptible to bacterial pathogens revealing the biological importance of

EF-Tu perception system in disease resistance (Lacombe et al.,, 2010). Hence there is a
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possibility to use heterologous expression of EFR or similar PRRs as a strategy to improve the
natural disease resistance of crop plants (Segonzac and Zipfel, 2011).

The EF-Tu receptor belongs to the LRR-RLK XII family, similar to FLS2, but it contains 21
LRRs instead of 28 (Shiu and Bleecker, 2003). The Arabidopsis genome contains six homologs of
EFR with closely related structural features in their intracellular parts (Shiu and Bleecker, 2003),
however these homologs have no affinity for EF-Tu derivatives (Albert et al., 2010). EFR also
possesses a non-RD Ser/Thr kinase domain in its intracellular part (Dardick and Ronald, 2006).
Functional analysis and affinity binding studies of EFR-derived constructs demonstrated that the
absence of EFR kinase domain does not influence the ligand-binding functions of the receptor;
furthermore EFR-FLS2 chimeras revealed that different and non-contiguous parts of the EFR

ecto-domain are required for functional ligand binding (Albert et al., 2010).

1.1.2.3 The lysine motif (LysM) containing CERKL is involved in chitin perception in
Arabidopsis and rice

It was known previously that LysM domains are important for chitin binding in animals
(Zhang et al., 2007b). In plants, the first evidence of a role of LysM-domain containing proteins
in chitin perception came from high-affinity binding studies in rice (Kaku et al., 2006). The
identified protein, called CEBiP (CHITIN ELICITOR-BINDING PROTEIN), encodes an RLP with an
extracellular LysM domain, a trans-membrane domain and a short cytoplasmic tail (Figure 1.2).
Moreover, CERK1, a receptor kinase, was identified in Arabidopsis by a screen on LysM domain-
containing protein mutants unresponsive to chitin (Miya et al., 2007). CERK1 encodes an RLK
with LysM motifs in its ecto-domain (Figure 1.2). Interestingly, in contrast to FLS2 and EFR,
which belong to the non-RD kinase family, CERK1 contains an RD kinase in its intracellular
domain. In Arabidopsis, CERK1 has been shown to bind chitin and to be indispensable for chitin-
induced defense responses (Miya et al., 2007; Wan et al., 2008; Petutschnig et al., 2010).
Recently co-IP studies showed that chitin induces the dimerisation of CERK1 ecto-domains
which revealed to be indispensable for chitin signaling (Liu et al., 2012). Although CERK1 is also
required for chitin responsiveness in rice and associates with CEBIP, it is unclear if it has a role

in chitin binding in this system (Shimizu et al., 2010).
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1.1.3 Signaling elements and physiological responses of PTI

As soon as microbial pathogens patterns or endogenous danger signals are sensed, the
plant responds with an ordered sequence of signal transduction and defense responses. These
responses comprise signaling events, which e. g. transmit the information from the outside of
the cell to the inside, as well as later defense responses like the production of anti-microbial
compounds. Accordingly to the kinetics of these responses, they are ranging from seconds to
days. Below, they are ordered on a temporal scale, as in a recent review (Boller and Felix,

2009).

1.1.3.1 lon fluxes across the plasma membrane

Very rapidly, within the first minutes upon elicitor perception, ion fluxes are observed
including Ca®" influx, CI" efflux and K*/H* exchange (Figure 1.3) (Boller, 1995; Nurnberger et al.,
2004; Jeworutzki et al., 2010). H* influxes induce the alkalinization of extracellular media of
suspension cells, which can be easily detected and frequently used as bioassay for MAMP
perception (Felix et al., 1991a). Among these ion fluxes cytosolic accumulation of Ca®' is
considered to possess a high biological importance since Ca’*acts as second messenger in many

signaling pathways (Bush, 1995).

1.1.3.2 Activation of calcium-dependent protein kinases (CDPKSs)

Importantly, cytosolic Ca®* can activate CDPKs (Trewavas and Malho, 1998; Ludwig et al.,
2005; Lecourieux et al., 2006). Recently, in transient Arabidopsis leaf protoplast assays, closely
related CDPK genes CPK5/6 and CPK4/11 were identified to monitor cytoplasmic ca® during PTI
and activate transcription of some defense genes (Boudsocq et al.,, 2010). Indeed gRT-PCR
analysis of the expression of early flg22-responsive genes in Arabidopsis protoplasts showed
that while the activation of PHI-1 (PHOSPHATE INDUCED 1) depends on CDPKs, the activation of
FRK1 (FLG22-INDUCED RECEPTOR KINASE 1) is controlled by the activation of mitogen-activated
protein kinases (MAPKs, see below). The expression of NHL10 (NDR1/HIN1 LIKE 1) is
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synergistically regulated by CDPKs and MAPKs. Thus, CDPKs seem to function in parallel of
MAPKs to regulate distinct and convergent genetic programs (Boudsocq et al.,, 2010).
Additionally, the quadruple CDPK mutant showed severely impaired flg22-induced oxidative
burst, suggesting a role for these CDPKs in the regulation of ROS (see below), potentially
through direct phosphorylation of NADPH (NICOTINAMIDE ADENINE DINUCLEOTIDE
PHOSPHATE) oxidase (Kobayashi et al., 2007; Boudsocq et al., 2010).

1.1.3.3 Activation of mitogen-activated protein kinases (MAPKS)

Similar to CDPKs, MAPKs are central signaling components in PTI (Nuhse et al., 2000;
Asai et al., 2002). MAPKs are fairly diverse but are an universal feature of eukaryotic cells.
MAPK cascades typically include MAP kinase kinase kinases (MKKKs), which phosphorylate MAP
kinase kinases (MKKs), which phosphorylate MAPKs (Figure 1.3). In Arabidopsis, two MAPKs are
activated during PTI responses by double phosphorylation: MPK3 and MPK6 (Asai et al., 2002).
Activation of these cascades leads to sub-cellular relocalization and/or phosphorylation of
downstream substrates including transcription factors, such as for example VIP1 (VIRE2-
INTERACTING PROTEIN 1) (Djamei et al., 2007) or WRKY33 (WRKY DNA-BINDING PROTEIN 33)
(Mao et al., 2011) to induce transcriptional reprogramming. Interestingly it has been reported
that the Pseudomonas syringae effector HopAll dephosphorylates MPK6 and MPK3 by its
phosphothreonine lyase activity and therefore blocks PTI signaling (Zhang et al., 2007a). The
fact that several bacterial effectors target MAPK cascades (e.g. HopAll, HopPtoD2) can be
taken as an indication for the biological importance of MAPK signaling in plant-pathogen
interactions (Espinosa et al., 2003; Zhang et al., 2007a; Cui et al., 2010; Wang et al., 2010; Zhang
etal., 2012).

1.1.3.4 Production of reactive oxygen species (ROS)
Production of reactive oxygen species (ROS) such as hydrogen peroxide (H,0,) or
superoxide (O,) is induced upon microbe perception (Figure 1.3). These ROS are active anti-

microbial compounds and serve also as substrate for oxidative cross-linking to reinforce the
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plant cell wall (Lamb and Dixon, 1997). The oxidative burst is a consequence of the activation of
the membrane localized NADPH oxidase also called RESPIRATORY BURST OXIDASE (RBO) (Lamb
and Dixon, 1997). The Arabidopsis genome encodes 10 RBO gene homologues (AtRBOHs);
AtRbohD was shown to be the main enzyme responsible for the production of apoplastic ROS
(Kroj et al., 2003; Torres and Dangl, 2005). Plants mutated in this gene are impaired in MAMP-
induced ROS production (Nuhse et al., 2007). Additionally, ROS are also important signals for
mediating transcriptional reprogramming including activation of defense genes, and they may
have regulatory functions in association with other signaling molecules such as salicylic acid
(SA) for example in the hypersensitive response (Levine et al., 1996; Torres et al., 2005).

However their mode of action remains poorly understood.

1.1.3.,5 Plant hormones: important signaling components in immunity

Plant hormones were first recognized to be determinants in growth and development
but later on it became clear that they also play an important role in plant-pathogen
interactions. The best-characterized defense hormones are salicylic acid (SA), jasmonic acid (JA)
and ethylene (Delaney et al., 1994; Glazebrook, 2005).

SA is a major regulator of plant innate immunity and plays important roles both in PTI
and ETI (Delaney et al.,, 1994; Wildermuth et al., 2001; Tsuda et al., 2008). Indeed, the SA-
mediated signaling pathway is involved in the expression of PR proteins and HR (Greenberg and
Yao, 2004; Glazebrook, 2005). In addition to its role in local defense responses, SA accumulation
is required for the establishment of defense activation in non-infected distal leaves during
systemic acquired resistance (SAR) (Gaffney et al., 1993). However SA does not seem to be the
translocated signal responsible to induce SAR (Vernooij et al., 1994; Smith-Becker et al., 1998).
In summary, SA signaling is an important factor in disease resistance, especially for the
restriction of growth of biotrophic and hemibiotrophic pathogens (Greenberg and Yao, 2004;
Glazebrook, 2005).

Conversely, ethylene and JA are believed to play a major role in resistance to
necrotrophic microorganisms, but also to insects and other herbivores (Glazebrook, 2005;

Howe and Jander, 2008). This is supported by the fact that ethylene and JA signaling mutants
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were shown to be more susceptible to the necrotrophic fungi Botrytis cinerea and Alternaria
brassicicola while these mutants did not show altered resistance to biotrophic pathogen Pto
DC3000 (Thomma et al., 1998; Ferrari et al., 2003; Glazebrook, 2005). Strong ethylene
accumulation is induced within 10 minutes by MAMPs (Figure 1.3), indicating a role for
ethylene in PTI (Felix et al., 1991b; Boller, 1995; Zipfel et al., 2004). Indeed, it was reported that
flg22-induced ROS production as well as flg22-triggered stomatal closure (see below) was
impaired in ethylene insensitive mutants (Mersmann et al., 2010). Interestingly these mutants
showed reduced expression levels of FLS2 compared to wild type plants. Additionally, it was
shown that ein2 ethylene-signaling mutants are impaired in all flg22-induced responses,
apparently due to reduction of FLS2 expression, which was find to be directly controlled by
EIN2-dependent EIN3 and EIN3-like transcription factors. (Boutrot et al., 2010). These data
confirm the functional importance of ethylene in PTI. While ethylene and JA act synergistically,
the ethylene/JA and SA defense pathways interact most of the time antagonistically
(Glazebrook et al., 2003; Glazebrook, 2005; Mur et al., 2006; Leon-Reyes et al., 2009). This
hormonal cross-communication has a major regulatory role in successful plant defense
(Pieterse et al., 2009). Some pathogens try to perturb this cross-talk by producing molecules
mimicking plant hormones. For example, coronatine is a JA-mimicking phytotoxin produced by
Pto DC3000, which is able to suppress SA-dependent defenses and to induce stomatal opening
in Arabidopsis plants (Collmer et al., 2002; Brooks et al., 2005; Melotto et al., 2006).

In addition to SA, JA and ethylene, other plant hormones were identified as actors in
plant immunity beside of their known regulatory role in growth, development and abiotic stress
(Pieterse et al., 2009). These are abscisic acid (ABA), auxins, gibberellins, cytokinins and
brassinosteroids (BRs). For example, exogenous application of BRs on tomato and rice induces
disease resistance against various microbes (Nakashita et al., 2003). Moreover, the closure of
stomata upon Pseudomonas syringae infection requires a functional ABA signaling pathway
(Melotto et al., 2006). In summary it appears that the interaction of the distinct hormone
pathways is an important factor to fine-tune immune responses depending on the invading

pathogen.
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1.1.3.6 Receptor endocytosis

Interestingly, it has been demonstrated with a green fluorescent protein (GFP) labeled
FLS2 stably expressed in Arabidopsis plants that flg22 treatment induces within 10-20 minutes
FLS2 delocalization from the plasma membrane to intracellular vesicles (Figure 1.3) (Robatzek
et al., 2006). Since prolonged activation of defense responses can impose negative effects on
plant fitness (Lorrain et al., 2003; Tian et al., 2003; Korves and Bergelson, 2004; Liew et al.,
2005), FLS2 endocytosis is possibly meant to remove and degrade the activated protein to
attenuate the signal. Whether or not this event also has particular signaling functions is still

unknown.

1.1.3.7 Transcriptional reprogramming

Application of flg22 treatment on Arabidopsis cell cultures and seedlings induces
important transcriptional changes (Figure 1.3) (Navarro et al., 2004; Zipfel et al., 2004). Already
after 30 minutes of flg22 treatment about 1100 genes (= 5% of the Arabidopsis genome) are
differentially regulated (Zipfel et al., 2004). The induced gene expression pattern is almost
identical for flg22-, elf18-, and chitin-mediated signaling suggesting a conserved regulation of
genetic reprogramming in PTI (Ramonell et al., 2002; Zipfel et al., 2006; Libault et al., 2007).
Among the genes, which are up-regulated upon MAMP perception, are those encoding
enzymes responsible for the synthesis of anti-microbial compounds (e.g. camalexin
(Glawischnig, 2007)) and, notably, for proteins involved in signal perception and transduction
such as PRRs, transcription factors, kinases and phosphatases (Navarro et al., 2004; Zipfel et al.,
2004; Moscatiello et al., 2006; Zipfel et al., 2006). Up-regulation of PRR expression upon MAMP
treatment suggests a positive feedback control for early transcriptional reprogramming to

increase the perception abilities of the host plant (Zipfel et al., 2006).

1.1.3.8 Callose deposition
Plant cell wall reinforcement through the synthesis of callose and lignin, and localized
formation of particular structures like papillae, which can contain callose, serve to physically

block invaders (Schmelzer, 2002). Indeed, Arabidopsis leaf tissue treated with flg22, fixed and
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stained with aniline blue displays the accumulation of fluorescent spots, which are thought to
be callose deposits (Figure 1.3) (Gomez-Gomez et al., 1999). It was proposed that the timing
and intensity of pathogen-induced callose is dependent on abiotic growth conditions and the
controlling pathways are different according to the applied MAMP (Luna et al., 2011). However

the contribution of callose deposition in disease resistance has not been proven yet.

1.1.3.9 Inhibition of seedling growth

Arabidopsis seedlings show inhibition of their growth in response to MAMP treatment
(Figure 1.3) (Gomez-Gomez et al., 1999; Zipfel et al., 2006). This reaction could indicate a
possible physiological switch from a growth to a defense program. Similarly, mutations leading
to constitutive activation of plant defense produce plants with stunted growth and overall

reduced biomass production (Bowling et al., 1994; Rate et al., 1999).
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Figure 1.3: MAMP-induced defense responses. In response to microbe detection, several cellular
responses are induced which are indicators for defense activation. These responses are conserved

among the different perception systems. Early responses are ion fluxes across the plasma membrane,
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MAPK activation, induction of defense gene expression, receptor endocytosis, production of reactive
oxygene species (ROS) and production of ethylene. Later responses include callose deposition in the cell

wall, closure of stomata cells and inhibition of seedling growth.

1.2 Effector-triggered immunity (ETI)

In contrast to PTI, which is triggered by common microbial features, ETI is more specific
(Jones and Dangl, 2006). Microbes manipulate the immune system of their hosts through
delivery of effector molecules to the plant cell (Staskawicz et al., 1984; Chisholm et al., 2006; De
Wit et al., 2009). The major objectives of these effectors are to interfere with the plant immune
system and promote pathogen proliferation. In turn, plants can monitor via resistance (R)
proteins the presence or actions of effectors and override suppression of PTI by reinforcement
of immune responses, leading to ETI (Van der Biezen and Jones, 1998; Bogdanove, 2002; Gohre

and Robatzek, 2008; Boller and He, 2009) (Figurel.1).

1.2.1 Microbial effector molecules suppress PTI

Pathogenic as well as symbiotic bacteria evolved the ability to overcome PTI by
delivering effector molecules into the plant cytoplasm through a special structure called type I
secretion system (TTSS) (Viprey et al., 1998; He et al., 2004). The delivery of effectors to the
plant cytoplasm through different mechanisms is also used by fungi and oomycetes to defeat
plant immunity (Ellis et al., 2007; Kamoun, 2007).

Effectors secreted into the plant cell have essential roles in pathogenesis and to
promote virulence (Alfano and Collmer, 2004; Nomura et al., 2005). The repertoire of individual
effectors is highly variable among closely related bacterial strains, and effectors themselves can
act redundantly (Kvitko et al., 2009). More than 30 effectors are delivered through the TTSS by
Pto DC3000 with highly divergent structures and functions identified, for example as E3
ubiquitin ligase or cysteine protease, however many of them have yet unknown functions
(Petnicki-Ocwieja et al., 2002; Kim et al., 2005a; Abramovitch et al., 2006). One of the main
roles of effector molecules is to interfere with PTI leading to effector-triggered susceptibility
(Jones and Dangl, 2006). For example, it has been reported that a Pto DC3000 bacterial effector

AvrPtoB targets the flagellin and chitin receptor complexes to block PTI (Gohre et al., 2008;
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Shan et al., 2008; Gimenez-lbanez et al.,, 2009b; Zhang et al., 2010). Another example of
effector inhibiting PTI signaling is the Pto DC3000 effector HopAll, which interferes with the
mitogen-activated protein kinase cascade to suppress PTl (Zhang et al.,, 2007a; Zhang et al.,

2012).

1.2.2 R proteins mediate effector recognition

Effectors in general are characteristic of one given well-adapted pathogen therefore
they are good targets for perception of specific pathogens by the host plant; however some
effectors, for example the bacterial AvrPtoB (Jackson et al., 2002; Kim et al., 2002; Janjusevic et
al., 2006; Lin and Martin, 2007) or the fungal Ecp6 (Extracellular protein 6) (Bolton et al., 2008;
de Jonge and Thomma, 2009) display wide distribution and thus are reminiscent to MAMPs.
Effectors are recognized directly or indirectly by R-proteins, intracellular host immune
receptors, to trigger ETI (Flor, 1971; Jones and Dangl, 2006). The major class of R proteins
contain a central nucleotide binding (NB) site and a C-terminal LRR domain (Meyers et al.,
2003). Interestingly, NB and LRR domains are also present in CATERPILLER (or NOD-like)
receptors involved in the recognition of generic MAMPs in animal innate immune system
(Inohara and Nunez, 2003). Despite this structural resemblance, in Arabidopsis NB-LRR proteins
are thought to participate only in effector, but not MAMP, recognition and are divided into
three major classes regarding their N-terminal protein-protein interaction domains. The first
common class possesses a Toll-interleukin-1-like (TIR) domain and is called TIR-NB-LRRs and the
second a coiled-coil (CC) domain determining CC-NB-LRRs whereas others have no conserved N-
terminal region (Meyers et al., 2003). Extensive investigation of these NB-LRRs in the last thirty
years revealed that depending on their structures R proteins function in distinct disease
resistance pathways (Aarts et al., 1998). At least two of these pathways were well described.
The first one is EDS1 (ENHANCED DISEASE SUSCEPTIBILITY)- and PAD4 (PHYTOALEXIN DEFICIANT
4)-dependent and involves TIR-NB-LRRs, and the second is NDR1 (NONRACE-SPECIFIC DISEASE
RESISTANCE)-dependent and involves CC-NB-LRRs (Century et al., 1995; Parker et al., 1996;
Glazebrook et al., 1997).
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There are two major pathogen recognition modes ensured by NB-LRRs in host plants.
One is the direct physical interaction between an effector molecule and an R protein where the
LRR domain determines the specificity of the interaction (Van der Biezen and Jones, 1998). The
other, known as the “guard hypothesis”, is based on an indirect recognition (Jones and Dangl,
2006). This model postulates that R proteins “survey” or “guard” specific host targets (or
“guardees”) and activate defense if the guardee is perturbed by an effector. One possibility for
this indirect recognition is that the R protein is constitutively associated to its guardee and
activates defense when this association is modified by effectors. In Arabidopsis one of the best
studied examples is RIN4 (RPM1 INTERACTING PROTEIN 4), which constitutively binds to the
CC-NB-LRR immune receptors RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1) and RPS2
(RESISTANCE TO P. SYRINGAE 2) (Mackey et al., 2002; Mackey et al., 2003). Modification of
RIN4 induced by three structurally unrelated Pto DC3000 effectors, namely AvrRpm1, AvrB and
AvrRpt2, consequently activates RPM1 and RPS2. RIN4 degradation by AvrRpt2 de-represses
RPS2, while phosphorylation of RIN4 by AvrRpm1 and AvrB activates RPM1 (Mackey et al.,
2002; Axtell and Staskawicz, 2003). This example well demonstrates the robustness of the host
immune system since one effector target (e.g. RIN4) can be guarded by more than one R
protein, and one R protein (e.g. RPM1) can recognize the activity of more than one effector
molecule. Interestingly a recent study reported that FLS2 may physically associate with RPM1
and RPS2 suggesting a signaling interaction between ETI and PTI (Qi et al., 2011). Another
variant for indirect recognition is the co-called “decoy” model (van der Hoorn and Kamoun,
2008). In this model, a duplication of the plant target gene or an independent evolution of a
target mimic takes place, which then allows the recognition of the effector protein. One
example is the Pto kinase, which confers resistance against P. syringae strains carrying AvrPto
(Xiang et al., 2008). Pto is closely related to the kinase domain of PRRs targeted by AvrPto and
AvrPtoB effectors (Gimenez-lbanez et al., 2009b). In tomato it has been shown that Pto
constitutively interacts with an NB-LRR, called Prf (Pseudomonas resistance and fenthion
sensitivity) (Salmeron et al., 1996; Mucyn et al., 2006). This could indicate that Prf “guards” Pto
and detects modification and/or complex formation of Pto with AvrPto/AvrPtoB (or maybe

other effectors) and subsequently activates defense. In a third variant of the indirect
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recognition, first the effector protein is bound to its target and as a consequence the R protein
binds to its guardee (Caplan et al., 2008). While a large amount of information is available on
effector recognition by NB-LRRs and the corresponding signaling pathway, little is known about
how the effector recognition leads to NB-LRR activation.

Interestingly there is a big overlap between PTI and ETI signaling elements and
physiological responses, indicating that plants use convergent signaling mechanisms during
defense (Tao et al., 2003; Navarro et al., 2004; Denoux et al., 2008; Boller and Felix, 2009).
However kinetics of these signaling events can be variable depending on the recognized elicitor
molecule (Nuhse et al., 2000; Asai et al., 2002; Garcia-Brugger et al., 2006; Denoux et al., 2008).
In general ETI gives rise to qualitatively stronger and faster defense reactions and often involves
the hypersensitive response (HR) (Greenberg and Yao, 2004) (Figure 1.1). Finally, activation of
local defense results in the induction of systemic acquired resistance (SAR), which confers
immunity to not infected distal tissues (Conrath, 2006).

Plants have evolved large and redundant panoply of immune receptors, i. e. PRRs and R
proteins, to recognize common and specific microbial features. Not only the nature of these
receptors and ligands but also how microbial signals are converted into integrated defense

responses leading to PTI and ETI remain primary important questions in plant research.

1.3 BAK1 is a key signaling component in immunity as well as other

biological processes

BAK1 is a member of the LRR-RLK Il subfamily and within this subfamily belongs to the
five member SERK (SOMATIC EMBRYOGENESIS RECEPTOR KINASE) group, therefore it is also
called SERK3 (Shiu and Bleecker, 2003). SERKs were defined in Arabidopsis by their sequence
homology with the Daucus carota (carrot) somatic embryogenesis receptor kinase (DcSERK)
protein (Schmidt et al., 1997; Hecht et al., 2001). Arabidopsis SERKs share more than 86 %
homology at the amino acid level and orthologs exist not only in all angiosperms but also in the
moss Physcomitrella patens, suggesting that BAK1 has evolutionarily conserved functions in

plant signaling (Boller and Felix, 2009).
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1.3.1 Molecular structures of BAK1 and its family members

As shown in Figure 1.4A the ecto-domain of BAK1 is composed of a hydrophobic signal
peptide followed by a leucine-zipper domain and a short four repeat LRR domain with two
conserved glycosylation sites (Hecht et al., 2001; Boller and Felix, 2009). Within the SERK family,
in SERK1 and SERK2, the LRR domain is flanked by the LRRNT and LRRCT motifs, typical for plant
LRRs, including characteristic double-cysteine pairs (Hecht et al., 2001; Boller and Felix, 2009).
These double-cystein motifs may be involved in processing and stability, as it was described for
FLS2 (Dunning et al., 2007). In BAK1 (SERK3) and its closest homolog SERK4 (or BKK1 for BAK1-
LIKE KINASE 1) and also in SERK5, the LRRCT motif is deleted (Boller and Felix, 2009; Delphine
Chinchilla personal communication). The LRR domain is followed by a SERK-specific SPP (Serine-
Proline-Proline) proline-rich domain, which was suggested to act as a hinge to provide flexibility
to the extracellular domain (Hecht et al., 2001; Boller and Felix, 2009). A single-pass trans-
membrane domain and a juxtamembrane domain are preceding an intracellular Ser/Thr kinase
domain (Hecht et al., 2001; Boller and Felix, 2009). Phosphorylation and dephosphorylation of
residues in the juxtamembrane domain in plant RLKs has been shown to be necessary for
downstream signaling and kinase regulation (Johnson and Ingram, 2005; Wang et al., 2005b;
Yoshida and Parniske, 2005; Chen et al., 2010). While FLS2 kinase domain is a non-RD kinase,
the kinase domains of the SERKs contain a characteristic RD motif in their catalytic loops and
display strong kinase activities, except SERK5, which has an inactive kinase due to a mutation in
its kinase domain (Li et al., 2002; Dardick and Ronald, 2006). Interestingly the C-terminal tail
and especially the last four amino acids (SGPR) are highly conserved within the LRR-RLK II
subfamily, indicating a functional importance for this C-terminal domain (Boller and Felix, 2009)
(Figure 1.4B). This may explain why the C-terminally tagged versions of BAK1 failed to
complement bak1 null mutants for flg22 responsiveness (Delphine Chinchilla unpublished data;
Ntoukakis et al., 2011). Furthermore, SERK1 and SERK2 share just before the terminal SGPR
motif seven additional amino acids, which are also conserved in SERK orthologs of other higher

plants. Interestingly, the amino acids preceding the SGPR motif are different in BAK1 and SERK4
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compared to SERK1/SERK2, indicating that BAK1 and SERK4 are the result of independent

evolutionary events in Brassicaceae and could have specific functions (Boller and Felix, 2009).

A
LRRNT
4 leucine zippers proline-rich domain carboxy-terminal region
v v Serine/Threonine kinase domain v
signal peptide ——> = B : :
F
=
=
— T
4LRRs juxta-membrane domain
trans-membrane domain
B
SERK1 EMLEGDGLAERKWDEWQKVEILREETIDLSPN--PNSDWILDSTYNL-HAVELSGPR
SERK2 EMLEGDGLAEKWDEWQKVEVLRQEVELSSH--PTSDWILDSTDNL-HAMELSGPR

SERK3/BAK1 FMLEGDGLAEEWEEWQKEEMEFRODEFNY PTHHPAVSGWITGDSTSQIENEYPSGEPR
SERK4/BKK1 FMLEGDGLAEEWEEWQKEEMP THDEFNYQAYPHAGTDWLIPYSNSLIENDYPSGEPR
SERK5 RMLEGDGLAERWEEWQKEEMPIHDFNYQAYPHAGTDWLIPYSNSLIENDYPSGPR
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Figure 1.4: Structure of BAK1 (BRASSINOSTEROID RECEPTOR 1-ASSOCIATED KINASE 1) and
its homologues from Arabidopsis. A: Schematic representation of BAK1. LRR: leucine-rich repeat. B:
Amino acid sequence alignment of the carboxy-terminal region of Arabidopsis SERK1 to SERKS.
Sequences were taken from TAIR (The Arabidopsis Information Resource) and the alignment was done
with the T-Coffee multiple sequence alignment tool: http://www.tcoffee.org (Di Tommaso et al., 2011). In
the consensus sequence an asterisk (*) represents conserved amino acids in all sequences, a colon (:)
indicates a position composed of amino acids with similar physicochemical properties, a dot (.) represents

a position where semi-conserved substitutions are observed.

1.3.2 BAKTI regulates brassinosteroid (BR)-dependent plant growth

BAK1 was originally identified as an interacting partner of the BR receptor, BRI1
(BRASSINOSTEROID INSENSITIVE 1) (Li et al., 2002; Nam and Li, 2002). BRs are plant hormones
naturally produced during various developmental processes, such as seed germination,

flowering or senescence and in response to biotic and abiotic stress (Clouse, 1996; Clouse and
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Sasse, 1998). Deficiency in BR perception and responses results in altered developmental
phenotypes such as dwarfed stature, decreased rate of seed germination, reduced male fertility
and delayed leaf senescence (Clouse et al., 1996; Szekeres et al., 1996). BRs are mainly
perceived by BRI1, although two paralogs BRL1 (BRI1-LIKE 1) and BRL3 (BRI1-LIKE 3) exist in
Arabidopsis (Li and Chory, 1997; Wang et al., 2001; Cano-Delgado et al., 2004). BRI1 is a LRR-
RLK with a structure reminiscent of the flagellin receptor FLS2; but in contrast to FLS2, BRI1 is
an RD kinase displaying strong kinase activity (Dardick and Ronald, 2006). In absence of BR,
BRI1 is found as a homodimer in the plasma membrane, and its cytoplasmic domain interacts
with BKI1 (BRI1 KINASE INHIBITOR 1), which prevents the association between BRI1 and its
interacting partner BAK1 (Wang and Chory, 2006). Perception of BRs by BRI1 results in trans-
phosphorylation events, BRI1 dimer stabilization, recruitment of BAK1 into a heteromeric
complex, and activation of BR signaling (Wang et al., 2005b; Wang et al., 2005a) (Figure 1.5). It
was proposed that upon ligand binding by BRI1 there is a reciprocal and sequential
phosphorylation process between the BR receptor and BAK1. In this model, BR binding induces
a basal level of phosphorylation of BRI1 (Wang et al., 2008). This first phosphorylation event
occurs independently of the presence of BAK1 and results in the phosphorylation and release of
BKI1 from BRI1 (Wang and Chory, 2006; Wang et al., 2008; Jaillais et al., 2011). It was proposed
that in the next step BRI1 oligomerises with BAK1 via a kinase-to-kinase and extracellular
domain-to extracellular domain double lock mechanism (Li, 2011). Consequently BRI1 activates
BAK1 by trans-phosphorylation on residues in the catalytical loop (Wang et al., 2008). The
active BAK1 then phosphorylates BRI1 on several residues within the juxtamembrane and the C-
terminal domains (Wang et al., 2008). Full activation of BRI1 allows the activation of other
components downstream of BRI1, such as cytoplasmic BSKs (BRI1-SIGNALING KINASES) (Tang et
al., 2008) (Figure 1.5). BSKs activate a protein phosphatase BSU1 (BRI1 SUPPRESSOR 1), which
inhibits the activity of BIN2 (BRASSINOSTEROID INSENSITIVE 2) (Kim et al., 2009). Inactivation of
BIN2 induces the accumulation of two unphosphorylated transcription factors BZR1
(BRASSINAZOL-RESISTANT 1) and BES1 (BRI1-EMS-SUPPRESSOR 1), which directly mediate the
expression of BR responsive genes in the nucleus (He et al., 2002; Wang et al., 2002; Yin et al.,

2002; He et al., 2005; Sun et al., 2010).
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Besids BAK1, other SERKs, namely SERK1, SERK2 and SERK4/BKK1, but not SERKS5, are
interacting partners of BRI1 in a BR-dependent manner (Kinoshita et al., 2005; Karlova et al.,
2006; He et al., 2007; Gou et al., 2012; Santiago et al., 2013). Furthermore, it was shown by
BRI1 and BAK1/SERK1 LRR domain crystal structure analysis that BAK1 and SERK1 LRR domains
are involved in ligand perception and in the activation of BR pathway (Santiago et al., 2013; Sun
et al., 2013a).

A functional redundancy of SERKs was suggested by the observation that bakl null
mutants show only a weak bril-like phenotype (Nam and Li, 2002). Indeed a recent study
indicated that serkl bakl bkk1 triple mutant displayed a typical null bril mutant phenotype
(Gou et al., 2012). This study showed that in the triple mutant the phosphorylation level of BRI1
was unresponsive to exogenous BR treatment suggesting that in contrast to the model of Wang
and collaborators (2008), BAK1 and its homologs are indispensable to initiate BRI1-mediated BR
signaling. Additionally, it was also reported that BRI1 protein stability is reduced in bakl bkk1
mutant at low BR concentration after brassinazol (a specific inhibitor of BR biosynthesis)
treatment, which may indicate that SERKs prevent BRI1 from degradation (Wang et al., 2008).
Interestingly, it has been shown that BAK1 is involved in BRI1 endocytosis, but in contrast to
FLS2 endocytosis (Robatzek et al., 2006), the BRI1-SERKs complexes seem to undergo ligand-
independent recycling, and BRI1 signaling activity remains detectable after internalization
(Russinova et al., 2004; Geldner et al., 2007). Collectively these results demonstrate the crucial

role of BAK1 together with its homologs in BRI1-mediated signal transduction pathway.
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Figure 1.5: Involvement of BAK1 and its homologs in BR-dependent plant development. BRI1-
mediated BR binding induces a heteromeric complex formation between the BR receptor (BRI1) and
BAK1/SERKSs and the trans-phosphorylation of the interacting partners (Li et al., 2002; Nam and Li, 2002;
Wang et al., 2005b). Activation of BRI1 allows the phosphorylation and release of BKI1 (BRI1 KINASE
INHIBITOR 1), and the phosphorylation of BSK (BRI1-SIGNALING KINASES) (Wang and Chory, 2006;
Tang et al., 2008; Jaillais et al., 2011). BSK activates BSU (BRI1 SUPPRESSOR 1), which inhibits the
activity of BIN2 (BRASSINOSTEROID INSENSITIVE 2) (Kim et al., 2009). Inactivation of BIN2 allows the
accumulation of two transcription factors, BES1 (BRI1-EMS-SUPPRESSOR 1) and BZR1
(BRASSINAZOL-RESISTANT 1) in their unphosphorylated forms, which results in their nuclear transfer
where they directly regulate the expression of BR-responsive genes (Wang et al., 2002; Yin et al., 2002;
He et al., 2005; Sun et al., 2010).

1.3.3 BAK1 involvement in plant immunity

1.3.3.1 BAKL1 —an important partner of many PRRs
Interestingly, in addition to its role in plant development through the enhancement of
BR signaling, BAK1 was shown to be required for the signaling activity of some but not all PRRs

involved in plant immunity (Chinchilla et al., 2009) (Figure 1.5). T-DNA insertion bakl mutants
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are impaired in responsiveness to several MAMPs, including bacterial flg22, elf18, but not
fungal chitin (Chinchilla et al., 2007; Heese et al., 2007; Gimenez-lbanez et al., 2009a). In fact
BAK1 was shown to rapidly heteromerize in vivo with FLS2 and EFR in a ligand-dependent
manner but the chitin receptor CERK1 appeared to work independently of BAK1 (Chinchilla et
al., 2007; Heese et al., 2007; Schulze et al., 2010; Roux et al., 2011) (Figure 1.5).

Upon ligand perception, the flagellin receptor FLS2 forms almost instantaneously (<1
second) a heteromeric complex with BAK1. The rapid interaction between FLS2 and BAK1
indicates that they may exist in close proximity in the plasma membrane (Chinchilla et al., 2007;
Schulze et al.,, 2010). As shown by the crystal structure of FLS2 and BAK1 ecto-domains
complexed with flg22, BAK1 acts as a co-receptor by recognition of FLS2-bound flg22 (Sun et al.,
2013b). After the formation of the FLS2-BAK1 receptor complex the interacting partners are
rapidly phosphorylated (<15 seconds) in an flg22-dependent manner (Schulze et al.,, 2010).
Moreover application of the kinase inhibitor K-252a before flg22 treatment interfered with FLS2
and BAK1 phosphorylation but not with the heteromeric complex formation indicating that
dimerization is phosphorylation independent (Schulze et al., 2010). Furthermore, other BAK1-
interacting PRRs, namely EFR and PEPR1 were shown to be very rapidly phosphorylated in
response to efl18 and AtPepl, respectively, but not chitin, further confirming that BAK1 is not
required for the regulation of CERK1-dependent signaling (Schulze et al., 2010).

Congruently with these results, bakl null mutants are compromised in defense
responses induced by AtPepl (Krol et al.,, 2010). BAK1 was shown to interact in a ligand-
independent manner with PEPR1/2 in vyeast-two-hybrid assays, and simultaneous
phosphorylation of BAK1 and PEPR1 was observed upon AtPepl treatment indicating that
AtPep perception mediated by PEPR1 receptor is also regulated by BAK1 (Postel et al., 2010;
Schulze et al., 2010) (Figure 1.5). Interestingly, PEPR1 is an RD kinase, indicating that despite
signaling similarities, differences may exist in early regulatory events between MAMP-induced
and DAMP-induced signaling pathways (Dardick et al., 2012). BAK1 and BKK1 (see below) are
the determinant elements in FLS2-, EFR-, and PEPR1/2-mediated signaling since the bak1-5
bkk1 double mutants are almost insensitive to flg22, elf18 and AtPepl treatments (Roux et al.,

2011; Schwessinger et al., 2011).
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BAK1 is also thought to positively regulate Vel-mediated signaling (Vel is a putative PRR
for the fungal Avel peptide) responsible for tomato Verticillium resistance (Fradin et al., 2009;
Fradin et al.,, 2011; Schwessinger and Ronald, 2012). Additionally, BAKI1-silenced N.
benthamiana plants were less sensitive to bacterial cold shock protein csp22 and Phytophtora
infestans elicitor INF1 suggesting that BAK1 may form ligand-dependent complexes with several
other PRRs (Heese et al., 2007; Chaparro-Garcia et al., 2011).

In contrast, in xylanase-triggered signaling in tomato, BAK1 seems to have a negative
regulatory role through association, in vitro and in vivo, with the decoy receptor EIX1 but not

with EIX2, which is the signaling-competent receptor (Bar et al., 2010).

1.3.3.2 Other SERKSs seem to be functionally redundant with BAK1 in immunity

As in BR signaling, a functional redundancy was proposed for SERK homologs in defense
signaling, since bakl null mutant plants exhibited residual sensitivity to flg22 (Chinchilla et al.,
2007; Heese et al.,, 2007). It was demonstrated, by co-immunoprecipitation and mass
spectrometry analysis, that beside of BAK1 other SERKs are also recruited into FLS2- and EFR-
complexes in a ligand-dependent manner (Roux et al., 2011). Heterologous expression of
AtSERKs in N. benthamiana revealed that while FLS2 interacts preferentially with BAK1, EFR
seems to be less selective for a particular interacting partner the these four SERK proteins,
indicating an unequal importance for SERKs in FLS2 and EFR receptor complexes (Roux et al.,

2011).

1.3.3.3 More players in the BAK1-dependent signaling pathways

A new signaling element, a receptor-like cytoplasmic kinase (RLCK) BIK1 (BOTRYTIS-
INDUCED KINASE 1), has been identified in the complex of FLS2 (Lu et al., 2010b). BIK1, which
was previously shown to be up-regulated upon necrotrophic fungi Botrytis cinerea and flg22
treatments, and its paralogs PBS1 (AVRPPHB SUSCEPTIBLE 1), PBL1 (PBS-LIKE 1) and PBL2 have
been found to constitutively associate with FLS2 (Veronese et al., 2006; Lu et al., 2010b; Zhang

et al., 2010). It was established that BIK1 is phosphorylated approximately 2 minutes with a
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peak at 10 minutes after flagellin perception, thus, after BAK1-FLS2 complex formation and the
initial trans-phosphorylation events (Lu et al., 2010b). According to the authors’ model,
following flagellin perception BAK1 phosphorylates BIK1; then BIK1 subsequently
phosphorylates FLS2 and BAK1; and finally, BIK1 is released from the FLS2-BAK1 complex (Lu et
al., 2010b; Zhang et al., 2010) (Figure 1.5). Interestingly BIK1 is also found in constitutive
association with EFR and CERK1 and gets phosphorylated upon ligand perception, indicating
that BIK1 may represent a convergent signaling element between BAK1-dependent and BAK1-
independent PRR complexes (Lu et al., 2010b; Zhang et al., 2010). An important role for BIK1
and PBL1 in plant immunity is supported by the findings that they are required for ethylene
induced defenses, flg22-induced ROS production, stomatal defense and flg22-mediated
resistance to Pto DC3000 (Lu et al., 2010b; Zhang et al., 2010; Laluk et al., 2011; Liu et al., 2013;
Lietal., 2014).

1.3.3.4 BAKI1 appears as an ideal target for bacterial effectors

Consistent with its important function in plant immunity, BAK1 is a logical target for
bacterial effectors. It was reported initially that two sequence-distinct P. syringae effectors,
AvrPto and AvrPtoB, can suppress signaling induced by flg22 as well as by other MAMPs up-
stream of the MAPK cascade (de Torres et al., 2006; He et al., 2006) (Figure 1.5). Subsequently,
it was shown that AvrPto, when overexpressed in Arabidopsis protoplasts, acts as a kinase
inhibitor for FLS2 and EFR, and also prevents flg22 induced BIK1 phosphorylation and BIK1
dissociation from FLS2 (Xiang et al.,, 2008; Zhang et al., 2010). Because constitutive
overexpression of AvrPto in Arabidopsis plants leads to a BR-insensitive phenotype it was
investigated whether BAK1 is a target for AvrPto and AvrPtoB (Shan et al., 2008). In the same
study it has been shown, by co-immunoprecipitation analysis in Arabidopsis protoplasts, that
these two effectors interact with BAK1 and FLS2 and interfere with their heteromerisation.
Moreover other groups showed that AvrPtoB targets FLS2 and CERK1 for degradation by
ubiquitination (Gohre et al., 2008; Gimenez-lbanez et al., 2009b). Finally it was recently
reported by protoplast- and plant-based co-IP and BiFC (bimolecular fluorescence

complementation) assays that FLS2 but not BAK1 is targeted by AvrPto (Xiang et al., 2011).
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Although some of these results seem to be controversial, we can say that these two effector

proteins interfere with the flagellin receptor complex to block PTI.

Figure 1.5: BAK1 is a central element of PTI (pattern-

PRRs triggered immunity) through association with multiple PRRs
FLS2
EFR

PEPR1/2 associated molecular pattern) or DAMP (damage-associated

(pattern recognition receptors). Upon MAMP (microbe-
BAK1/SERKs

( BIK1)
P

molecular pattern) recognition BAK1 interacts with several PRRs

b— AP0 such as FLS2 (FLAGELLIN SENSING 2), EFR (EF-TU

I RECEPTOR) and PEPR1/2 (PEP RECEPTOR 1/2). After
: heteromerisation, the interacting partners get phosphorylated and
1 allow the phosphorylation of downstream signaling elements in
‘I, the cytoplasm such as BIK1 (BOTRYTIS-INDUCED KINASEL1).
PTI As a central element of PTI the receptor complex is targeted by
AvrPto and AvrPtoB, two bacterial effectors.

1.3.3.5 BAKU is required for pathogen resistance

BAK1-silenced N. benthamiana plants were shown to be more susceptible to P. syringae
and to Hyaloperonospora arabidopsidis (Heese et al., 2007). These effects were difficult to
study in Arabidopsis bakl null mutants, but they were confirmed in the Arabidopsis bak1-5
semi-dominant mutant allele, which is only impaired in defense but not in other pathways such
as the BR or cell death pathways normally regulated by BAK1 (Kemmerling et al., 2007; Roux et
al., 2011; Schwessinger et al., 2011). Indeed, as mentioned above, it has been demonstrated
that the bak1-5 mutant is strongly impaired in FLS2- and EFR-dependent PTI signaling including
ROS production, MAPK activation and defense gene expression in response to flg22 and elf18
(Schwessinger et al., 2011). As a consequence the bak1-5 mutant displayed hyper-susceptibility

to Pto DC3000, which confirmed the positive role of BAK1 in disease resistance.

1.3.3.6 BAKI has a BR-independent role in cell death control
Knock out mutants of BAK1 (bak1-3 and bak1-4) displayed spreading necrosis upon

infection with biotrophic bacterial pathogens. As a consequence, bakl mutants showed

32



GENERAL INTRODUCTION

increased susceptibility to necrotrophic fungi such as Alternaria brassicicola or Botrytis cinerea
(Kemmerling et al., 2007). This effect was found to be BR-independent since exogenous
application of BR did not rescue the altered cell death phenotype while it did rescue bak1-3
growth defect. Furthermore, mutants impaired in BR perception, such as bri1-5 (Noguchi et al.,
1999) or in BR biosynthesis, such as cbb1 (Mussig et al., 2002) did not exhibit perturbed cell
death control upon pathogen infection (Kemmerling et al., 2007). BAK1 involvement together
with BKK1 (SERK4) in cell death control was further supported by the light dependent stress
responses and lethality observed in the bakl bkk1 double mutant seedlings in sterile conditions
(He et al., 2007; He et al., 2008). Collectively these results indicate that BAK1 together with

BKK1 (SERK4) is a negative regulator of cell death control (Figure 1.6).

BAK1 SERK4
Figure 1.6: BAK1 seems to play a role in cell death control. Lack of BAK1
and its closest homolog SERK4 (SOMATIC EMBRYOGENESIS RECEPTOR
KINASE 4) leads to cell death and seedling lethality.
I
|
|
I
£
Celldeath
Defenseresponses

1.3.3.7 BAKI1 at the crossroad of development and immunity

A tradeoff may exist between immunity and growth, as indicated by the fact that flg22
treatment induces seedling growth inhibition (Gomez-Gomez et al., 1999). Is this due to the
involvement of BAK1 both in BR-signaling for growth and in MAMP-signaling for defense? Two
recent studies revealed unidirectional antagonism between BR and PTI pathways. On the one
hand it has been shown that activation of BRI1 by exogenous application of BR or by genetic
modification inhibited PTI responses mediated by several PRRs; on the other hand there was no
direct effect of active PTI signaling on the BR pathway (Belkhadir et al., 2011; Albrecht et al.,
2012). However co-immunoprecipitation analysis revealed that the amount of FLS2 recruited in

the receptor complex upon flg22 treatment was equal in presence and in absence of BRs and
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additionally, FLS2 and BIK1 phosphorylation was also not altered in these conditions indicating
that BAK1 is not a rate-limiting factor between the two pathways (Albrecht et al., 2012).

Despite the common feature, that BR-dependent development, immunity and cell death
control pathways all require BAK1, there are important kinetic and mechanistic differences. As
an example, the assembly and the phosphorylation kinetics of FLS2-BAK1 (seconds) and BRI1-
BAK1 (20-90 minutes) are highly different (Li et al., 2002; Nam and Li, 2002; Chinchilla et al.,
2007; Schulze et al., 2010). Moreover, it is still unknown whether the regulatory activity of
BAK1 in cell death control requires or not a ligand-binding receptor (Kemmerling et al., 2007).
Another important difference is that, while FLS2 and EFR are non-RD kinases and for
heteromerisation with BAK1 the kinase activity of the interacting partners is not needed, BRI1 is
an RD kinase and for its heteromerisation with BAK1 the kinase activity is required (Dardick and
Ronald, 2006; Schulze et al., 2010; Clouse, 2011; Schwessinger et al., 2011). In addition, C-
terminally tagged versions of BAK1 are impaired in PTI functions but not in BR-signaling
(Ntoukakis et al., 2011). How BAK1 functional specificity is determined in distinct biological
processes, which are often active simultaneously in the same cell, is still elusive. The
identification and characterization of BAK1 phosphosites and new BAK1 mutant alleles, such as
bak1-5, point into the direction that differential phosphorylation of BAK1 might be decisive to
trigger appropriate responses to a given environmental stimulus (Wang et al., 2008; Oh et al.,
2010; Schwessinger et al.,, 2011). Further investigations of BAK1l-dependent pathways are

required to fully understand the role of BAK1 in plant immunity and development.

1.4 Aims of the thesis

The plant LRR-RLK BAK1 has been identified as an interacting partner of ligand-binding
LRR-RLKs, in particular the hormone receptor BRI1 and the immune receptor FLS2 (Li et al.,
2002; Nam and Li, 2002; Chinchilla et al., 2007; Heese et al., 2007). Through physical association
with its interacting partners, BAK1 emerged as a positive regulator of BR-dependent plant
development and PRR-mediated innate immunity (Li et al., 2002; Nam and Li, 2002; Chinchilla
et al.,, 2007; Heese et al., 2007). Additionally, BAK1 was proposed to control BR-independent

cell death pathways (He et al.,, 2007; Kemmerling et al., 2007). Interestingly, it has been
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demonstrated that flg22 inhibits growth of Arabidopsis seedlings (Gomez-Gomez et al., 1999).
This is reminiscent to the phenotype presented by bril knockout mutants (Li and Chory, 1997).
This observation raised the question whether BAK1 recruitment by FLS2 during PTI activation
prevents or removes BAK1 from the BRI1-BAK1 complex and thus inhibits BRI1 signaling. Thus,
our first idea was to increase the BAK1 abundance, which might suppress the flg22-mediated
seedling growth inhibition by relieving the possible suppression of BRI1 signaling. Accordingly,
BAK1 was overexpressed under the control of a strong constitutive promoter. Surprisingly, the
generated transgenic BAK1 expressing plants already showed growth impairments and necrosis
without any elicitor treatment and finally died before setting seeds (Delphine Chinchilla,
unpublished results). To study this astonishing effect of BAK1 overexpression more deeply, an
inducible expression system was established in order to check the presence, properties and
kinetics of the defense responses including cell death triggered by BAK1 expression.

Additionally, two homologs of BAK1, SERK1 and SERK4, were overexpressed using the
same inducible system, to determine if they can have similar effects as BAK1. Since plants
defective in BAK1 showed only reduced sensitivity to flg22 and other MAMPs (Chinchilla et al.,
2007), it was proposed that functional redundancy may exist between BAK1 and the other
members of the SERK protein family in MAMP signaling as it was also proposed for the BR
pathway.

To study genes potentially involved in the BAK1 overexpression phenotype the same
construct was transformed into different mutant backgrounds of Arabidopsis and analyzed.
First, the influence of mutations of BAK1-interacting partners (e.g. PRRs) on the BAK1
overexpression phenotype was checked. Furthermore, since BAK1 is a central regulator of PTI-
and BR-signaling and highly conserved within the plant kingdom, it might be a good target for
pathogen effectors and thus could be involved in ETI-signaling (Shan et al., 2008). Therefore we
also wanted to study the effect of ETI mutants such as mutants of R genes, and regulators of R
genes or mutants defective in SA signaling on the BAK1 overexpression phenotype.

In the second part of my thesis we were interested to find out which part of BAK1 is

required for the BAK1 overexpression phenotype. To answer this question, defense responses
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were analyzed comparatively in A. thaliana plants overexpressing full-length BAK1 and BAK1-
derived constructs.

| hope that with this study | can contribute to the better understanding of the role of
BAK1 in immunity and its impact on development. This knowledge may be helpful in the future
to improve disease resistance in important crop plants without negative effects on plant

development and yield.
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2 MATERIAL AND METHODS

2.1 Plant material

2.1.1 Invitro conditions for Arabidopsis thaliana

Seeds were sterilized twice with 70% EtOH (ethanol) and once with 100% EtOH for one
minute. Seeds were sown on solid Murashige and Skoog salt medium (Sigma), 1% sucrose and
0.8% agar at pH 5.7 and vernalized during two days at 4°C in the dark before transferring them

to continuous light at 20°C for germination.

2.1.2 A. thaliana “short day” conditions

Seeds were sterilized as described above (2.1.1), sown directly on soil and then
vernalized for two days at 4°C in the dark. Pots were placed in the following short day
conditions: ten hours light at 21°C / 14 hours dark at 18°C with 60% humidity. Plants were
grown as one plant per pot. Plants grown in these conditions for six weeks were used for

bioassays.

2.1.3 “Long day” conditions for A. thaliana

Seeds were sterilized as described above (2.1.1), then vernalized for two days in the
dark at 4°C and then placed in 16 hours light at 21°C / 8 hours dark at 18°C with 55% humidity.
Alternatively adult plants were transferred from short day conditions in long day conditions.
Plants were grown as one plant per pot. Plants grown in these conditions were used for floral

dip transformation, crossing and seed production.
2.2 Bacteria

2.2.1 Escherichia coli

E. coli DH5a was used for cloning plasmids. These bacteria were cultivated on LB (Luria-
Bertani) medium (tryptone 1%, yeast extract 0.5%, NaCl 1% and if solid medium agar 15 g/I)

supplemented with appropriate antibiotics overnight at 37°C.
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2.2.2 Preparation of competent E. coli cells
Competent E. coli cells were prepared according to the “The Inoue Method for
Preparation and Transformation of Competent E. coli: "Ultra Competent" Cells” described in the

Maniatis laboratory manual (Maniatis, T., Fritsch, E.F. and Sambrook, J., 1982).

2.2.3 Transformation of competent E. coli DH5a. cells

Competent cells (stored at -80°C) were defrosted on ice. 5 pl (maximum) of the DNA
suspension were added to 50 ul of competent cells and incubated on ice for 30 minutes. The
mixture was heat-shocked at 42°C for 90 seconds and placed back on ice for three minutes. 1
ml LB medium without antibiotic(s) was added and bacteria were incubated for 1 hour at 37°C.
Thereafter, the suspension was centrifuged at 3000 rpm for 5 minutes (bench centrifuge) and
950 ul of supernatant were removed. The pellet was resuspended gently in the remaining 100
ul of supernatant and plated on LB medium containing the appropriate antibiotic(s). Plates

were incubated overnight at 37°C.

2.2.4 Agrobacterium tumefaciens

A. tumefaciens GV3101 was used for stable transformation of A. thaliana plants and for
transient transformation of N. benthamiana leaves. This strain contains a Ti (tumor inducing)
plasmid whose oncogenes were deleted but still has the virulence (vir) genes responsible for
mediating transduction of T-DNA to the plant cell genome. This strain is resistant to Rifampicin.
A. tumefaciens was cultivated on YEB (Yeast Extract Beef) medium (beef extract 0.5%, yeast
extract 0.1%, trypton 0.5%, sucrose 0.5%, and if solid medium agar 15g/l) with appropriate

antibiotics at 28°C.

2.2.5 Preparation of competent A. tumefaciens cells

One colony from a fresh plate was pre-cultured in 5 ml YEB medium supplemented with
Rifampicin for two days. Fifty ul of this pre-culture were used to inoculate 50 ml YEB medium
supplemented with Rifampicin and incubated at 28°C until ODgg = 0.5-1. The bacterial culture
was transferred in pre-chilled 50 ml tube and centrifuged at 3000 x g for 10 minutes. The pellet
was dried and resuspended in 1 ml pre-chilled CaCl, 20 mM. Competent A. tumefaciens cells

were stored at -80°C.
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2.2.6 Heat-shock transformation of chemical competent Agrobacteria cells
Hundred pl of competent cells were mixed with 300 ng DNA and incubated on ice for 30
minutes. The mixture was snap-frozen in liquid nitrogen and then incubated five minutes at
37°C. 1 ml of YEB medium without antibiotics was added and bacteria were incubated two
hours at 28°C. The bacterial suspension was centrifuged at 3000 rpm for 5 minutes and then
the pellet was resuspended in 100 ul of supernatant. The bacteria were plated on YEB medium

containing appropriate antibiotics and incubated two days at 28°C.

2.2.7 Glycerol stocks and storage of bacteria
One ml of bacterial culture (E. coli or A. tumefaciens) was mixed with 1 ml of 50 %

glycerol and snap-frozen in liquid nitrogen. Glycerol stocks were kept at -80°C for further usage.

2.3 Antibiotics

Antibiotics were used for selection of bacteria or transgenic plant material. Stock

solutions were kept at -20°C.

Antibiotic Dissolved in Stock concentration Final concentration
Gentamicin H,O 25 mg/ml 25 pg/mi
Rifampicin DMSO 50 mg/ml 100 pg/ml
Kanamycin H.O 50 mg/ml 50 pg/ml
Spectinomycin H.O 100 mg/ml 100 pg/ml
Hygromycin B H,O 25 mg/ml 25 ug/mi

2.4 Solutions used for bioassays

2.4.1 p-Estradiol
B-Estradiol (Sigma, E2758; powder stored at 4°C) was dissolved in EtOH 100% to a stock
concentration of 10 mM and was stored at -20°C. B-Estradiol was used as inducer for the XVE

promoter.
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2.4.2 Elicitors

Peptides of flg22 (QRLSTGSRINSAKDDAAGLQIA) from Pseudomonas aeruginosa (Felix et
al., 1999), and elf18 (ac-SKEKFERTKPHVNVGTIG) from E. coli (Kunze et al., 2004) and chitin from
crab shells (SIGMA) were used as elicitors in bioassays. FIg22 and elf18 were obtained from
EZBiolab and were dissolved in ddH,0 to stock solutions of 10 mM. “In use” flg22 and elf18
dilutions were made in BSA 0.1% and NaCl 0.1 M. Chitin (Sigma) was diluted in water to a stock

solution of 1 mg/ml.

2.4.3 Treatments for bioassays
Estradiol treatment: Addition of 2 ul B-Estradiol of a stock solution (100 uM) and 2 pl
BSA 0.1% NaCl 0.1 M per 200 pl ddH,0.

Flg22 treatment: Addition of 2 pl flg22 of a stock solution (100 uM) and 2 pl ethanol
(100%) per 200 pl ddH,0.

Double treatment: Addition of 2 ul B-Estradiol of a stock solution (100 uM) and 2 pl
flg22 of a stock solution (100 uM) per 200 ul ddH,0.

EIf18 treatment: Addition of 2 pl elf18 of a stock solution (100 uM) and 2 pl ethanol
(100%) per 200 ul ddH,0.

Control treatment: Addition of 2 pl ethanol (100%) and 2 ul BSA 0.1% NaCl 0.1 M per
200 ul ddH,0.

2.5 Primers

Primers were obtained from Microsynth AG (Balgach, Switzerland) without special
modifications and diluted in ddH,0 to 100 pM. For cloning, colony PCR, site directed
mutagenesis and sequencing reactions primers were used at 5 uM concentration and for qRT-
PCR analysis at 100 UM concentration. Beacon Designer 2.0 (

http://www.premierbiosoft.com/molecular_beacons/index.html ) was used to design primers

for gRT-PCR analysis with target T,,= 60°C +/- 1°C; primer length range from 18 to 25 bp (base
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pairs) and amplicon length from 100 to 250 bp. The sequence of all primers used can be found

in Tables 2.1 and 2.2.
2.6 Methods for molecular biology

2.6.1 Colony PCR
Colonies were picked with a pipette tip and resuspended in 50 ul of ddH,0. 1 pl of the
suspension was used for PCR reaction. One vector specific primer and one construct specific

primer were chosen to amplify a DNA fragment between 400 bp and 1 kb.

PCR reagents PCR program
DNA 1l denaturing 94°C /6’ | 94°C/20”
buffer FirePol 1u hybridization 55°C / 30”
dNTP (10 pMm) 0.2l elongation 72°C 171 72°C /5
primer A (5 uM) 0.2 ul number of cycles 1 30 1
primer B (5 uM) 0.2ul
DNA polymerase * 0.1l
ddH,0 7.3 ul

*. FirePol DNA Polymerase (Solis Biodyme, Tartu, Estonia; 0.5 U/ul); ’: minute; ”: second.

2.6.2 Analysis of nucleic acid by gel electrophoresis

Nucleic acids were placed on a 1% agarose gel containing 0.1 pug/ml EtBr (Ethidium
bromide). After electrophoresis (at 100 mV for 20 minutes) in TAE buffer (Tris-HCl 50 mM, pH
8.0, acetic acid 20 mM, EDTA 0.5 mM) amplified DNA fragments, genomic DNA or total RNA
were detected under ultraviolet light and sizes were established by comparison with a

commercial gene ruler (GeneRuler™ 1kb DNA Ladder, Fermentas, #5M0311).

2.6.3 Generation of constructs for plant transformation
Target genes or specific pars of target genes were amplified by PCR from gDNA

(genomic DNA) to be cloned using Gateway® Technology (Invitrogen). Specific primers were
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according to the manufacturer’s

PCR reagents

1¥PCR reaction for Gateway®

2" PCR reaction for Gateway®

cloning cloning

gDNA =120 ng 10 pl from the 1¥PCR reaction
5x Phusion GC Buffer

) 10 ul 8 pl
(Finnzymes)
dNTP (10 pm) 1l 1l
primer A (5 uM) 1l 4 ul
primer B (5 pM) 1u 4 ul
Phusion™ High-Fidelity DNA

) 0.5 pl 0.5 pl

Polymerase (Finnzymes)
ddH,0 to 50 ul 40 pl

primers A/B: in the 1% PCR reaction these are specific primers for the gene of interest fused to attB sites

(Table 2.1); in the 2" PCR reaction they correspond to “Att adaptater fwd” / “Att adaptater rev”.

PCR programs

First PCR reaction for Gateway®

cloning (temperature / time)

Second PCR reaction for Gateway®

cloning (temperature / time)

denaturing 95°C /2 94°C /15" 95°C /1 | 94°C/15” | 94°C/15”
hybridization 58°C / 30" 45°C/30” | 58°C/30”
elongation 72°C [ * 72°C [ * 72°C [ *
number of cycles 1 10 1 5 15

*: time dependent on the amplicon length; ": minute; ’: second.

To purify the PCR product it was mixed by vortexing with three volumes of TE buffer (10

mM Tris HCl + 1 mM EDTA) pH 8.0 and two volumes of PEG (30% PEG (Polyethylene glycol), 30

mM MgCl,) and centrifuged (Centrifuge 3510R, Eppendorf) at 20800 x g for 30 minutes at 20°C.

The supernatant was removed carefully and the pellet was resuspended in 10 pl of TE pH 8.0.
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The purified attB-PCR product (gene of interest) was introduced by BP recombination reaction
to the entry vector pDONRTM207 (Invitrogen). Competent E. coli DH5a cells were transformed
with this reaction and positive colonies were identified by colony PCR. After extraction of the
recombined entry clone by miniprep (NucleoSpin® Plasmid QuickPure, Macherey-Nagel) the
insert was sequenced (Genetic Analyzer 3500, Applied Biosystems). Sequencing data were

analyzed with SeqManTMII (DNAStar, http://www.dnastar.com/) software.

In the next step an LR recombination reaction was performed to transfer the insert in
the destination vector which was subsequently transformed in competent E. coli DH5a cells as

previously described (2.2.3). Positive colonies were identified by colony PCR.

BP recombination reaction LR recombination reaction

attB-PCR product 3.5 ul Entry clone 1 ul (=100-300 ng)

Destination vector
pDONR207™ 0.5 pl (=150 ng/ul) 1 pl (=150 ng/pl)
(pMDC32™, pMDC7™)

BP Clonase™ enzyme mix | 1 LR Clonase™ enzyme mix | 0.5 l

Final volume 5ul Final volume 25ul

Incubate reaction at 25 °C for one hour

Addition of 0.5 pl Proteinase K (Invitrogen)

Incubate reaction at 37 °C for ten minutes

Transformation of competent E. coli DH5a cells

Destination vectors containing the gene of interest were extracted from DH5a cells by

miniprep and transformed into competent Agrobacteria cells as previously described (2.2.6).

For generation of transgenic plants, pMDC7™, pMDC32™ (Figure 2.1), pMDC83™ and

pK7FWG2™ were used as destination vectors to express BAK1, BAK1-derived constructs, SERK1,
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SERK4 and FLS2 under the control of the inducible XVE promoter (Zuo et al., 2000) or the
constitutive double or single 355 CaMV promoter (Odell et al., 1985).

o T

attRl  CmR ccdB attR2 T

8 X OLexa-35S

pMDC7
13228 pb

; SpectR /

/_RB 2x355  atRl CmR ccdB attR2 T P | HPTII T

pMDC32
11752 pb

— J

Figure 2.1: Schematic representation of pMDC7™ vector with inducible XVE system and
pMDC32™ vector. RB: T-DNA right border; Pgio0: Synthetic promoter controlling XVE; XVE: coding
sequence of a chimeric transcription factor; LexA: DNA-binding domain of bacterial repressor LexA,
VP16: transcriptional activation domain of VP16 protein from herpes simplex virus; hER: interaction
domain of estradiol from human estrogen receptor; T: terminateur; P: promoter; HPT Il: coding sequence
of hygromycin phosphotransferase Il plant-selectable marker gene; 8 x O ¢a-35S: eight copies of LexA
operator sequence fused to 35S promoter; attR1, attR2: Gateway® recombination sites; Cm":
Chloramphenicol resistance gene; ccdB: allows negative selection of the destination vectors in E. coli;
LB: T-DNA left border; Spect”™: Spectinomycin resistance gene; 2 x 35S: two copies of 35S promoter;

Kan®: Kanamycin resistance gene; bp: base pair. Arrows indicate the direction of transcription.

The inducible XVE system is composed of several transcriptional units. The first is the
chimeric XVE transcription factor (LexA, VP16, hER) under the control of a constitutive
promoter Pgi0.90. The second transcriptional unit corresponds to eight copies of LexA bacterial
operator fused to 35S promoter (8 x Oexa-35S) which controls the expression of the insert
recombined between the attR Gateway® sites. These two transcriptional units are separated by
the coding sequence of hygromycin phosphotransferase Il (HPT Il). When estradiol binds to the

XVE transcription factor, transcription of the insert is activated.
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2.6.4 Quantification of acid nucleic
For quantification and verification of purity of acid nucleic (DNA, RNA) a NanoDrop 2000

(Thermo-Scientific) was used according to the manufacturer’s instructions.

2.6.5 Site directed mutagenesis

For single amino acid mutation in vitro site directed mutagenesis was performed using
as template pDONRTM207 constructs. A pair of complementary mutagenic primers was
designed with the desired mutation in the middle of the primer and with a T, (melting
temperature) equal or higher than 78°C to amplify the entire plasmid by PCR using Phusion™
High-Fidelity DNA Polymerase (Finnzymes). The following formula was used to calculate the T,

of primers:
Tm=81.5+ 0.41(%GC) — 675/N — % mismatch (N: primer length in bases)

The methylated template plasmid extracted from E. coli was digested using Dpn |
(Stratagene) enzyme treatment (1 hour at 37°C) while the mutated plasmid synthesized in vitro,
therefore unmethylated, remained undigested. The nicked vector containing the desired
mutation was then transformed into competent E. coli DH5a cells for multiplication. The entire
insert was verified by sequencing. Sequencing data were analyzed by SeqMan™II (DNAStar,

http://www.dnastar.com/) software.

2.7 Stable transformation of A. thaliana plants

Stable transformants of Arabidopsis plants were obtained by floral dip procedure (Clough
and Bent, 1998). Agrobacteria containing the DNA construct of interest were cultured in YEB
medium overnight at 28°C and then centrifuged (Megafuge 1.0R, Heraeus Instruments) at 3345
x g for 10 minutes at 23°C. The pellet was resuspended gently in 5% sucrose solution and 0.02%
Silvett L-77 (Lehle Seeds, USA) to a density of ODggo = 0.8. Inflorescences of flowering plants
were submerged for 15 seconds in the bacterial solution. Plants are placed into long day
conditions under cover to provide a high humidity environment for one day and then without
cover until seed ripening. T1 transformants were selected in vitro on MS medium plates

supplemented with Hygromycin B.
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2.8 Analysis of transgene expression

Fifty mg of plant material (seedlings or leaves) were frozen in liquid nitrogen, ground with
glass beads (d=2 mm, Roth) in a mixing device (Silamat® S6, Ivoclar Vivadent®) and resuspended
in 100 pl of cold extraction buffer (50 mM Tris-HClI pH 8, 50 mM NaCl) and 1 pul protease
inhibitor cocktail (Sigma-Aldrich, P9599). After denaturing in SDS-loading buffer (100 mM Tris-
HCI pH 6.8, 4% SDS, 0.2% Bromophenol blue, 20% Glycerol, 5% B-mercaptoethanol) at 95°C for
5 minutes, equal amounts of proteins were separated on a 10% SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and analyzed by Western blot. Prestained Protein
Marker, Broad Range (BioLabs, P7708L) was used to determine the size of the proteins revealed

on the membrane.

Primary antibodies

Rabbit anti-BAK1 (dilution 1/300) Polyclonal antibody (Schulze et al., 2010)

Rabbit anti-FLS2 (dilution 1/300) Polyclonal antibody (Chinchilla et al., 2006)

Rabbit anti-phospho-p44/42 MAPK (Erk1/2) (dilution

Monoclonal antibody; Cell Signaling Technolo
1/1000) Y g 9 i

Mouse anti-GFP (dilution 1/1000) Monoclonal antibody; Roch Applied Science

Secondary antibody

Goat anti-rabbit IgG alkaline phosphatase conjugate

o Polyclonal antibody; Sigma-Aldrich A3687
(dilution 1/30000)

Goat anti-mouse IgG alkaline phosphatase conjugate

o Polyclonal antibody; Sigma-Aldrich A3562
(dilution 1/30000)

A chemo-luminescent substrate, CDP-Star (Roch Applied Science, 11759051001), was
used to detect rapidly alkaline phosphatase (secondary antibody) labeled molecules. This
technique is extremely sensitive as a result of low background luminescence coupled with high
intensity and prolonged light output from the enzyme catalysis. Image acquisition for

luminescence detection was performed using ChemiDoc videoscopy (BioRad).
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2.9 Detection of MAPK activation

Arabidopsis seedlings germinated for six days on MS-agar plates in vitro were transferred
to 200 pl ddH,0 as five seedlings per well in 24 well plates and were placed back into in vitro
conditions overnight. Seedlings were treated with 1 uM estradiol or equal volume of ethanol
(negative control) for three, four, six, eight, ten and 27 hours. MAPK activation was analyzed by
Western blot using anti-phospho-p44/42 MAPK (Erk1/2) antibodies (Cell Signaling Technology)

which recognize phosphorylated MAPKs.

2.10 Analysis by quantitative real-time PCR (QRT-PCR)

Six-day-old A. thaliana seedlings germinated in vitro were transferred to 200 ul ddH,0 as
15 seedlings per well in 24 wells plates. On the next day seedlings were treated, frozen in liquid
nitrogen and ground with autoclaved mortar and pestle. Total RNA was extracted from 80 mg
of plant material by NucleoSpin® RNA Plant kit (Macherey-Nagel). Quality of RNAs was checked
by gel electrophoresis. An additional DNase treatment was performed on 5 pg of RNA

(dissolved in 30 ul RNase free water) for each sample using the following conditions:

DNase treatment

Five ug RNA 30 ul
DNase buffer (Fermentas) 5ul
DNase | (Fermentas) 5ul

RNasin® Ribonuclease Inhibitor (Promega) 0.5 pl

H,O RNase free (Promega) 9.5 ul

The reactions were centrifuged for five seconds and incubated at 37°C for 30 minutes.
Five ul of EDTA (Fermentas) was then added to each of the reactions, and they were incubated
at 65°C for ten minutes. In a next step, nucleic acids were precipitated using 1/10 volume of 3
M sodium acetate pH 4.8 and 2.5 volumes ethanol 100% overnight at -20°C. Samples were
centrifuged (Centrifuge 3510R, Eppendorf) at 20,800 x g for 30 minutes at 4°C and the pellets
were washed with 200 pl EtOH 70% by vortexing. After 10 minutes centrifugation at 20,800 x g
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at 4°C, supernatants were discarded and the pellets were dried by a speed vacuum device.

RNAs were resuspended in 20 ul of RNase free water.

One microgram DNase treated RNAs were reverse transcribed to cDNA using AMV
reverse transcriptase. In a first step RNA, secondary structures were resolved for two minutes

at 75°C. Subsequently the RT reaction was conducted as described below:

RT reaction RT program

One ug RNA 8.4 ul

20°C /10’
AMV Reverse Transcriptase 5X Reaction

5ul 42°C /15’

Buffer (Promega)

56°C /2
MgCl; (25 mM) 5ul

95°C /5
oligo dT (25 pM) 2.5 ul
dNTP (25 mM) 25ul
AMV Reverse Transcriptase (Promega) 0.8 pl (30 units)
RNasin® Ribonuclease Inhibitor (Promega) 0.8 ul

" minutes

After stopping the RT reactions by heating at 95°C for 5 minutes, 25 ul of ddH,0 were

added to each reaction.

To verify the absence of gDNA contamination, a PCR reaction was performed on
synthesized cDNAs and on Col-0 gDNA. Primers (RPL4for and RPL4rev) were chosen to bind on a
housekeeping gene and cross an intron. The amplification product was resolved using agarose

gel electrophoresis (I1.6.2) to assess size differences.

PCR reagents PCR program

buffer FirePol 1.5ul Denaturing 94°C /5 94°C /1

48




MATERIAL AND METHODS

dNTP (10 pM) 1.8 ul Hybridization 57°C /1

RPL4for (5 uM) 15yl Elongation 72°C 171 72°C 1%
RPL4rev (5 puM) 15yl number of cycles 1 35 1
DNA polymerase * 0.08 pl

DNA 0.5 pl

ddH,0 8.12 pl

*: FirePol DNA Polymerase (Solis Biodyme, Tartu, Estonia; 0.5 U/ul); ’: minute.

All cDNA samples were diluted 100 times to perform gRT-PCR reactions. In this

technique, the amplified DNA is quantified in real time as the reaction progresses. For standard

curves, cDNAs from all samples were pooled and further diluted 50, 100, 200 times as

described:

Standard curve dilutions 50 100 200

H,O 686 pl 300 pl 200 pl

<DNA 14 pl (1.75 pl of each | 300 pl (from the “50” | 200 pl (from the “100”
cDNA) dilution) dilution)

final volume 700 pl 600 pl 400 pl

For one gRT-PCR reaction, 5 ul cDNA, 7.3 ul ddH,0, 12.5 pl Power SYBR® Green PCR

Master Mix (Applied Biosystems) and 0.1 ul (0.4 uM) of each primer (Table 2) were used. For all

samples three technical replicates were prepared.

gRT-PCR program temperature / time number of cycles
holding stage 50°C /2 1
holding stage 95°C /10’ 1
95°C /15~
cycling stage 40
60°C /1
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95°C /15”
60°C /1
melt curve stage 1

95°C / 30”

60°C /15"

" minute; ”: second.

The experiments were performed with an ABI 7500 Real-Time PCR instrument (Applied
Biosystems) and data were analyzed by 7500 Software v2.0.5. Data obtained for the selected
genes were normalized to the housekeeping gene EIF4a (Boudsocq et al., 2010). Final results

are the mean of at least three biological replicates.
2.11 Analysis of ethylene biosynthesis by gas chromatography

2.11.1 A. thaliana seedlings

Whole six-day-old seedlings germinated in vitro were placed in 7 ml glass tubes in 100 pl
ddH,0 as five germinations (=5 mg fresh weight) per tube. Open tubes with plant material were
placed overnight into in vitro light conditions and treated as indicated in the figure legends.
Assay tubes were closed with rubber septa and ethylene accumulating in the free air space was

measured by gas chromatography (GC-14A Shimadzu) after three hours of incubation.

2.11.2 A. thaliana leaf strips

Leaf strips about 1 mm thick were cut from four-week-old A. thaliana plants, grown in
short day conditions. Two leaf strips (=15 mg) per tube were placed in 7 ml glass assay tubes in
500 ul ddH,0. Either estradiol with 1 uM final concentration or ethanol was added in tubes.
Open tubes with prepared plant material were placed overnight in “short day” conditions. The
next morning flg22 treatment to 1 uM final concentration or the appropriate control solution
was added in adequate tubes. Four technical replicates were performed per treatment.
Ethylene accumulation was measured in the same way as described above for seedlings by gas

chromatography (GC-14A Shimadzu) after three hours incubation.
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2.12 Mesophyll cell death detection by trypan blue staining

Seedlings grown for six days in vitro were transferred to liquid MS medium (two seedlings
per well) containing estradiol, elf18 or control solution (described above). For each treatment
twelve seedlings were stained. After three days incubation with the different treatments under
continuous light, seedlings were placed in 15 ml Falcon tubes and covered with 200 pl of Trypan
blue staining solution (one volume ddH,0, trypan blue 0.067%, one volume lactic acid 90%, one
volume glycerol 99.5%, six volumes EtOH 100% and one volume phenol 90%). Tubes were
placed in boiling water for one minute and cooled down for two hours. Staining solution was
replaced by 1 ml of clearing solution (chloral hydrate 2.5 g/ml) and samples were placed on a
shaker to distain tissues. Clearing solution was changed regularly until the seedlings stopped to
release blue color. After transferring them to 60% glycerol, seedlings were examined by light

microscopy (microscope: Axioplan, ZEISS; camera: Olympus DP70).

2.13 Seedling growth inhibition assay

Six-day-old A. thaliana seedlings germinated in vitro were transferred in liquid MS
medium (one seedling per well) supplemented either with estradiol, flg22, flg22 plus estradiol
or a control solution. For each treatment six technical replicates were performed. After six days

images were taken and the seedling fresh weight and main root length was measured.

2.14 Pathogen growth assay

Seedlings grown for six days in vitro were transferred in 15 ml of water supplemented
either with estradiol, flg22 or control solution. After 24 hours the seedlings were inoculated
with Pseudomonas syringae pv tomato DC3000 (ODgpo = 0.01). Seedlings were incubated with
the bacteria for 1.5 hours at 22°C. Seedlings were then washed 3 times with ddH,0 and
transferred back to fresh tubes containing the appropriate supplements until measurement.
Before the measurements seedlings were surface sterilized with 70% ethanol, and 30 seedlings
were ground in 100 ul ddH,O per replicate for the first time point or 10 seedlings per replicate
were used for time point 48 h. From the ground suspensions, serial dilutions were prepared and
10 pl were plated on YEB-plates supplemented with antibiotics. The number of colonies was

determined after 4 hours for time point 0 dpi (day post-inoculation) and 2 days later for time
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point 2 dpi. Number of colonies obtained was represented as cfu (colony forming units) per 10

seedlings.
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3 RESULTS

3.1 Chapter 1: BAK1 overexpression leads to a constitutive defense

response in Arabidopsis thaliana

3.1.1 Abstract

Plants employ membrane localized pattern recognition receptors (PRRs) to sense
widely conserved microbe-associated molecular patterns (MAMPs) in their surrounding
environment. In Arabidopsis, detection of MAMPs like flagellin or elongation factor Tu by
specific PRRs called FLS2 and EFR, respectively, initiates pattern-triggered immunity (PTI).
BRI1-ASSOCIATED KINASE 1 (BAK1) positively regulates PTI by interacting with FLS2 and EFR.
In addition, BAK1 is an enhancer of brassinosteroid (BR)-dependent development through
interaction with the BR receptor BRI1, and a negative regulator of cell death control. Here, we
overexpressed BAK1 to better understand its role in innate immunity. We demonstrate that
up-regulation of BAK1 leads to MAMP-independent growth impairment, necrosis and
premature plant death. By using an estradiol-inducible promoter (XVE) we further observed
that already 6 hours after induction of BAK1 expression, defense responses like ethylene
production or MAP kinase phosphorylation were elicited leading to an increased resistance
against pathogenic Pseudomonas syringae pv tomato (Pto) DC3000. Likewise, overexpression
of the BAK1 homologs SERK1 and SERK4 also triggered constitutive defense responses.

Interestingly, overexpression of BAK1 in a sobirl (a mutant affected in the LRR-RLK
SUPPRESSOR OF BAKI1-INTERACTING RECEPTOR-LIKE KINASE 1-1) knock-out mutant
background did not produce the aberrant growth and developmental phenotype. SOBIR1
emerges as a new regulator for PRRs from the receptor like proteins (RLP) family. Thus, our
results indicate that high levels of BAK1 expression constitutively activate PTI. Nevertheless
we cannot exclude that other BAK1l-dependent pathways are involved in the observed

phenotype.
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3.1.2 Introduction

Plants are constantly challenged by biotic and abiotic stimuli coming from their
environment. For a quick and efficient response, they need to sense and translate these
extracellular signals into intracellular responses. Especially for biotic stimuli they use a wide set
of receptor-like kinases (RLKs) that possess diverse ligand binding specificities (Shiu and
Bleecker, 2001a).

Arabidopsis BAK1 (BRASSINOSTEROID INSENSITIVE 1 (BRI1)-ASSOCIATED KINASE 1) is a
leucine-rich repeat (LRR)-RLK, which plays an important regulatory role in plant development
and disease resistance. For this it interacts with other LRR-RLKs like the brassinosteroid
receptor BRI1 (BRASSINOSTEROID INSENSITIVE 1), an important regulator of plant development
(Li et al.,, 2002; Nam and Li, 2002; Kinoshita et al., 2005), as well as the pattern recognition
receptors (PRRs) FLS2 (FLAGELLIN SENSING2) and EFR (EF-TU RECEPTOR), that are central for
plant innate immunity (Chinchilla et al., 2009). The latter PRRs are able to recognize
extracellular non-self molecular signatures present in microbes called microbe-associated
molecular patterns (MAMPs) to activate intracellular signaling cascades leading to a set of
defense responses known as pattern-triggered immunity (PTI) (Nurnberger et al., 2004;
Chisholm et al., 2006; Zipfel, 2008; Boller and Felix, 2009). PTI responses include e. g. mitogen-
activated protein kinase (MAPK) activation, defense gene expression, ethylene production, and
seedling growth inhibition.

In Arabidopsis, FLS2 is able to bind a highly conserved N-terminal peptide within
bacterial flagellin (flg22), while EFR binds an N-terminal peptide within EF-Tu (elf18) (Chinchilla
et al., 2006; Zipfel et al., 2006). Co-immunoprecipitation (Co-IP) studies demonstrated that
flg22 binding induces an extremely rapid heteromeric complex formation between the ligand-
activated FLS2 and BAK1 (Chinchilla et al., 2007; Heese et al., 2007). Complex formation of FLS2
with BAK1 was complete almost instantaneously (< 1 second) after flg22 treatment and was
followed by rapid trans-phosphorylation (within 30 seconds) of the interacting partners
suggesting that these two events represent the molecular mechanisms for receptor activation

(Schulze et al., 2010). Interestingly, an X-ray chystallographic study recently showed that FLS2-
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bound flg22 recognition by BAK1 is required to form a signaling-active complex (Sun et al.,
2013b).

A receptor-like cytoplasmic kinase (RLCK) BOTRYTIS-INDUCED KINASE 1 (BIK1), has been
found to constitutively associate with FLS2 (Lu et al., 2010b; Zhang et al., 2010). Within 10
minutes, activation of FLS2 led to phosphorylation of BIK1 (Lu et al., 2010b; Lu et al., 2010a).
BIK1 has previously been identified as an important component of Arabidopsis for resistance to
necrotrophic fungi and as a negative regulator of basal defense responses to virulent bacterial
strains of Pseudomonas syringae pv tomato (Veronese et al., 2006). After trans-phosphorylation
events between the interacting partners, BIK1 is likely released from the FLS2-BAK1 complex
(Lu et al., 2010b). Interestingly, it was shown that in addition to BIK1, one of its homologs, PBL1
(AVRPPHB SUSCEPTIBLE 1 (PBS)-LIKE 1), is transiently phosphorylated as well upon flg22
treatment, suggesting that PBL1 is also an actor of flg22-triggered signaling (Zhang et al., 2010).
Collectively these events may initiate the downstream signaling cascade to activate defense
responses and finally lead to PTI.

In addition to microbes, PRRs can recognize endogenous plant-derived molecules called
danger- or damage-associated molecular patterns (DAMPs) that are thought to appear in
response to the damage caused by pathogen attack. An example of DAMPs in Arabidopsis is a
group of peptides known as AtPeps, which are perceived by two other LRR-RLKs, PEP RECEPTOR
1 and 2 (PEPR1 and PEPR2) (Yamaguchi et al., 2006; Huffaker and Ryan, 2007; Ryan et al., 2007;
Krol et al., 2010). Like FLS2 and EFR, PEPR1 also associates with BAK1 in a ligand-dependent
manner and this complex triggers similar defense responses as FLS2-BAK1 and EFR-BAK1
complexes do and seems also to contribute to plant immunity (Huffaker and Ryan, 2007; Krol et
al., 2010; Schulze et al., 2010; Huffaker et al., 2011; Roux et al., 2011; Bartels et al., 2013; Flury
et al., 2013).

BAK1 belongs to the five members SOMATIC EMBRYOGENESIS-RELATED KINASE (SERK)
family, therefore it is also named SERK3 (Hecht et al., 2001). Additionally to BAK1, BKK1 (BAK1-
LIKE KINASE 1), also called SERK4, has been associated with plant immunity, and both seem to
work at least partially redundantly (Roux et al., 2011). Beside its important function in PTI, BAK1

was also shown to play a role in plant cell death control. BAK1 deficient mutants, bak1-3 and
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bak1-4 (Col-0 background), develop spreading necrosis upon biotrophic bacterial infection and
show enhanced susceptibility to necrotrophic pathogens (Kemmerling et al., 2007).

In order to suppress PTI, successful pathogenic bacteria developed a set of virulence
molecules, which can be secreted inside the plant cell through the type Ill secretion system
(T3SS) (Cunnac et al., 2009; Lindeberg et al., 2009). These virulence molecules, also called
effectors, can specifically inhibit important signaling elements of PTI (Boller and He, 2009). In
response to effectors, plants developed resistance (R) proteins, which can recognize directly
(gene-for-gene theory) (Flor, 1971) or indirectly (guard hypothesis) (Van der Biezen and Jones,
1998) effectors and activate defense responses leading to effector-triggered immunity (ETI)
(Jones and Dangl, 2006). ETI is usually associated with the development of localized
hypersensitive cell death response (HR) at the infection site, a sort of cell suicide, to limit
pathogen invasion and increase resistance against biotrophic pathogens (Jones and Dangl,
2006).

It has been found that BAK1 interacts in vivo with BIR1 (BAK1-INTERACTING RECEPTOR-
LIKE KINASE 1), another LRR-RLK (Gao et al., 2009). The knock-out bir1-1 mutant shows
constitutive activation of defense responses, high salicylic acid content and extensive cell death,
which results in strongly increased resistance against the virulent oomycete pathogen
Hyaloperonospora parasitica Noco2. The bir1-1 phenotype can be largely suppressed by the
sobirl-1 (suppressor of bir1-1) mutation (Gao et al., 2009). SOBIR1 encodes an LRR-RLK whose
overexpression induces cell death and activation of defense responses. Interestingly, in a recent
study it was described that SOBIR1 is a central signaling element of plant resistance against
fungal infection (Liebrand et al., 2013). The authors showed that SOBIR1 interacts in a ligand
independent manner in tomato and in Arabidopsis with two receptor-like proteins (RLPs) Cf-4
and Vel and mediates resistance against Cladosporium fulvum and Verticillium dahlia,
respectively (Liebrand et al., 2013). Since BIR1 interacts with BAK1 in vivo it has been suggested
that BIR1 or the BIR1-BAK1 complex could be guarded by two or several R proteins (Gao et al.,
2009). In absence of BIR1, these R protein-mediated pathways (e.g. SOBIR1-dependent) may be
activated and trigger plant immunity. This hypothesis was further supported by the

identification of a calcium-dependent phospholipid binding protein BON1 (BONZAI1) as an
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interacting partner of BIR1 and BAK1, both in vitro and in vivo (Wang et al., 2011). BON1 was
proposed to be a negative regulator of cell death and defense responses in a temperature-
dependent manner via modulation of expression of R genes such as the SUPPRESSOR OF NPR1-
1 CONSTITUTIVE 1 (SNC1) and the LESION CELL DEATH genes (LCDs) (Jambunathan et al., 2001;
Yang and Hua, 2004). Because loss-of-function of R genes (SNC1 and LCDs) partially rescued the
cell death and the activated-defense phenotype of bon1-1 and birl-1 mutants, the hypothetical
BAK1-BIR1-BON1 complex was proposed to be guarded by several R proteins to control plant
survival and defense responses (Wang et al., 2011).

These previous studies show that BAK1 is an important component of development and
plant immunity. To study the role of BAK1 in innate immunity in more detail we generated
plants overexpressing BAK1. These plants developed a stunted plant stature and showed
constitutive activation of immune responses, including growth retardation and leaf necrosis.
This phenotype seems to be independent of the presence of BAK1 interacting PRRs (FLS2, EFR
and PEPRs) and BRI1. To further investigate the physiological and molecular basis of this
phenotype we overexpressed BAK1 in an estradiol inducible manner in Arabidopsis wild type
background. We discovered that estradiol-induced BAK1 overexpression induced ethylene
production, MAPK activation, defense gene expression, seedling growth inhibition and also cell
death. These results indicate that BAK1 over-accumulation is sufficient to constitutively activate
defense responses and cell death in the absence of any elicitor/microbe. Consequently, BAK1
overexpression significantly increased the plant’s resistance against Pto DC3000. Similar to
BAK1 overexpression, overexpression of its homologues, namely SERK1 and 4 (SOMATIC
EMBRYOGENESIS RECEPTOR KINASE 1 and 4), could trigger plant defense responses
independently of the presence of elicitors, indicating a redundant role for SERK proteins in the
activated-defense phenotype.

Further we analyzed the dependency of the activated-defense phenotype on functional
SA signaling and the presence of SOBIR1 or BIK1/PBL1. We found that the BAK1 overexpression
phenotype was partially rescued in the sobir1-13 mutant and possibly in the bik1 pbl1 double

mutant background.
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3.1.3 Results

3.1.3.1 Transgenic plants expressing BAK1 under a constitutive promoter display
developmental defects, leaf necrosis and lethality

To better understand the role of BAK1 in plant immunity the coding sequence of the
BAK1 gene was amplified from genomic DNA and cloned into the constitutive expression vector
pMDC32 harboring a dual CaMV 35S promoter (Curtis and Grossniklaus, 2003). This construct
(hereafter referred to as 2x355-BAK1) was used to stably transform Col-0 wild-type plants by
floral dip (Clough and Bent, 1998). Surprisingly, several plants from the T1 generation grown in
short day conditions developed leaf necrosis three weeks after germination. After six weeks a
panoply of growth phenotypes were observed ranging from wild type-like plants with low BAK1
expression levels to severely stunted, necrotic plants accumulating high amounts of BAK1
(Figure 3.1.1A, D. Chinchilla unpublished results). After nine weeks several plants, which
formerly did not show cell death, developed necrosis, and finally 75% of the selection died
without producing seeds. Western blot analysis of six-week-old plants showed that the
observed phenotype correlated with BAK1 expression levels (Figure 3.1.1A and B). Intriguingly,
besides over-accumulation of a full-length BAK1 protein the accumulation of two other bands
of lower molecular weight were detected. Since these two other bands were recognized by an
antibody raised against a C-terminal peptide sequence of BAK1 (Schulze et al.,, 2010) we
assumed that these are truncated forms of BAK1l. Taken together, the observed growth

phenotype was linked to the accumulation of BAK1 and putative BAK1 truncated versions.
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Figure 3.1.1: Overexpression of BAK1 impedes plant development and causes necrosis and
lethality in Arabidopsis Col-0. A: Phenotype exhibited by T1 plants overexpressing BAK1grown for six
weeks in short day conditions. B: Total proteins were extracted from leaf material and analyzed by
Western blot using antibodies raised against the C-terminal part of BAK1 (Schulze et al., 2010) (upper
panel). Ponceau staining was performed to verify the amount of total proteins present on the membrane

(lower panel). Asterisks highlight the putative truncated forms of BAK1.

The strong stunting phenotype of 2x355-BAK1 plants complicated the investigation of
the different PTl-associated defense responses due to potential pleiotropic effects caused by
the aberrant growth phenotype. Therefore we chose a system in which we could control the
accumulation of BAK1, namely the estradiol-inducible XVE system, which is inducible at many
developmental stages and apparently does not stress the plants (Zuo et al., 2000). Upon
transformation of BAK1 under the control of the inducible XVE promoter (hereafter referred to
as XVE-BAK1) in Col-0 wild-type plants, we obtained 13 independent lines in the T1 generation,
all of which grew like to wild type plants in the absence of estradiol (Figure $3.1.1A). Western
blot analysis done on T2 seedlings showed that BAK1 and its truncated forms over-accumulated

in these lines upon overnight -estradiol treatment (Figure $3.1.1B).
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3.1.3.2 Early defense responses are activated by BAK1 overexpression in absence of a
MAMP ligand

We found that constitutive BAK1 overexpression is associated with the arrest of plant
growth and massive cell death independent of the presence of elicitors (Figure 3.1.1). Similar
effects are characteristic of constitutive defense mutants such as the Imm (lesion mimic
mutants), cprl (constitutive expresser of PR genes 1) or acd6 (accelerated cell death 6) mutants
(Bowling et al., 1994; Rate et al., 1999; Lorrain et al., 2003). This prompted us to investigate if
BAK1 accumulation triggers defense responses in XVE-BAK1 plants.

First we examined the activation of MAPKs, which is one of the earliest responses
triggered by a MAMP treatment. It was described that MPK3 and MPK6 are rapidly (after 5
minutes) and transiently activated in Arabidopsis cell cultures and adult plants after MAMP
perception (Nuhse et al., 2000; Asai et al., 2002). MAPK activation was studied in six-day-old
XVE-BAK1 and wild type Col-0 seedlings treated with or without estradiol for various times
ranging from 3 h to 27 h, using Western blotting with antibodies which recognize the
phosphorylated (active) form of MAPKs (Figure 3.1.2 and $3.1.2). Two bands corresponding to
activated MPK6 and MPK3 were detected four hours after estradiol treatment. These bands
reached their highest intensity from six to ten hours, and remained detectable until 27 hours
after addition of estradiol. This response correlated with overexpression of BAK1 and its
truncated forms (Figure 3.1.2). However in contrast to the MAPK activation, which declined
after ten hours, BAK1 expression levels stayed high even at 27 hours after treatment. Mock-
treated XVE-BAK1 seedlings did not show MAPK activation or BAK1 overexpression (Figure
$3.1.2).

It was described previously that in Col-0 seedlings MPK6 and MPK3 are activated already
2 minutes after flg22 treatment (Suarez-Rodriguez et al., 2007). This activation is stable until 30
minutes and then declines at 60 minutes. Our results showed that overexpression of BAK1
and/or its truncated forms induced a prolonged MAPK activation in an elicitor-independent

manner.
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Figure 3.1.2: Overexpression of BAKL1 in seedlings induces MAPK activation in absence of
MAMPs. Western blot analysis was performed on total protein extracts from six-day-old XVE-BAK1 and
WT seedlings treated with 1 uM estradiol or solvent (control). MAPK activation and BAK1 overexpression
were detected with antibodies recognizing the phosphorylated forms of MAPKs (upper panel) or anti-
BAK1 (middle panel) respectively. Ponceau staining was done on the membrane to verify equal loading of

proteins (lower panel). This experiment was performed four times with similar results.

Another early response to MAMP treatment is the increased production of the stress-
related hormone ethylene. To examine the effect of BAK1 overexpression on ethylene
production, we used again six day old seedlings. XVE-BAK1 and wild type Col-0 seedlings were
treated with estradiol for a time frame ranging from 3 h to 27 h (same as for MAPK assay). In
addition, a flg22 treatment for three hours was performed to determine if the tissue was still
able to produce a detectable ethylene response after the time of pretreatment. Increased
accumulation of ethylene in presence of estradiol was observed in XVE-BAK1 seedlings at the
earliest after six hours of estradiol treatment (Figure 3.1.3). In contrast, no induction of
ethylene accumulation was observed in wild-type seedlings treated with estradiol over this
time frame (Figure 3.1.3). Ethylene values were higher in estradiol treated transgenic samples
than when solely treated with flg22 showing that the observed defense response is even
stronger than the flg22 response at saturating concentrations of MAMP ligand (here used at 1
UM). This MAMP-independent ethylene phenotype remained stable over the first ten hours of

treatment. Surprisingly this response disappeared at 27 hours in presence of estradiol
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treatment, whereas plants were still able to respond to flg22 (excluding the possibility of an
exhausted ethylene production system or dead tissue). Ethylene production correlated with
over-accumulation of BAK1 and/or truncated versions reminiscent to the observation made in
the MAPK activation experiment (Figure 3.1.2). Integrating these first results we chose to
investigate further defense responses and concentrated on the time point of six hours after
addition of estradiol because that was the first time point for which a clear induction of both,

MAPK and ethylene was observed.
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Figure 3.1.3: BAK1 overexpression induces increased ethylene accumulation in absence of
MAMPs. Six-day-old XVE-BAK1 (upper graph) and Col-0 wild type (lower graph) seedlings were treated
with solvent (control) or with 1uM estradiol for different times (as indicated in the figure) and/or 1uM flg22
for three hours. In all cases ethylene production was measured three hours after closing tubes. Error bars
correspond to standard deviation with n=4. Similar results were obtained in four independent biological

replicates.
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3.1.3.3 Defense marker genes are induced by BAK1 overexpression

Perception of elicitors by PRRs induces transcriptional changes in the nucleus within 30
minutes (Asai et al., 2002; Zipfel et al., 2004; Boudsocq et al., 2010). In the previous
experiments we showed that different early PTI responses (ethylene production and MAPK
activation) were activated by BAK1 overexpression in absence of elicitors and this activation
occurred after six hours of estradiol treatment. Here we tested if the overexpression of BAK1
and/or its truncated forms could induce up-regulation of MAMP responsive genes in a MAMP-
independent manner. Therefore total RNAs were extracted from XVE-BAKI1 and wild type
seedlings treated with or without 1 uM estradiol for six hours. A control treatment with 1 uM
flg22 (solvent + flg22 for one hour) was performed on both genotypes as positive control for
induction of marker genes. The data were normalized to the constitutively expressed EIF4a
gene (Boudsocq et al., 2010). In addition of BAK1 itself, we selected early flg22-responsive
genes, FRK1 (FLG22-INDUCED RECEPTOR KINASE 1), PHI-1 (PHOSPHATE INDUCED 1) and NHL10
(NDR1/HIN1-LIKE 10) to test the accumulation of their transcripts (Asai et al., 2002; Boudsocq
et al., 2010). As expected, BAK1 transcripts accumulated massively upon estradiol treatment in
XVE-BAK1, but not in wild type seedlings (Figure 3.1.4). Expression of FRK1 and NHL10 was
significantly induced by estradiol treatment in absence of any elicitor in XVE-BAK1 seedlings.
The induction of NHL10 expression in estradiol treated seedlings was significantly stronger than
induction by flg22 while in case of FRK1 flg22 treatment induced a stronger up-regulation than
estradiol treatment. This difference could be explained for example by differential expression
dynamics of these two genes after BAK1 overexpression in six-day-old germinations. Induction
by flg22 of these two marker genes was comparable between wild type and XVE-BAK1 seedlings
in absence of estradiol. PHI-1 expression levels did not show significant changes in response to
flg22 treatment or estradiol treatment, but this is likely due to the variation between biological
replicates as reflected by large error bars. Taken together, the observed induction of at least
two flg22-induced genes in response to BAK1 overexpression further supports the idea of a
constitutive defense activation triggered by the accumulation of BAK1 and/or its truncated

forms.
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Figure 3.1.4: Some defense-response marker genes are up-regulated by BAK1 overexpression.
Seedlings were treated with or without 1 pM estradiol for six hours and/or 1uM flg22 for one hour. RNAs
were extracted from six-day-old XVE-BAKL1 (line11-2) and WT (Col-0) seedlings and reverse transcribed.
Transcript accumulation was measured by gRT-PCR analysis. For each treatment three technical
replicates were performed. Transcript levels were normalized to the EIF4a gene and are presented as
relative to WT control. Graphs represent the mean of three biological replicates. “*” represents statistically
significant difference compared to control treatment. *: p value<0.05; **: p value<0.01. ANOVA (Newman-

Kleus post test) test was used to analyze the data.

3.1.3.4 The brassinosteroid pathway seems to be inhibited by overexpression of BAK1
Beside the constitutive activation of defense responses by BAK1 overexpression the
observed developmental defects displayed by the 2x355-BAK1 plants might also be based on a
misregulation within the brassinosteroid signaling pathway, since BAK1 interacts also with the
brassinosteroid receptor BRI1. Thus, we wanted to determine the effect of BAK1
overexpression on the brassinosteroid-dependent developmental pathway. Therefore we
investigated the expression level of the brassinosteroid receptor BRI1 and also CPD
(CONSTITUTIVE PHOTOMORPHOGENIC DWARF), encoding a cytochrome P450, which

64



RESULTS

transcripts are negatively controlled by brassinosteroids (Mathur et al., 1998). In BAK1
overexpressors, CPD expression was down-regulated after estradiol treatment, which could hint
at an activation of the brassinosteroid pathway (Figure 3.1.5). However we also found that CPD
expression is repressed after 1 hour of flg22 treatment. A similar pattern was observed for BRI1
expression, which was repressed by BAK1 overexpression and also by flg22 (Figure 3.1.5). Thus
these results confirm that gene regulation exerted by BAK1 overexpression follows the same

pattern as the one observed after flg22 induction even for markers of developmental pathways.
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Figure 3.1.5: Brassinosteroid-related genes are repressed by BAK1 overexpression. Same samples

and conditions were used as in Figure 3.1.4.

3.1.3.5 Arabidopsis seedlings overexpressing BAK1 are impaired in growth and show cell
death

Treatment with bacterial flg22 results in a strong and dose dependent reduction of
growth in young Arabidopsis seedlings (Gomez-Gomez et al., 1999). This growth inhibition
effect was characterized by size reduction of roots, leaves and cotyledons. The growth
impairment induced by flg22 was not associated with necrosis since even after prolonged
treatment with flg22 the seedlings remained green. Here we were interested to see how the
seedling growth is influenced by BAK1 overexpression. Therefore six-day-old seedlings were
grown for an additional six days in the presence of control, estradiol, flg22 or double (flg22 +

estradiol) treatments. XVE-BAK1 seedlings treated with the control treatment developed in a
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comparable manner to wild type seedlings, and in the presence of flg22 both showed an
inhibition of growth characteristic for flg22 treatment. XVE-BAK1 seedlings treated with
estradiol or double treatment showed growth inhibition compared to control seedlings but,
interestingly, this inhibitory effect was stronger/different from the one provoked by flg22
(Figure 3.1.6A and B). Indeed estradiol-treated seedlings were more strongly inhibited in the
growth of roots, cotyledons and leaves than those treated with flg22 (Figure 3.1.6B).
Additionally, while leaves of flg22 treated seedlings stayed green, estradiol treated seedlings
showed yellow-brown coloration on leaves indicating that cell death was occurring (Figure
3.1.6A). Western blot analysis showed that overexpression of BAK1 and/or its truncated forms
correlated with the observed phenotype in XVE-BAK1 seedlings (Figure 3.1.6C). Similar results
were obtained with an independent homozygous XVE-BAK1 line (Figure $3.1.3). These results
indicate that BAK1 overexpression inhibits Arabidopsis growth already in the seedling stage and
in the absence of elicitors. In addition BAK1 accumulation seems to trigger cell death which is

different from the response triggered by flg22 treatment.
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Figure 3.1.6: Seedling growth is inhibited by BAK1 overexpression. Arabidopsis seedlings were
grown on solid MS medium in vitro for six days and then transferred to liquid MS in presence of ethanol
(control), 1 puM estradiol, 1 uM flg22 or double treatment for six days more. A: Two representative
seedlings were photographed for each genotype and treatment. B: Fresh weight and root length were
measured. Graphs correspond to the mean of six technical replicates and error bars represent standard
error of the mean with n=6. Similar results were obtained in four independent experiments. C: Total
proteins were extracted from seedlings and were analyzed by Western blot using anti-BAK1 antibodies
(upper panel). Ponceau staining was made to detect the amount of protein present on the membrane

(lower panel).
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2x355-BAK1 adult plants developed necrotic lesions on leaves (Figure 3.1.1A) therefore
we decided to check whether it was due to cell death. For this purpose we used trypan blue
staining assay, which is a tissue-staining approach to reveal dead mesophyll cells (Koch and
Slusarenko, 1990). Six-day-old seedlings were grown for an additional three days in presence or
absence of estradiol. XVE-BAK1 seedlings treated with estradiol exhibited massive mesophyll
cell death, which was absent from the estradiol treated wild type Col-0 seedlings and control
treated seedlings (Figure 3.1.7A). Moreover we observed that overexpression of BAK1 and its
truncated forms were linked to this cell death phenotype (Figure 3.1.7B). Treatments with
MAMPs, elf18 and flg22, were performed as controls in comparison to estradiol treatment. It
was shown previously that leaf infiltration of adult Arabidopsis plants with flg22 causes
moderate cell death after 24h of treatment (Naito et al., 2008). We observed that elf18
treatment elicited cell death comparable to XVE-BAK1 estradiol treated samples while flg22
treatment only provoked a very weak and not homogenous cell death phenotype (Figure

3.1.7A).
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Figure 3.1.7: Overexpression of BAK1 induces mesophyll cell death in Arabidopsis seedlings. A:
XVE-BAK1 (line11-2) and wild type (Col-0) seedlings were grown on solid MS medium in vitro for six
days. They were transferred to liquid MS medium and further grown for three more days in the presence
of solvent, 1uM estradiol, 1uM elf18 or 1pM flg22. Seedlings were stained with a trypan blue solution and
cotyledons analyzed by microscopy. For each treatment twelve seedlings were stained. Two
representative pictures are shown for each treatment. The experiment was repeated four times with
similar results. Scale bar corresponds to 0.5 mm. B: Total proteins were extracted from seedlings
similarly treated as in A, but unstained and were analyzed by Western blot using antibodies raised
against BAK1 (upper panel). * marks cross-reacting bands. Ponceau staining was made to detect the

amount of protein present on the membrane (lower panel).

3.1.3.6 BAKL1 overexpression enhances resistance to Pseudomonas syringae pv tomato
(Pto) DC3000

In summary we observed activation of all defense responses tested including ethylene
production, MAPK activation, up-regulation of defense genes expression, cell death as well as
impairment in growth as a consequence of BAK1 overexpression. Thus, we were interested to
test if BAK1 overexpression indeed increased resistance against pathogens in Arabidopsis. It
was reported previously that the bakl-5 mutant allele, which is only altered in immune
signaling but not in BR-dependent development and cell death control, displayed increased

susceptibility against virulent Pto DC3000, weakly virulent Pto DC3000 and non-adapted P.

70



RESULTS

syringae pv tabaci (Pta) 6605 strains (Roux et al., 2011; Schwessinger et al., 2011) showing that
BAK1 is an important element in basal resistance.

The resistance to the virulent hemibiotrophic bacterium Pto DC3000 was examined in
seedlings, which were pretreated with or without estradiol and/or flg22. Two days after
inoculation bacterial proliferation was significantly reduced in estradiol treated XVE-BAK1
samples, as well as flg22 treated samples, when compared to control treatments (Figure
3.1.8A; Ana Dominguez-Ferreras, unpublished results). As expected, estradiol induced the
accumulation of BAK1 in the XVE-BAK1 line (Figure 3.1.8B). These results demonstrate that
BAK1 overexpression results in an enhanced resistance to the hemibiotropic bacterial pathogen

Pto DC3000.
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Figure 3.1.8: BAK1 overexpression restricts bacterial growth. A: Six-day-old seedlings were

incubated for 24 hours in different solutions of estradiol and/or flg22 as indicated in the graph legend.

They were inoculated by dipping into a solution of Pseudomonas syringae pv tomato (Pto) DC3000 for

1.5 hours (ODgyp=0.01), washed three times and placed back into

the solutions. Bacteria were counted

after four hours for 0 dpi (day post inoculation) and after 48 hours for 2 dpi. Similar results were obtained

in three independent experiments. a, b, c: difference is statistically significant (p value < 0.01, ANOVA).

cfu: colony-forming unit. B: Total proteins were extracted from 2 dpi samples and analyzed by Western

blot with antibodies raised against the C-terminal part of BAK1 (Schulze et al., 2010) (upper panel).

Ponceau staining was done to check for equal loading of protein

protein marker.

on the membrane (lower panel). M:
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3.1.3.7 Elevated temperature does not alleviate the growth defects caused by BAK1
overexpression

The phenotype induced by overexpression of BAK1 and/or its truncated forms includes
defense responses, which are characteristic features of PTI but also of ETI. It was previously
established that higher temperatures can suppress R protein-mediated cell death for example
through inhibition of nuclear accumulation of R proteins such as SNC1 (Yang and Hua, 2004;
Yang et al., 2006; Wang et al., 2009; Zhu et al., 2010). Indeed mutants of two interacting
partners of BAK1, bon1-1 and birl-1, displayed cell death and constitutive defense responses at
22°C but this phenotype was rescued at 28°C (Gao et al., 2009; Wang et al., 2011). We also
checked whether the phenotype caused by the overexpression of BAK1 depends on the
temperature conditions. While the bon1-1 growth phenotype was rescued by high temperature
(28°C) in agreement with previous studies (Hua et al., 2001; Wang et al., 2011), the growth

defect caused by BAK1 overexpression was not and became even more severe (Figure $3.1.5).

3.1.3.8 BAKIL overexpression induces transcriptional upregulation of BAK1 interacting
partners

In response to BAK1 overexpression plant defense responses were activated and
bacterial resistance was enhanced both independently of the presence of additional microbial
elicitors. BAK1 is known to interact with several proteins to regulate different plant programs
like defense, growth or cell death (Chinchilla et al., 2009). We then hypothesized that a change
in BAK1 protein levels might trigger a change in the transcript and protein levels of interacting
partners, which then may cause the observed phenotype. Thus we started with the
investigation of potential transcriptional changes of several interacting partners of BAKI.
Indeed, we could observe up-regulation of all tested genes, except FLS2, in XVE-BAK1 seedlings
when compared to wild type estradiol treated seedlings (Figure 3.1.9). Consistent with our
results all these genes have been reported to be up-regulated by MAMP treatment (Navarro et
al.,, 2004; Denoux et al., 2008; Boudsocq et al., 2010; Lu et al., 2010b). Thus except for FLS2
results which were not conclusive because of the absence of significant differences between

WT and XVE-BAK1, the regulation of expression of BAK1 partner genes after estradiol treatment
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was comparable to the one observed during PTI signaling in XVE-BAK1 seedlings. These results
indicate that BAK1 overexpression up-regulates the expression of its interacting partners, which

then might contribute to the reported phenotypical changes.
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Figure 3.1.9: BAK1 overexpression as well as MAMP treatment induces changes in gene
expression of BAK1-related proteins. Seven-day-old seedlings were treated with or without 1 puM
estradiol for six hours and/or 1 pM flg22 for one hour. Transcript accumulation was measured by gqRT-
PCR analysis. For each treatment three technical replicates were performed. Transcript levels were
normalized to the EIF4a gene and presented as relative to WT control. Graphs represent the mean of
three biological replicates. Error bars correspond to standard error of the mean with n=3. “*” represents
statistically significant difference compared to respective control treatment. *: 0.05>p value>0.01; **:

0.01>p value. ANOVA (Newman-Kleus post test) test was used to analyze the data.
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3.1.3.9 Knock-out of SOBIR1 largely suppresses the BAK1 overexpression phenotype
whereas lack of other selected defense-related genes does not.

Since gene expression analyses did not give us a clear candidate that might be
responsible for the BAK1 overexpression-mediated phenotype we decided to study the BAK1
overexpression phenotype in a larger set of mutant backgrounds (Table $3.1.1). First, we
investigated mutants affected in membrane receptors regulated by BAK1. A weak bril mutant,
bri1-301, deficient in BR signaling (Xu et al., 2008), and the efr fls2 mutant (Nekrasov et al.,
2009), affected in MAMP perception, were tested but neither could rescue the growth defect
and necrosis induced by BAK1 overexpression (Figure S3.1.4A and B). Thus the phenotype is
independent of the presence of BRI1, FLS2 and EFR receptors. We also tested elements acting
downstream of receptors. The double mutant bik1 pbl1 (Zhang et al., 2010), which lacks BIK1
and its closest homologue PBL1, important components of PTI signaling, showed a tendency to
partially rescue the growth defect (Delphine Chinchilla, unpublished results). In adult plants,
BAK1 expression caused in the bik1 pbl1 background less lethality and leaf necrosis than in Col-
0 wild type (WT) background while both contained similar levels of BAK1 protein. However
these results were obtained once out of four experiments and cannot be considered as robust
results.

To further elucidate whether the observed phenotype is the result of ETI activation we
made a gene candidate approach by selecting a set of genes involved in ETI and transforming
the respective mutants with the 2x355-BAK1 construct (Table $3.1.1). T1 generations were
screened for rescue of growth impairment and cell death symptoms caused by BAK1 over-
accumulation. First, we tested the effect of the mutants eds5-2 (enhanced disease susceptibility
5-2) (Volko et al., 1998), sid2 (isochorismate synthase) (Wildermuth et al., 2001) and npri-5
(nonexpresser of PR genes 1-5) (Shah et al., 1997), which are defective in salicylic acid (SA)
signaling, but none of these mutants were able to revert the growth impairment caused by
BAK1 over-accumulation, indicating that SA accumulation may not be responsible for the
observed phenotype (Delphine Chinchilla, unpublished data).

Next, we analyzed the involvement of R genes and regulators of R genes in the BAK1

overexpression phenotype (Table S3.1.1). We included the mutants snc1-11 (suppressor of
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nprl-1 constitutive 1-11) (Yang and Hua, 2004), affected in BON1-mediated temperature-
dependent defense responses; rps5-2 (resistance to P. syringae protein 5-2) (Warren et al.,
1998) lacking RPS5, which recognizes modification of BIK1 and PBL kinases by the pathogenic P.
syringae effector AvrPphB; rom1 rps2 (resistance to P. syringae pv maculicola 1, resistance to P.
syringae 2) (Belkhadir et al., 2004), compromised in PTI responses negatively regulated by RIN4
(RPM1-INTERACTING PROTEIN 4) (Kim et al., 2005b). However T1 generation of the
transformants still showed a stunted phenotype linked with BAK1 over-accumulation (Delphine
Chinchilla, unpublished data). Similar results were obtained with mutants of regulators of R
genes (Delphine Chinchilla, unpublished data). These include eds1-2 (enhanced disease
susceptibility 1-2) (Falk et al., 1999) and pad4-1 (phytoalexin deficient 4) (lirage et al., 1999)
acting upstream of SA in ETI initiated by TIR-NB-LRR (Toll-interleukin-1-like nucleotide-binding
LRR) type R genes such as for example RPS4 and RPS6 (Wiermer et al., 2005); sag101-1
(senescence-associated genel101-1) mutated in SAG101 an interacting partner of EDS1 involved
together with PAD4 in TIR-NB-LRR triggered cell death (Feys et al., 2005); ndr1-1 (non-race-
specific disease resistance 1-1) (Century et al., 1995) affected in resistance conferred by CC-NB-
LRRs (coiled-coil-NB-LRRs), the second major subset of R proteins, such as RPM1, RPS2, RPS5
(Aarts et al., 1998); eta3 (enhancer of tirl-1 auxin resistance) (Gray et al., 2003) mutated in
SGT1b (SALICYLIC ACID GLUCOSYLTRANSFERASE 1) gene, which regulates a sub-set of R genes of
different structural classes recognizing several Peronospora parasitica isolates (Austin et al.,
2002; Muskett and Parker, 2003). However, none of the tested R gene/regulator of R gene
mutants were able to revert the growth defect induced by BAK1 overexpression so far.

The sobirl-1 mutation strongly suppresses the cell death and constitutive-defense
phenotype of the bir1-1 null allele, lacking the BAK1 interacting partner BIR1 (Gao et al., 2009).
Since our phenotype is reminiscent to the birl-1 phenotype we decided to examine whether
SOBIR1 could have a role in the BAK1 overexpression phenotype. Therefore we transformed the
sobirl-13 (SALK_009453) mutant with the 2x355-BAK1, construct and we found that mutation
in SOBIR1 reverted the stunting phenotype caused by BAK1 overexpression (Figure 3.1.10A and
Table S3.1.1). None of the T1 plants overexpressing BAK1 and its truncated forms showed

growth defects or cell death at six weeks after germination, and all plants could bolt and gave
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seeds. Similar to WT lines, sobirl-13 transgenic lines over-accumulated BAK1 (Figure 3.1.10B).
This indicates that a mutation in SOBIR1, a positive regulator of cell death and defense

responses, can rescue BAK1 overexpression-induced growth impairment and cell death.

A 2x35S-BAK1 in WT

2x35S-BAK1

WT sobirl

EABC123

<— BAK1

. |€<— BAKI truncated
< forms

blot anti-BAKl

Ponceau staining

2x35S-BAK1 in sobirl

Figure 3.1.10: sobirl-13 mutation rescues the BAK1 overexpression phenotype. 2x35S-BAK1 was
stably transformed in Col-0 wild type (WT) and sobirl-13 (SALK_009453) background. A: T1 generations
were grown in short day conditions and pictures were taken after six weeks. B: Total proteins were
extracted from leaf material and were analyzed by Western blot. Similar results were obtained in three

independent experiments.

3.1.3.10 BAK1 homologs are able to induce the activated-defense phenotype similar to
BAK1

As mentioned in the introduction, BAK1 belongs to a five member multi-gene family
called SERKs (SOMATIC EMBRYOGENESIS RECEPTOR KINASE) and shares up to 86 % similarity on
the protein level with its homologs (Hecht et al., 2001; Boller and Felix, 2009). Null mutant of
BAK1 plants display only a reduced sensitivity to flg22, indicating a functional redundancy
between BAK1 and its homologs in plant immunity (Chinchilla et al., 2007). Furthermore, by
using the bak1-5 mutant allele affected in PTI responses but not in BR-signaling and cell death
control, the functional redundancy of BAK1 and SERK4 in PTI signaling and resistance of
hemibiotrophic and biotrophic pathogens has been further supported (Roux et al., 2011).

Thus we investigated if other BAK1 homologs could activate the constitutive-defense

phenotype in a similar manner as BAK1. Therefore we cloned the genomic sequence of SERK4
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and SERK1, the closest and the most distantly related homologs of BAK1, respectively, under
the control of the estradiol inducible XVE promoter. These constructs were transformed in A.
thaliana wild type Col-0 plants, and ethylene accumulation measurement was used as a marker
for the activated-defense phenotype in T1 generation. We observed that both XVE-SERK1 and
XVE-SERK4 constructs were able to induce ethylene accumulation in a MAMP-independent
manner upon estradiol treatment (Figure 3.1.11A and C). While over-accumulation of BAK1 and
SERK4 was clearly detectable by Western blot with anti-BAK1 antibodies we never succeeded to
detect SERK1 accumulation because anti-BAK1 antibodies cannot detect SERK1 (Figure 3.1.11B
and D; Schulze et al., 2010)
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Figure 3.1.11: Overexpression of SERK1 and SERK4 induces ethylene biosynthesis in an MAMP-
independent manner. A. thaliana wild type Col-0 plants were stably transformed with BAK1, SERK1 and
SERK4 gDNA sequences downstream of the estradiol-inducible XVE promoter. A: Leaf strips from three
individual four-week-old T1 plants were pooled for each genotype to measure ethylene accumulation after
overnight 1uM estradiol treatment or three hours 1uM flg22 treatment. Graph represents the mean of six
technical replicates and error bars correspond to standard error of the mean with n=6. B: Material used
for ethylene measurement was subsequently used for Western blot analysis with anti-BAK1 antibody to
check for protein expression (upper panel). Equal amount of proteins present on the membrane was
checked by Ponceau staining (lower panel). C: Ethylene assay was performed with wild type Col-0 and
SERK4 (XVE-SERK4) T1 plants. BAK1 (XVE-BAK1 linel1-2) T3 plants were used as positive control for

MAMP-independent ethylene accumulation. Leaf strips from four-week-old plants were treated overnight
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with 1 uM estradiol or three hours with 1 pM flg22. Graph shows the mean of four technical replicates and
error bars correspond to standard error of the mean with n=4. D: Expression of SERK4/BAKL1 in presence
or in absence of 1 uM estradiol was detected by anti-BAK1 antibodies (upper panel); Ponceau staining
indicates the amount of proteins present on the membrane (lower panel). Asterisks (*) mark cross-

reacting bands.

The constitutive ethylene phenotype was confirmed in T3 generation with homozygous BAK1
and SERK1 seedlings. In contrast to BAK1, six hours estradiol treatment did not enhance
ethylene accumulation in T3 seedlings overexpressing SERK1, but after 24 hours the
constitutive ethylene phenotype was induced by both proteins (Figure S3.1.6A). On the other
hand seedling growth was equally reduced by SERK1 and BAK1 overexpression in presence of
estradiol compared to wild type seedlings (Figure S3.1.6B and C). This reduction was even
stronger than the one provoked by flg22. These results suggest that overexpression of SERK1 is
able to activate early and late defense responses, but possibly the dynamic of the activation is
different from this of BAK1. Collectively these results indicate that BAK1 homologues namely
SERK1 and SERK4 may possess redundant roles in the constitutive-defense phenotype activated

by BAK1 overexpression.

3.1.4 Discussion

One of the key actors in PTIl signaling is the membrane-localized LRR-RLK BAK1. In the
best characterized MAMP-induced signaling model, BAK1 interacts with the flagellin receptor
FLS2 upon ligand binding, and both interacting partners get phosphorylated to induce
downstream signaling cascades and plant defense (Chinchilla et al., 2007; Schulze et al., 2010).
But BAK1 is also an important element of BR-dependent development in association with
another LRR-RLK BRI1 (Li et al., 2002; Nam and Li, 2002). In addition to its two important
functions in immunity and development, BAK1 is also a negative regulator of plant cell death
control (He et al., 2007; Kemmerling et al., 2007).

Several former reports can be found in the literature on BAK1 overexpression. First,
expression of BAK1 cDNA under the control of the CaMV 35S promoter, showing 30 times

greater mRNA levels than Col-0 wild type plants, was described to partially rescue the
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phenotype of the weak bril-5 mutant (Li et al., 2002). In parallel, genomic BAK1 driven by its
own promoter expressed in Col-0 background phenocopied the overexpression of BRI1 with
elongated leaves, petioles and enhanced BR sensitivity compared to wild type plants (Nam and
Li, 2002). These results indicated that an increase in BAK1 expression could enhance BR-
dependent plant growth. These previous reports are not concordant with our findings, where
we observed growth defects, cell death and constitutive activation of defense responses by
overexpression of BAK1, although we cannot exclude that this difference may be due to
different experimental conditions used in different laboratories. More recently it was described
that overexpression of a functional Arabidopsis BAK1 ortholog, Oryza sativa BAK1, in rice
reduced the plant height average about 40% compared to wild type rice and increased
considerably the host resistance against blast fungus Magnaporthe grisea infection (Hu et al.,
2005; Li et al., 2009). Additionally, during the course of our study, it was published that
Arabidopsis BAK1 expression under its endogenous promoter resulted in a growth defect with
inappropriate cell death responses and constitutive accumulation of PATHOGENESIS-RELATED 1
(PR1) protein in Col-0 wild type background but not in bakl-3 null mutant background
(Belkhadir et al., 2011). The authors demonstrated that increased levels of BRI1 were able to
suppress the BAK1 overexpression phenotype, and they suggested that BR signaling might has a
role in this phenotype. Nevertheless the characterization of this phenotype remains very

limited in this study.

3.1.4.1 BAKI1 overexpression in Arabidopsis activates PTI

Surprisingly, our study revealed that overexpression of BAK1 caused a drastic phenotype
in Arabidopsis: developmental defect, leaf cell death, plant lethality (Figure 3.1.1, 3.1.6-7,
$3.1.1, S3.1.3-4), elicitor-independent activation of defense responses (Figure 3.1.2-7) and
increased resistance against hemibiotrophic bacterial pathogen Pto DC3000 (Figure 3.1.8). Two
of the observed activated defense responses induced by BAK1 overexpression are the
phosphorylation of MAPKs and the accumulation of the stress hormone ethylene. Both were
observed after six hours of estradiol treatment in a correlation with the accumulation of BAK1
protein (Figure 3.1.2-3). Consistently with MAPK activation, we could observe induction of

transcriptional changes upon estradiol treatment of XVE-BAK1 seedlings. We tested the
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expression of three defense marker genes. While FRK1 is specific for the MAPK cascade and
PHI-1 for the CDPK cascade, NHL10 is activated synergistically by MAPKs and CDPKs (Boudsocq
et al., 2010). FRK1 and NHL10 showed up-regulation after BAK1 overexpression independently
of MAMP treatment (Figure 3.1.4) confirming that MPK6/MPK3 signaling cascade was activated
in these plants. In case of PHI-1, which was shown to be rapidly induced after flg22 perception
(Boudsocq et al., 2010), a significant increase in transcript levels was neither detected after
estradiol treatment nor after treatment with flg22. These variable results could be due to the
difference in the approach. Boudsocq and collaborators used protoplast and analyzed the
transcript levels after 30 minutes flg22 treatment whereas here seedlings were used and
transcript levels were determined at six hours estradiol and one hour flg22 treatment. Thus it
cannot be concluded if BAK1 accumulation also triggers the CDPK cascade, which might be an
intriguing difference to PTI elicited by flg22. However, these results demonstrate that BAK1
overexpression triggers expression of defense genes, which at least partially depend on the
MAPKs MPK3 and MPK6.

The biological role of MAPK activation, the up-regulation of defense gene expression
and the accumulation of ethylene is to improve the plant’s resistance to pathogens. Hence, to
test this idea we performed a pathogen assay on Arabidopsis plants overexpressing BAK1. Our
results confirm the role of BAK1 in pathogen resistance previously demonstrated with bakl
mutants in Arabidopsis and in N. benthamiana plants (Heese et al., 2007; Roux et al., 2011).
Notably, it was described before that bak1-3 and bak1-4 mutants developed necrotic lesions
upon Pto DC3000 infection but their resistance, as measured by quantitative analysis, was not
altered compared to wild type plants (Kemmerling et al., 2007). In contrast, the same mutants
were more susceptible to necrotrophic fungi Botrytis cinerea and Alternaria brassicicola and
showed increased resistance to biotrophic oomycete Hyaloperonospora arabidopsidis
(Kemmerling et al., 2007). However, it is difficult to interpret these results regarding the role of
BAK1 in disease resistance since these bakl mutants exhibit deregulation not only in immune
responses but also in cell death and hormone signaling (Li et al., 2002; Chinchilla et al., 2007; He
et al., 2007; Heese et al., 2007; Kemmerling et al., 2007). To overcome this issue, the bak1-5

mutant was used, which is only altered in immune signaling (Schwessinger et al., 2011). Plants
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expressing the BAK1-5 protein displayed increased susceptibility compared to wild type plants
against adapted and non-adapted hemibiotrophic P. syringae strains and also against weakly
virulent isolates of biotrophic oomycete Hyaloperonospora arabidopsidis (Roux et al., 2011;
Schwessinger et al., 2011). In accordance with a positive role of BAK1 in immunity, we showed
that over-accumulation of the wild type BAK1 in seedlings increased the resistance against
pathogenic Pto DC3000 (Figure 3.1.8). Since the constitutive overexpression of BAK1 led to
premature plant death and the inducible BAK1 expression was hardly reproducible in entire
adult plants it was difficult to perform other pathogen assays, for example with biotrophic

oomycetes or necrotrophic bacteria.

3.1.4.2 Possible role of truncated forms of BAK1

It is not clear if the form of BAK1 causing our phenotype is the full-length protein or a
truncated BAK1 form since we could observe accumulation of a full length and two truncated
forms, containing the C-terminal part of BAK1, in both constitutive and inducible overexpressor
lines (Figures 3.1.1-2, 3.1.6-8, 3.1.10, S3.1.1-3). The presence of BAK1 forms of lower masses
could be due to degradation of the full-length protein. It is also possible that these BAK1 forms
are the products of different transcriptional or post-transcriptional changes like alternative
splicing, and that they are naturally present in WT plants but below the detection limit of our
experimental procedure. A previous study compared cDNA sequences submitted in “The
Arabidopsis Information Resource” (TAIR) database with full-length cDNA clones of the entire
Arabidopsis LRR-RLK subfamily genes and revealed that several members of this subfamily
undergo alternative splicing (Gou et al., 2010). These alternatively spliced transcripts could be
present in the same tissue or in different tissues or could be produced under different
environmental conditions and therefore increase the functional and regulatory diversity of the
given gene. Interestingly it was recently reported that Medicago truncatula SERK3 (MtSERK3),
possibly also involved in defense, possesses seven splice variants (Nolan et al., 2011). However,
up to date, no existence of splice variants was reported for Arabidopsis BAK1. Further
investigation of different BAK1-derived constructs could help to establish its structure-function

relation (3.2 Chapter 2: Structure-function analysis of BAK1).
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In contrast to the hypothesis, that BAK1 truncated forms might be the product that
elicits the constitutive defense response, our results also support an inhibitory role of the
truncated forms. In estradiol treated samples, ethylene production decreased to the basic level
at 27 hours treatment while in doublly treated samples (estradiol and flg22), the production
stayed as high as in flg22 treated samples (Figure 3.1.3). This indicates that the decrease of
ethylene production in estradiol treated XVE-BAK1 seedlings was not due to the exhaustion of
the biosynthetic pathway of ethylene. Moreover, at 27 hours over-accumulation of BAK1, BAK1
itself and its truncated forms were still present at an even higher level than at six hours (Figure
3.1.2). Since truncated forms of BAK1 accumulate over time, a possible explanation for the
disappearance of the phenotype could be a negative feedback control by these truncated forms

on downstream element(s) shutting down BAK1-triggered responses.

3.1.4.3 The BAK1 overexpression phenotype is independent of the known
membrane-localized interaction partners of BAK1

To elucidate the genetic determinant(s) of the BAK1 overexpression phenotype, the
2x355-BAK1 construct was introduced into different mutant backgrounds. First we
hypothesized that the over-accumulation of BAK1 might lead to aberrant, ligand-independent
interaction with PRRs like FLS2 and EFR, which then could trigger a constitutive defense
response. But our results demonstrate that the growth phenotype and leaf necrosis shown by
BAK1 overexpressors seem to be independent of the presence of PRRs such as FLS2 and EFR
(Figure S3.1.4B). However BAK1 likely regulates several PRRs which remain unknown and using
single mutants of those may not allow us to test this hypothesis.

So we searched for potential interactors of BAK1 which may act as PRRs using a
proteomic approach: The PRRs for endogenous elicitor perception, PEPR1 (PEP RECEPTOR 1)
and PEPR2 (PEP RECEPTOR 2), were found to co-immunoprecipitate with BAK1 in XVE-BAK1
estradiol-treated seedlings (Delphine Chinchilla, unpublished results). Thus, an over-
accumulation of BAK1 might trigger an aberrant activation of the AtPep-PEPR signaling pathway
which then induces PTI and causes the observed phenotypes. This might work either by direct
phosphorylation and activation of the PEPRs by BAK1 (Schulze et al., 2010) or the excess of

BAK1 could mimick the presence of MAMPs. Detection of MAMPs is known to trigger an
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upregulation of PEPR and PROPEP transcription and is supposed to promote a release of AtPeps
to enhance the immune response initiated by the detection of MAMPs (Yamaguchi et al., 2010).
However the peprl pepr2 double mutant was unable to rescue the growth phenotype caused
by BAK1 overexpression (Delphine Chinchilla, unpublished results). Moreover, the results of the
co-IP experiments appear to be unspecific since repetitions of the co-IP experiment including
WT plants as control showed an interaction of PEPRs with BAK1 already in wild type plants. For
the moment there is no evidence which supports that the AtPep-PEPR-system takes part in the
formation of the constitutive defense phenotype of the BAK1 overexpression plants.

In addition we investigated the involvement of another ligand-binding receptor, BRI1,
which is also an interacting partner of BAK1. Its expression showed reduced levels in XVE-BAK1
seedlings upon estradiol treatment, but this decrease was also observed in response to MAMP
treatment (flg22), so it is difficult to conclude if this effect is direct or indirect (Figure 3.1.5).
Moreover, the bri1-301 mutation was not able to revert the growth defect and cell death
observed when constitutively overexpressing BAK1, indicating that the observed phenotype is
independent of the presence of a fully functional BR receptor (Figure S$3.1.4A). This genetic
approach did not allow to conclude if BAK1 acts via ligand-binding interacting partners to
induce growth impairment, cell death and lethality possibly by modifying downstream signaling
element(s).

Next we addressed the role of known signaling elements that act downstream of the
ligand binding receptors. After flg22 perception and FLS2-BAK1 receptor complex formation
and phosphorylation, BIK1 and its close homolog PBL1 are phosphorylated and BIK1 is released
from the receptor complex (Lu et al., 2010b; Zhang et al., 2010). BIK1 expression levels were
induced about three fold by BAK1 overexpression as well as by flg22 treatment, indicating the
activation of defense signaling (Figure 3.1.9). Interestingly we found a tendency that the
combined bik1 pbll knock-out mutations could rescue the BAK1 overexpression induced
growth defect suggesting that functional BIK1 and/or PBL1 are involved in the BAK1
overexpression phenotype (data not shown). However these results were difficult to reproduce.
Indeed, the Arabidopsis genome possesses 29 homologs of BIK1 and PBL1 sharing functional

redundancy (Zhang et al., 2010), which might mask the effect of bikl pbl1 mutation on BAK1
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overexpression in our growth conditions. To further test the involvement of BIK1 in the BAK1
overexpression phenotype we could introduce the XVE-BAK1 construct in BIK1-HA expressing
plants and monitor BIK1 phosphorylation status, detected as band shift with anti-HA antibodies
(Lu et al., 2010b). This could give an indication that the PTI pathway is involved in our
phenotype since BIK1 phosphorylation seems to be required for MAMP and DAMP signaling
(Zhang et al., 2010; Liu et al., 2013).

3.1.4.4 s the BAK1 overexpression phenotype a result of ETI activation?

Cell death, such as observed upon BAK1 overexpression, is a characteristic reaction of
constitutive R protein activation. However none of the tested R protein mutants or mutants of
regulators of R proteins such as PAD4, EDS1 and NDR1 were able to rescue the activated-
defense phenotype induced by BAK1 overexpression (Delphine Chinchilla, unpublished data and
Table S3.1.1). Additionally elevated temperature (28 °C) did not revert the phenotype and
made it even more sever (Figure $3.1.5). A recent study investigated the effect of temperature
on plant immune response (Cheng et al.,, 2013). The authors demonstrated that relatively
elevated temperatures (23 — 32 °C) inhibit ETI but promote PTI responses (Cheng et al., 2013).
According to these findings, our results would point into the direction of PTI activation.

Importantly, we found that the knock out sobir1-13 mutation reverted almost entirely
the growth impairment and cell death phenotype of BAK1 overexpressors (Figure 3.1.10 and
Table S3.1.1). Additionally, SOBIR1 expression was up-regulated by BAK1 overexpression
(Figure 3.1.9). SOBIR1 was identified in a suppressor screen to revert the constitutive-defense
phenotype of birl-1 (Gao et al., 2009). The SOBIR1 gene encodes an LRR-RLK which does not
seem to interact with BIR1 and BAK1 (Gao et al., 2009; Liebrand et al., 2013). Its overexpression
leads to cell death activation and induction of defense responses therefore SOBIR1 was
proposed to be a positive regulator of cell death and defense responses in R gene mediated
resistance (Gao et al., 2009). Regarding these results one hypothesis could be that the integrity
of BAK1 or the BAK1 complex is under the control of an R gene(s). Modification of BAK1 leads to
activation of this R gene(s), which then activates the SOBIR1-dependent resistance pathway.
Interestingly, it was shown that SOBIR1 interacts with two RLPs in tomato, Vel and Cf-4

mediating resistance to the fungal pathogens Verticillium dahlia and Cladosporium fulvum,
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respectively (Liebrand et al., 2013). In addition, SOBIR1 together with BAK1 were shown to
control defense against necrotrophic fungal pathogens mediated by RLP30 (RECEPTOR-LIKE
PROTEIN30) / SCFE1 (SCLEROTINIA CULTURE FILTRATE ELICITOR1), a newly identified PRR /
MAMP pair (Zhang et al., 2013). Similarly, SOBIR1 is also required for the functionality of a
recently identified Arabidopsis RLP, ReMAX (RECEPTOR OF eMax), which recognizes eMax
(enigmatic MAMP of Xanthomonas), a bacterial MAMP from Xanthomonas (Jehle et al., 20133;
Jehle et al., 2013b). These recent findings point into the direction that SOBIR1 is most likely
involved in PTI. Therefore more data are needed to support the idea of BAK1 being under the
control of an R protein, which causes the observed aberrant phenotype of BAK1 accumulation.

SOBIR1 is also called EVERSHED and has been connected to the process of abscission
possibly by modulating molecule secretion through the Golgi apparatus (Leslie et al., 2010;
Lewis et al., 2010). Additionally, in Nicotiana benthamiana SOBIR1 was shown to be required
for the accumulation and the stability of RLPs Vel and Cf-4 (Liebrand et al., 2013). Thus another
possible hypothesis is that SOBIR1 could affect the amount/stability of BAK1 in the plasma
membrane and therewith suppress its phenotype based on over-accumulation. One way to
confirm this would be to test if BAK1-GFP is localized at the membrane in the sobirl-13 mutant
compared to the wild type.

Regarding our results there is no evidence for ETI activation would be required for the
BAK1 overexpression phenotype. Nevertheless the activation of ETl is not so unlikely since BAK1
is a target of effectors due to its broad importance in immunity (Shan et al., 2008; Chinchilla et

al., 2009; Cheng et al., 2011).

3.1.4.5 Overexpression of SERK proteins induce the activated defense phenotype

We also investigated the role of two BAK1 homologs, namely SERK1 and SERK4, in the
constitutive-defense phenotype. Overlapping functions of the SERK family members in distinct
biological processes were already demonstrated several times (He et al., 2007; Albrecht et al.,
2008; Roux et al., 2011; Gou et al., 2012). SERK1 involvement in defense was already confirmed
in two plant species. Rice SERK1 was proposed to positively regulate resistance against
Magnaporthe grisea blast fungus (Hu et al., 2005). Additionally tomato SERK1 is required for

the functioning of an NB-LRR resistence protein Mi-1 responsible for resistance against
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herbivores (nematodes and insects) and also for Vel-mediated fungal Verticillium resistance
(Fradin et al., 2011; Mantelin et al., 2011). Here we found that SERK1 is involved in defense also
in Arabidopsis. The XVE-SERK1 seedlings showed constitutive ethylene accumulation and
seedling growth inhibition upon estradiol treatment (Figure 3.1.11 and S3.1.6). Interestingly
after six hours estradiol treatment SERK1 samples in contrast to BAK1 did not show enhanced
ethylene accumulation while at 24 hours both proteins induced ethylene accumulation in an
elicitor-independent manner. This difference could be due to the different accumulation
dynamic of these two proteins. Unfortunately this could not be tested since we don’t have
suitable antibodies to detect SERK1. Another possibility is a preferential association of BAK1
and SERK1 with an unknown interacting partner, as it was shown for SERK family members with
FLS2 and with EFR (Roux et al., 2011), to induce the activated-defense phenotype. Moreover
SERK4 overexpression also induced constitutive ethylene accumulation (Figure 3.1.11C and D).
These results demonstrated that SERK proteins are able to induce the activated-defense
phenotype however further analysis are needed to fully explore this redundancy among the

members of the SERK family.

3.1.4.6 Concluding remarks

Our current results indicate that BAK1 overexpression may override mechanisms of
negative regulation of PRRs. Recently SOBIR1 emerged as a potential regulator for several PRRs
from the RLP class (Jehle et al., 2013a; Jehle et al., 2013b; Zhang et al., 2013). RLPs lack the
cytoplasmic kinase domain and may require additional proteins such as for example SOBIR1 to
transmit the extracellular stimuli into the cytoplasm (Figure 3.1.12A). We found that the the
sobirl-13 mutation rescued the growth defect and cell death induced by BAK1 overexpression
(Figure 3.1.10 and Table S3.1.1). In a hypothetical model one could imagine that in absence of
microbes, PRRs or molecules associated with PRRs, in the case of RLPs, SOBIR1, might be
inhibited by an unknown inhibitor (Figure 3.1.12A). Upon elicitor recognition BAK1 is recruited
to the RLP-SOBIR1 complex and this may lead to the release of the unknown inhibitor (Figure
3.1.12A). In case of BAK1 overexpression, extra molecules of BAK1 may saturate the repressing
system (Figure 3.1.12B). For example there is too little amount of inhibitors to repress the BAK1

activity. This allows the kinase domain of BAK1 to reach/modify more easily the catalytic
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domain of SOBIR1 and thus causes constitutive defense responses despite the absence of
elicitor molecules. BAK1 overexpressors showed massive cell death, a hallmark of ETI, but none
of the mutations affecting R-gene or regulators of R-genes tested in this study had an effect on
this phenotype (Table $3.1.1). These results may indicate that more than one R gene is involved
in the BAK1 overexpression phenotype. Thus we cannot exclude that BAK1 overexpression
and/or formation of truncated forms, somehow, induces R gene(s)-dependent resistance
pathway(s) to activate ETI. Finally, since BAK1 is involved in multiple biological processes it
should be mentioned that all the programs including development, defense (PTI/ETI) and cell
death regulated by BAK1 are potentially modified by its overexpression and thereby may
contribute to the observed phenotype in parallel of the activation of immunity pathway. These
open hypotheses need to be further explored in the future to fully understand the complex role

of BAK1 in plant defense.
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Figure 3.1.12: BAK1 overexpression overcomes the normal repression of PRRs. A: In a hypothetical
model the PRR complex containing SOBIR1 could be repressed by an unknown inhibitor in absence of
elicitors. In presence of a MAMP, BAK1 is recruited in the receptor complex, to induce the
phosphorylation of the interacting partners and the release of the unknown inhibitor leading to PTI

activation. B: Overexpression of BAK1 may saturate the normal repressing system. WT: wild type; PRR:
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pattern recognition receptor; RLP: receptor-like protein; BAK1: BRI1-ASSOCIATED KINASE 1; SOBIRL1:
SUPPRESSOR OF BIR1-1; MAMP: microbe-associated molecular pattern; P: phosphorylation; PTI:

pattern-tiggered immunity.
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3.1.5 Supporting information for Chapter 1: BAK1 overexpression leads to

constitutive defense responses in Arabidopsis thaliana

A
B XVE-BAK1 (in Col-0)
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Figure S3.1.1: Development of first generation plants of 2x35S-BAK1 and XVE-BAK1 stably
transformed in Col-0 background. A: Col-0 and 2x35S-BAK1 plants were grown in short day conditions
for 6 weeks. The 2x35S-BAK1 plant shows a developmental defect compared to the wild type plant (left
picture). Col-0 and XVE-BAK1 plants were grown in short day conditions for five weeks. In absence of
estradiol, XVE-BAK1 plants and wild type plants develop the same way (right picture). B: Total proteins
were extracted from T2 seedlings treated or not with estradiol (1 uM) overnight and were analyzed by
Western blot using antiBAK1 antibodies (upper panel). *marks cross-reacting bands. Ponceau staining

was made to detect the amount of protein on the membrane (lower panel).
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Figure S3.1.2: BAK1 overexpression is required for MAPK activation in XVE-BAK1 seedlings.
Western blot analysis were done with total protein extracts from six-day-old XVE-BAK1 and wild type
(WT) seedlings treated with 1 uM estradiol for eight hours (left- and right most lanes) or XVE-BAK1
seedlings treated with mock solution (ethanol at the same concentration as used in the estradiol
treatments). MAPK activation was detected with antibodies recognizing the phosphorylated forms of
MAPKs (upper panel) in XVE-BAK1 seedlings treated for three, four, six, eight, ten and 27 hours with 1
UM estradiol. Accumulation of BAK1 and its truncated forms were detected by BAK1 antibody able to
recognize the C-terminal part of BAK1 (middle panel). Ponceau staining was done on the membrane to
verify the amount of protein extract in each well (lower panel). This experiment was performed four times
and showed similar results.
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Figure S3.1.3: BAK1 overexpression induces seedling growth inhibition in absence of elicitor.
Seedling growth inhibition assay was repeated with an independent XVE-BAK1 line (line3-5). A: Fresh
weight and root length were measured. Graphs represent the mean of six technical replicates, error bars
correspond to standard error of mean with n=6. In four independent experiments similar results were
obtained. B: Two representative seedlings per treatment were analyzed. C: Total proteins were extracted

from seedlings and analyzed by Western blot.
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Figure S3.1.4: BAK1 overexpression phenotype is independent of BRI1, FLS2 and EFR. A: 2x35S-
BAK1 was transformed in wild type (WT) and bril-301 mutant. T1 generation was grown in short day
conditions for six weeks. B: 2x35S-BAK1 was transformed in wild type (WT) and efr fls2 background. T1

generation was grown in short day conditions for six weeks.
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Table S3.1.1: A sobirl mutation reverts the BAK1 overexpression phenotype but mutation of the
other selected defense-related genes does not. 2x35S-BAK1 construct was stably transformed in
different Arabidopsis mutant backgrounds. T1 generations were screened for BAK1 overexpression
phenotype (Delphine Chinchilla, unpublished data). LRR-RLK: leucine-rich repeat - receptor-like kinase;
BR: brassinosteroid; MAMP: microbe-associated molecular pattern; DAMP: damage-associated
molecular patterns, PTI: pattern-triggered immunity; SA: salicylic acid; R: resistance; CC: coiled-coil, TIR:

toll interleukin 1 receptor, NB-LRR: nucleotide binding - leucine-rich repeat.

mutant reference caracteristic of the mutation BAth;ﬁz(SLZSSion
bril-301 Xuetal., 2008 LRR-RLK, BR signaling yes
efrfls2 Nekrasov etal., 2009 LRR-RLK, MAMP perception yes
peprlpepr2 Liuetal., 2013 LRR-RLK, DAMP perception yes
bik1 pbl1 Zhangetal., 2010 PTI signaling partial rescue ?
eds5-2 Volko etal., 1998 SAsignaling yes
sid2 Wildermuth etal., 2001 SAsignaling yes
nprl-5 Shahetal., 1997 SAsignaling yes
sncl-11 Yang and Hua, 2004 R gene yes
rpss5-2 Warrenetal., 1998 R gene yes
romlrps2 Belkhadiretal., 2004 R gene yes
eds1-2 Falketal., 1999 regulator of CC-NB-LRRs yes
pad4-1 Jirage etal., 1999 regulator of CC-NB-LRRs yes
sagl01-1 Feyset al., 2005 regulator of CC-NB-LRRs yes
ndrl-1 Centuryetal., 1995 regulator of TIR-NB-LRRs yes
eta3 Grayet al., 2003 regulator of CC-NB-LRRs yes
sobir1-13 Gaoetal., 2009 LRR-RLK, suppressor of bir1-1 rescue
phenotype

96



RESULTS

XVE-BAK1

21°C  28°C 21°C  28°C

Figure S3.1.5: High temperature does not rescue BAK1 overexpression phenotype. Six-day-old Col-
0, XVE-BAK1 linel1-2 and bonl1-1 (Hua et al., 2001) seedlings grown on solid MS plates were transferred
in liqguid MS medium supplemented or not with 1 pM estradiol. Seedlings were placed in 21°C and 28°C
for six days. Picture shows estradiol treated samples at 21°C / 28°C. Two independent experiments show
similar results. The bon1-1 mutant was used as a positive control for the high temperature rescue of the

growth phenotype induced by defense activation (Wang et al., 2011).
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Figure S3.1.6: SERK1 activates defense responses in a MAMP-independent manner. A: wild type
(Col-0), BAK1 (XVE-BAK1 line 3-5) and SERK1 (XVE-SERK1 line 6-2) homozygous T3 seedlings were
used for ethylene assay in presence of control or 6 hours / 24 hours 1uM estradiol treatment or 1uM flg22
treatment or double treatment. The graphs represent the mean of four technical replicates and error bars
correspond to standard deviation with n=4. B: The seedling growth inhibition assay was performed with
the same lines. Fresh weight and root length were measured after 6 days of incubation with treatments

used in A. C: Pictures were taken after 6 days of incubation in presence or in absence of 1 UM estradiol.
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3.2 Chapter 2: Structure-function analysis of BAK1

3.2.1 Abstract

Plant immunity is triggered by pattern-recognition receptors (PRRs) upon the
detection of microbe-associated molecular patterns (MAMPs). These PRRs belong mainly to
the large class of receptor-like kinases (RLKs) which consist of an extracellular binding
domain, a transmembrane domain and an intracellular domain. Although most RLKs seem to
bind MAMPs or other ligands directly, some RLKs act as co-receptors to regulate the
response. The Arabidopsis RLK BAK1 (BRI1-ASSOCIATED KINASE 1) is a known interaction
partner of the MAMP-sensing receptors FLAGELLIN SENSING 2 (FLS2) and EF-TU RECEPTOR
(EFR). Intriguingly, BAK1 overexpression leads to constitutive activation of defense responses
along with growth impairment, leaf necrosis and premature death (Chapter 1). Together with
the elevated protein levels of BAK1, truncated versions have been detected suggesting that
breakdown products might be responsible for the impact of BAK1 overexpression on plant
defense and development.

Here we investigated the involvement of different domains of BAK1 in the constitutive
defense phenotype by expression of BAK1-derived constructs in Arabidopsis. BAK1 versions,
which lack the C-terminal tail or display a reduced kinase activity still induced constitutive
ethylene accumulation upon overexpression. Likewise, the overexpression of BAK1
extracellular domain anchored to the plasma membrane (BAKlanchor-ex) was also able to
induce the same ethylene phenotype. In contrast, overexpression of BAK1 kinase deficient
form suppressed the developmental defects caused by BAK1 overexpression whereas loss of
the whole intracellular domain caused developmental defects distinct from the ones caused
by full-length BAK1. Finally, the accumulation of soluble BAK1 extracellular or intracellular
domain alone did neither induce the constitutive defense phenotype nor developmental
defects.

In conclusion, overexpression of the BAK1 extracellular domain located at the plasma

membrane is already sufficient to trigger the constitutive defense response, supporting the
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hypothesis that the BAK1 extracellular domain interacts with other, yet unidentified RLKs for

defense response induction.

3.2.2 Introduction

The first line of plant immunity involves pattern recognition receptors (PRRs) able to
recognize conserved molecular signatures called microbe-associated molecular patterns
(MAMPs) characteristic for microorganisms (Mackey and McFall, 2006; Zipfel, 2008; Boller and
Felix, 2009). PRRs located at the plasma membrane transduce the extracellular stimuli into the
cytoplasm to initiate downstream signaling cascades and induce defense responses such as
ethylene accumulation, production of reactive oxygen species (ROS), activation of mitogen-
activated protein (MAP) kinases or inhibition of seedling growth (Boller and Felix, 2009). All
these reactions finally result in pattern-triggered immunity (PTI), which confers successful
resistance against a broad range of pathogens (Zipfel et al., 2004; Jones and Dangl, 2006; Boller
and Felix, 2009). Several PRRs belong to the receptor-like kinase (RLK) family, members of
which have a prominent role in the initiation of cellular signaling to regulate plant processes as
diverse as disease resistance, self/non-self recognition, regulation of development and
hormone perception (Torii, 2004; Johnson and Ingram, 2005). RLK functions have been
intensively studied in the last 20 years. However our knowledge on how perception of
extracellular stimuli by RLKs is transmitted to the cell, and how appropriate plant responses are
induced is still limited.

The leucine-rich repeat (LRR)-RLK subfamily is the largest subfamily of RLKs with more
than 200 members in the Arabidopsis thaliana genome (Dievart and Clark, 2003). Two well
characterized PRRs in Arabidopsis, FLS2 (FLAGELLIN SENSING 2) and EFR (ELONGATION FACTOR
TU RECEPTOR) responsible for the recognition of bacterial flagellin and elongation factor Tu,
respectively, belong to the LRR-RLK subfamily (Gomez-Gomez and Boller, 2000; Torii, 2004;
Zipfel et al., 2006; Boller and Felix, 2009). Most of the LRR-RLKs are involved in ligand-protein
and/or protein-protein interactions. The extracellular part of the LRR-RLKs is composed of a
hydrophobic N-terminus including a signal peptide and an LRR domain with variable number of
LRR copies, in certain cases assumed to be responsible for ligand binding (Shiu and Bleecker,

2001b; Kinoshita et al., 2005; Chinchilla et al., 2006; Albert and Felix, 2010). This extracellular
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LRR domain is flanked by two characteristic double-cysteine motifs (Dievart and Clark, 2003). A
single trans-membrane domain separates the ecto-domain from the intracellular
Serine/Threonine (Ser/Thr) kinase domain and a C-terminal tail. Alignment of distinct kinase
domain sequences supported by crystal structure determinations revealed that, despite their
similar structures, protein kinases can be divided in two groups dependent on the presence or
absence of a conserved RD (arginine-aspartate) motif in the catalytic loop of their kinase
domain (Johnson et al., 1996). Interestingly most of the identified PRRs belong to the non-RD
kinase family, as it is the case for FLS2 and EFR (Dardick and Ronald, 2006). Non-RD kinases are
often less active and they are not able to auto-phosphorylate the activation loop and to
maintain the correct conformation for catalysis (Johnson et al., 1996). This suggests that non-
RD kinases are regulated through alternative mechanisms than RD kinases.

After respective ligand perception FLS2 and EFR both associate with the plasma
membrane localized RLK, BAK1 (BRI1-ASSOCIATED KINASE 1) (Chinchilla et al., 2007; Heese et
al., 2007). The interacting partners may phosphorylate each other to activate the downstream
signaling cascade leading to PTI (Boller and Felix, 2009; Schulze et al., 2010). BAK1 was originally
identified as the interacting partner of another LRR-RLK, the BRI1 (BRASSINOSTEROID
INSENSITIVE 1) receptor to enhance brassinosteroid (BR)-dependent plant development (Li et
al., 2002; Nam and Li, 2002). Additionally, BAK1 was also reported to be a negative regulator of
cell death control (He et al., 2007; Kemmerling et al., 2007). Similar to FLS2, EFR and BRI1, BAK1
also presents a characteristic LRR-RLK structure (Figure 3.2.1). Its extracellular part contains a
short LRR domain followed by a membrane spanning region, an intracellular serine/threonine
kinase domain and a highly conserved C-terminus. But in contrast to FLS2 and EFR, BAK1
belongs to the RD kinase family, and possesses a strong kinase activity (Dardick and Ronald,

2006).

Trans-membrane Figure 3.2.1: Schematic structure of BAK1.
domain

Ser/Thr kinase LRR: leucine rich repeat, Ser: serine, Thr:
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Previously we showed in Arabidopsis that overexpression of BAK1 resulted in growth
defect, leaf necrosis, premature death together with a constitutive activation of defense
responses (Chapter 1). This phenotype occurred in a MAMP-independent manner and
independently of the presence of FLS2, EFR and BRI1 (Chapter 1: Figure S$S3.1.4). Protein
expression analysis of BAK1 overexpression lines showed the accumulation of putative
truncated forms of BAK1 in addition to the full-length protein (Chapter 1: Figure 3.1.1). So we
hypothesized that these or one of these truncated forms might be responsible for the
activated-defense phenotype.

In this study, we wanted to find out, which structural part(s) of BAK1 are important to
induce the observed constitutive-defense phenotype. Therefore we overexpressed BAK1-
derived constructs under both the strong constitutive 2xCaMV 35S and the estradiol-inducible
XVE promoters. Analysis of these constructs stably transformed in Arabidopsis revealed that the
C-terminal tail of BAK1 was not required and the extracellular or the intracellular domains of
BAK1 alone were not sufficient to activate a constitutive defense response. More diverse
results were obtained for the kinase-deficient version of BAK1: overexpression of this construct
did not induce the growth phenotype characteristic to BAK1 overexpression but still induced
constitutive ethylene accumulation. Furthermore, the extracellular domain anchored to the
plasma membrane, but not the BAK1 intracellular part fused to the trans-membrane domain,
was able to activate immune responses upon overexpression. However the growth phenotype
induced by the overexpression of BAK1 ecto-domain anchored to the plasma membrane was
different from the one induced by full-length BAK1 overexpression. These results suggest that
the BAK1 ecto-domain localized in the plasma membrane is already sufficient to initiate a

constitutive defense response. How this is accomplished in detail needs further investigation.

3.2.3 Results

3.2.3.1 BAKI C-terminus is not determinant for the activated-defense phenotype
BAK1 belongs to the five members SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)
group (SERK1 to SERKS5), therefore it is also called SERK3 (Hecht et al., 2001). Protein sequence

alignments of the SERK family members revealed that in the C-terminus (C-ter) the last four
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amino acids (SGPR) are highly conserved (Seraine Beeler master work; Delphine Chinchilla
personal communication). Indeed functional complementation studies of bak1-4 null mutant
with C-terminally tagged BAK1 showed defects in the induction of defense responses triggered
by MAMPs but did not perturb ligand-dependent heterodimerisation between FLS2 and BAK1
(Delphine Chinchilla unpublished data; Ntoukakis et al., 2011). These data suggest that the C-
terminus might have an important function in PTI signaling. In our study the construct lacking
the SGPR motif was called “BAK1A”. Upstream of the SGPR motif, the protein sequence of BAK1
is divergent from those of SERK1/2 and SERK4/5 (Boller and Felix, 2009). In addition to BAK1A,
we constructed another C-ter-truncated version “BAK1A580” where we inserted a stop codon
by site directed mutagenesis in position 580, because from this position the protein sequence

of the SERK homologs is more divergente (Figure 3.2.2).

BAK1A580 BAK1A
SERK1 FEMLEGDGLAEKWDEWQRVEILREEIDLSPN-—FPNSDWILDSTYNL-HAVELSGER
SERK?2 RMLEGDGLAEKWDEWOQRKVEVLROEVELSSH--PTSDWILDSTDNL-HAMETSGPR

SERKG3/BAK1 FEMLEGDGLAERWEEWQREEMEROQDENY PTHHPAVSGWIIGDSTSQIENEYHSGER
SERK4/BKK1 EMLEGDGLAERWEEWOKEEMPTHDENYOAYPHAGTDWLIPYSNSLIENDYHSGPR
SERKS FEMLEGDGLAERWEEWQREEMP THDENYQAYPHAGTDWLIPYSNSLIENDYHSGER

consensus EEEREKAAR IR s ke HE AR Ky Lt . . L E . . . * kR R

Figure 3.2.2: Amino acid sequence alignment of the C-terminus of SERK1 to SERKS5. Protein
sequences of SERK family members were aligned using the T-Coffee multiple sequence alignment tool:
http://www.tcoffee.org (Di Tommaso et al., 2011). Black frame mark the highly conserved SGPR motif.
Black arrows indicate the position of stop codons introduced in BAK1A and BAK1A580 respectively. In
the consensus sequence an asterisk (*) represents conserved amino acids in all sequences, a colon (:)
indicates a position composed of amino acids with similar physicochemical properties, a dot (.) represents

a position where semi-conserved substitutions are observed.

To analyze the role of the C-terminal region of BAK1 in plant defense regulation, we
investigated A. thaliana Col-0 ecotype plants expressing the BAK1A constructs and BAK1 under
the control of the estradiol-inducible XVE promoter. We selected ethylene accumulation as
standard bioassay to determine which constructs were able to activate defense responses in a
MAMP-independent manner. Samples for each genotype were pooled from three individual T1

plants and leaf strips were treated or not with estradiol overnight. A three hours 1 uM flg22
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treatment was performed as positive control for MAMP-induced defense response. Plants
containing estradiol-inducible BAK1A and BAK1A580 constructs produced similar levels of
ethylene in presence of estradiol as BAK1 (Figure 3.2.3A). The accumulation level of the
proteins encoded by the constructs was assessed by Western blot analysis (Figure 3.2.3B).
BAK1A and BAK1A580 displayed the same protein pattern with the putative truncated forms as
the BAK1 construct. Our results show that the C-terminal tail of BAK1 is not required for the
induction of constitutive ethylene production suggesting that it is not involved in the activation

of the constitutive defense response.
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Figure 3.2.3: In A. thaliana C-terminal truncated BAK1 constructs are able to induce ethylene
accumulation in a MAMP-independent manner. A. thaliana ecotype Col-0 (WT) transformed with
BAK1, BAK1 C-terminally truncated versions were used for ethylene biosynthesis measurement. All the
constructs were expressed under the estradiol inducible XVE promoter. WT: Col-0; BAK1: XVE-BAK1Z,;
BAK1A: XVE-BAK1A; BAK1A580: XVE-BAK1A580. A: Samples were pooled from three different T1

plants for each genotype and were treated with solvents (control), with 1 uM estradiol overnight or with 1
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puM flg22 for three hours. Six technical replicates were prepared for each treatment. Error bars represent
standard error of mean (n=6). B: Samples from ethylene bioassay were used for Western blot analysis
with anti-BAK1 antibody (upper panels). Ponceau staining was performed to detect the amount of protein

present on the membrane (lower panels). Asterisk (*) marks cross-reacting bands.

We further investigated the function of the conserved SGPR motif. In T2 generation the
constitutive ethylene phenotype was confirmed with two independent lines, BAK1A-2 and
BAK1A-6 (Figure 3.2.4A). Subsequently we used these two lines to test MAPK activation,
another early defense response induced by pathogens (Nuhse et al., 2000; Asai et al., 2002). In
estradiol treated samples accumulating the BAK1A protein, MPK6 and MPK3 were
hyperphosphorylated in comparison to the control treatment, while in wild type Col-0 (WT)
samples there was no difference between control and estradiol treated samples (Figure
3.2.4B). Inhibition of seedling growth was also assayed. In presence of estradiol in BAK1A lines
fresh weight of seedlings was reduced compared to WT seedlings (Figure 3.2.4C). Pictures taken
of BAK1A-2 seedlings showed that both shoots and roots were affected by overexpression of
BAK1A. We did not observe significant differences in the activated-defense phenotype triggered
by BAK1 and by BAK1A overexpression.
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Figure 3.2.4: BAK1A induces constitutive defense responses in a MAMP-independent manner.
Constructs were driven by the estradiol-inducible XVE chimeric promoter. A: Ethylene bioassay was
performed with a pool of 7 T2 plants for each genotype. Leaf strips were treated with control or with 1 pM
estradiol overnight or with 1 uM flg22 for three hours. Error bars correspond to standard deviation with
n=4. B: Total proteins were extracted from two-week-old seedlings treated or not with 1 uM estradiol
overnight. MAPK activation was detected by antibodies recognizing phosphorylated forms of MAPKs
(upper panel). Accumulation of BAK1 and its truncated forms was detected with anti-BAK1 antibody
(middle panel). Asterisk (*) marks cross-reacting bands. Ponceau staining was performed to detect the
amount of protein present on the membrane (lower panel). C: Seedling growth assay was performed with
T2 seedlings. Fresh weight of individual seedlings was measured after 10 days of germination in
presence or in absence of 1 uM estradiol. Graph represents the mean of 10 technical replicates and error

bars correspond to standard error of mean (n=10).

3.2.3.2 BAKI kinase activity is not required to induce the constitutive ethylene phenotype
We observed that in the intracellular part of BAK1 the C-ter domain does not seem to be
determinant for the induction of ethylene accumulation in an elicitor-independent manner
(Figure 3.2.3 and 3.2.4). In the next step we tested whether BAK1 kinase activity was necessary
or not to induce a constitutive ethylene accumulation. Therefore we used a BAK1 kinase
deficient (BAK1-KD) mutant carrying two amino acid substitutions in the kinase domain: one in

the ATP-binding site position 317 (K-E) and another one in the kinase sub-domain XI position
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537 (Q=>R) (Schulze et al., 2010). Both BAK1 and BAK1-KD could form a stable complex with
FLS2 upon flg22 elicitation. However BAK1-KD was not able to restore the flg22 responsiveness
of a bak1-4 mutant while the wild type form of BAK1 did, indicating that BAK1 kinase activity is
important for PTI signaling (Schulze et al., 2010). A. thaliana Col-0 wild type plants were
transformed with the BAK1-KD construct under the control of the 2xCaMV 35S promoter
(hereafter referred to as 2x355-BAK1-KD) to check whether BAK1 kinase activity has a role in
the growth phenotype previously observed with 2x355-BAK1. We observed that plants
accumulating BAK1-KD did not show necrosis after 6 weeks of germination and after nine
weeks they displayed a bril-like phenotype with rounder leaves and shorter petioles (Delphine
Chinchilla unpublished results). Notably, in contrast to wild type BAK1 overexpressing lines,
BAK1-KD overexpression lines were able to produce seeds. These results suggest that kinase
activity is required for the stunting phenotype induced by BAK1 overexpression. We also
transformed plants with BAK1-KD construct under the control of the estradiol inducible XVE
promoter (hereafter referred to as XVE-BAK1-KD) and ethylene accumulation was measured.
From 13 independent transgenic lines analyzed, 11 lines showed the constitutive ethylene
phenotype (Figure 3.2.5A) and this was in correlation with the overexpression of BAK1-KD and
truncated forms (Figure 3.2.5B). These results indicate that BAK1 kinase activity is not required

for constitutive ethylene accumulation induced by BAK1 overexpression.
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Figure 3.2.5: BAK1 kinase activity is not required to induce the activated-defense phenotype

observed in plants overexpressing BAKL. A: Leaf strips from four-week-old Col-0 wild type (WT),
BAK1 (XVE-BAK1 line 11-2, T3 plants) and BAK1-KD (XVE-BAK1-KD, T1 plants) plants were used to

measure ethylene biosynthesis in presence of solvents (control), overnight 1 uM estradiol treatment or

three hours 1 uM flg22 treatment. Graph represents the mean of four technical replicates and error bars

correspond to standard deviation with n=4. B: BAK1/BAK1-KD accumulation was detected by antibodies

anti-BAK1 in estradiol treated leaf material after overnight incubation (upper panel). Ponceau staining was

performed to detect the amount of protein present on the membrane (lower panel).
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3.2.3.3 Overexpression of the plasma membrane anchored BAK1 ecto-domain causes
phenotypes similar but not identical to BAK1 overexpression

To further investigate structural features of BAK1 involved in the activated defense

phenotype we prepared additional BAK1-derived constructs. “BAKlex” corresponds to ecto-

domain of BAK1 and “BAKlanchor-ex” is composed of the ecto-domain and the predicted trans-

membrane domain of BAK1. We also cloned the cytoplasmic domain of BAK1 called “BAK1in” as

well as the signal peptide fused to the trans-membrane domain plus the intracellular domain

called “BAKlanchor-in” (Figure 3.2.6).

BAKlex®

BAK1® é BAK1anchor-ex®

BAKZlanchor-in®

BAKZ1in®
Figure 3.2.6: Schematic representation of BAK1-derived constructs. BAKlex: BAK1 ecto-domain;

BAK1lanchor-ex: BAK1l ecto-domain with the predicted trans-membrane domain; BAKLlin: juxta-
membrane and kinase domain with the C-terminus; BAKlanchor-in: cytoplasmic domain of BAK1 with
the predicted trans-membrane domain; (1): BAK1, BAKlex and BAKLlin were cloned and provided by
Seraina Beeler; (2): BAKlanchor-ex and BAKlanchor-in were cloned from BAK1 cDNA and provided by

Ana Dominguez-Ferreras.

To further study which part(s) of BAK1 are determinant for the constitutive-defense
phenotype, BAKlanchor-ex (GFP fusion protein), BAKlanchor-in, BAKlex and BAKlin were
expressed under the control of the estradiol inducible XVE promoter in A. thaliana plants and
T1 plants were used to measure ethylene accumulation upon estradiol treatment. The
expression of BAKlex and BAK1lin constructs was detectable but in contrast to BAK1, they were
not able to induce ethylene production in a MAMP-independent manner, indicating that
extracellular or intracellular parts of BAK1 alone or the kinase domain attached to the

membrane are not sufficient to induce constitutive defense responses (Figure 3.2.7A and data
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not shown). The BAKlanchor-ex and BAKlanchor-in constructs were able to accumulate but

only BAKlanchor-ex was able to provoke constitutive ethylene accumulation upon estradiol

treatment (Figure 3.2.7B, Ana Dominguez-Ferreras unpublished data). These results indicate

that the trans-membrane domain and the extracellular domain of BAK1 are both required to

induce constitutive ethylene accumulation independently of elicitors.
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Figure 3.2.7: BAK1 extracellular domain anchored in the plasma membrane is required to trigger
constitutive ethylene production. WT: Col-0; BAK1: XVE-BAK1; BAKlex: XVE-BAKlex; BAK1in:
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XVE-BAK1in; BAKlanchor-ex: XVE-BAKlanchor-ex-GFP; BAKlanchor-in: XVE-BAKlanchor-in. A:
Leaf strips from four-week-old WT, BAK1, BAKlex and BAKLlin plants were treated or not with 1 pM
estradiol overnight and ethylene accumulation was measured. Three hours flg22 treatment was
performed as elicitor induced ethylene accumulation control. For each genotype leaf strips from three T1
plants were pooled together. Graphs represent the mean of six technical replicates and error bars
correspond to the standard error of the mean with n=6. Leaf material was collected and analyzed by
Western blot with antibodies anti-BAK1. B: Four-week-old individual T1 plants were use to measure
ethylene accumulation in presence or in absence of 1 pM estradiol, and to analyze gene expression by
Western blot with antibodies recognizing the C-terminal domain of BAK1 and anti-GFP antibodies.
Experience presented in figure B was performed by Ana Dominguez-Ferreras. Graphs represent the

mean of four technical replicates and error bars correspond to standard deviation with n=4.

In Arabidopsis, the overexpression of BAKlanchor-ex under the control of the 2xCaMV
35S promoter induced a growth defect phenotype, as described below, while BAKlanchor-in
expressing plants remained as WT plants (Figure 3.2.8A). Plants accumulating BAKlanchor-ex
(Figure 3.2.8B) displayed stunted stature and developed narrower leaves than wild type plants.
However growth defects provoked by overexpression of BAKlanchor-ex were distinct from
those induced by full-length BAK1 overexpression. BAKlanchor-ex plants, in contrast to BAK1
overexpressors, did not present leaf necrosis and lethality, and they were able to bolt. However
they never set seeds. These results suggest that BAK1 extracellular domain anchored in the
plasma membrane is only partially responsible for the phenotype induced by BAK1

OVEFEXDFESSiOH.
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Figure 3.2.8: Constitutive overexpression of BAK1 extracellular domain anchored in the plasma
membrane provokes developmental defects. (Experiment performed by Ana Dominguez-Ferreras) A
Col-0 wild type, BAK1 (2x35S-BAK1 gDNA), BAKlanchor-ex (2x35S-BAKlanchor-ex-GFP cDNA) and
BAK1lanchor-in (2x35S-BAKlanchor-in cDNA) T1 plants were photographed after seven weeks of
germination. B: Total proteins were extracted from individual T1 plants and Western blot analyses were
performed with anti-GFP antibodies to detect protein expression (upper panels). Equal amount of proteins
on the membrane was revealed by Ponceau staining (lower panels). Asterisk (*) marks BAK1 truncated

forms.
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3.2.4 Discussion

In A. thaliana plants overexpression of BAK1 caused developmental defects, leaf necrosis,
premature death and constitutive, MAMP-independent activation of defense responses
(Results: Chapter 1). This phenotype could be correlated with the accumulation of full-length
BAK1 protein as well as with the appearance of BAK1-derived proteins of lower size. Thus, one
of our hypotheses to explain the BAK1 overexpression-mediated phenotype focused on the
accumulation of these truncated forms of BAK1. We assumed that the plant triggers defense
responses upon detection of the accumulation of these BAK1 breakdown products. But first, we
attempted to rule out the possibility that these are splicing variants of BAK1 with distinct
functions instead of truncated BAK1 proteins. Recently it was reported that Medicago
truncatula BAK1 (MtSERK3) possesses 7 splice variants (Nolan et al., 2011). However, we
observed that overexpression of gDNA and cDNA sequences of BAK1 presented the same
protein pattern in Western blot analysis giving evidence that the observed protein bands are
most likely not splice variants of BAK1 (Ana Dominguez-Ferreras personal communication).

Next, we assumed that these truncated forms might correlate with certain domains of
BAK1. Thus we constructed different truncated and mutated forms of BAK1 to analyze which of
these forms still have the ability to elicit phenotypes similar to the ones caused by BAK1
overexpression. In other words, which domains contribute to the constitutive defense
phenotype and/or the developmental changes.

In previous studies it was shown that BAK1 kinase activity is not required for heteromeric
complex formation between BAK1 and its ligand-binding interacting partners BRI1 and FLS2 but
it is crucial for the activation of receptor complexes and for induction of appropriate
downstream signaling cascades (Wang et al., 2008; Schulze et al., 2010; Schwessinger et al.,
2011). Moreover BAK1 kinase activity is also involved in cell death control since a kinase dead
version of BAK1 did not rescue bak1-4 bkk1 lethality (Wang et al., 2008). These results indicate
that the kinase activity of BAK1 is indispensable for these regulatory functions. In accordance to
this we found in our study that BAK1 kinase activity was required to induce the growth
phenotype and lethality induced by BAK1 overexpression (Delphine Chinchilla unpublished

results). But we also found that BAK1 kinase activity was not required for constitutive ethylene
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accumulation (Figure 3.2.5). However we should take into consideration that the BAK1 mutant
that we used in this study may be not kinase-dead (Schulze et al., 2010) and the possible
remaining kinase activity may be sufficient to activate constitutive ethylene biosynthesis.
Analysis of other defense responses, such as seedling growth inhibition and cell death would be
necessary with a kinase-dead version of BAK1, to further dissect the role of BAK1 kinase-activity
in the activated-defense phenotype.

Overexpression of the C-terminally truncated variants, BAK1A or BAK1A580, led to an
enhanced accumulation of the stress hormone ethylene, induced MAPK activation and inhibited
seedling growth similar to full length BAK1, indicating that the C-terminal tail is dispensable for
the activation of defense responses (Figure 3.2.3 and 3.2.4). Even removal of the whole
intracellular domain (BAKlanchor-ex) did not impair the ability of defense response activation,
such as ethylene production (Figure 3.2.7B). Notably, it has been shown for the RLK FLS2, that
the N-terminal cysteine pair is essential for processing, stability, binding activity and for FLS2-
FLS2 association underlining the importance of the LRR-RLK’s extracellular domain for its
functions (Dunning et al., 2007; Sun et al., 2012).

However, the growth phenotype induced by full-length BAK1 and by BAKlanchor-ex is very
different (Figure 3.2.8). At this stage of the analysis no leaf cell death and no plant lethality
were observed in BAKlanchor-ex plants, which indicate that the presence of the intracellular
domain of BAK1 could be important in the cell death phenotype. This should be further
investigated by trypan blue staining for example in seedlings overexpressing BAKlanchor-ex
and BAK1-KD constructs. Collectively these results indicate that the overexpression of BAK1
extracellular domain attached to the plasma membrane is sufficient to activate early defense
features such as ethylene accumulation but the induction of cell death, which is a later and a
more radical defense response probably depends on BAK1 kinase activity. Moreover, it has
been shown previously that BAK1 trans-membrane and kinase domains are essential for its
interaction with AvrPto, a bacterial effector probably targeting BAK1 in the aim of suppressing
PTI (Shan et al., 2008). Since we showed before that knock-out of SOBIR1 largely suppressed
the BAK1 overexpression phenotype indicating that BAK1 might also be linked to ETI, which is

associated with cell death, it is possible that BAK1 domains are involved in different defense
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pathways. The extracellular domain attached to the plasma membrane plays a role in PTI
whereas the intracellular domain might be important for ETI. In contrast, overexpression of
BAK1 intracellular domain attached to the plasma membrane was not able to induce
constitutive ethylene accumulation (Figure 3.2.7) and did not induce growth impairments nor
cell death (Figure 3.2.8). Thus if the BAK1 intracellular domains plays indeed a role in ETI, it
seems to be still dependent on the presence of the extracellular domain for proper function.
However we cannot exclude the possibility that in BAKlanchor-in plants, the absence of the
phenotype is due to the cleavage of the signal peptide and therefore the truncated protein is
not properly targeted to the plasma membrane. To check this we could prepare plasma
membrane cell fractions followed by Western blot analysis, or BAKlanchor-in could be
expressed as GFP fusion protein in Nicotiana benthamiana leaves and analyzed by confocal
microscopy.

Finally, the localization of both, extra- and intracellular domains, to the plasma membrane
seems to be crucial since overexpression of BAK1 soluble extracellular or intracellular domains
alone did neither trigger a constitutive defense response or cell death nor changes in plant
development (Figure 3.2.7A and data not shown). Indeed, localization of GFP-tagged
BAKlanchor-ex was checked in transgenic Arabidopsis plants and found to be present in the
plasma membrane (Delphine Chinchilla, unpublished data).

In summary, all domains of BAK1 contribute to the BAK1 overexpression phenotype. The
extracellular domain attached to the plasma membrane seems to be sufficient to trigger a
constitutive PTI response, whereas the intracellular domain is involved in cell death regulation
and plant development but needs the presence of the extracellular domain for full activity. It
will be intriguing to uncover the molecular mechanisms behind this distinct involvement of
BAK1. It is possible that the simultaneous involvement of BAK1 in several signaling pathways
prevents the uncovering of a clear domain-to-function connection, neither in development nor
in innate immunity. In the future these BAK1-derived constructs will be used and tested to

determine their interaction with known PRRs such as FLS2 and other regulators such as BIK1.
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4 FINAL DISCUSSION

In our study, we tried to overexpress BAK1 in Arabidopsis thaliana plants to elucidate its
role in innate immunity. Our initial strategy was to overexpress full-length BAK1 under a
constitutive promoter to investigate if it is a limiting factor for BR/MAMP signaling if both
stimuli are present. This might have explained why treatments with MAMPs like flg22 lead to
growth inhibition, a phenotype reminiscent of impaired BR signaling (Gomez-Gomez et al.,
1999; Albrecht et al., 2011; Lin et al., 2013). Surprisingly we found, in contrast to previous
studies (Li et al., 2002; Nam and Li, 2002), that constitutive overexpression of wild-type BAK1
induced a severe phenotype in Arabidopsis. This includes developmental arrest, necrosis,
sterility and constitutive activation of defense responses (3 Results: 3.1 Chapter 1).

Prolonged activation of defense responses can impose negative effects on the plant
fitness (Lorrain et al., 2003; Tian et al., 2003; Korves and Bergelson, 2004; Liew et al., 2005) and
many mutants with constitutive activation of resistance exhibit growth defects and
spontaneous lesions (Shirano et al.,, 2002; Yang and Hua, 2004; Gao et al., 2009). Thus we
hypothesized that constitutive overexpression of BAK1 somehow triggers constitutive defense
response despite a lack of elicitors leading to the observed phenotype.

By using an inducible BAK1 construct (XVE-BAK1) we found that already a transient
accumulation of BAK1 protein triggers defense responses independent of the presence of
MAMPs (Figure 3.1.2-7). Additionally, resistance to the hemibiotrophic bacterial pathogen Pto
DC3000 was increased (Figure 3.1.8).

Taken together, this is a very surprising finding. BAK1 has been described as an
important co-receptor used by many PRRs and BRI1 but has not been connected to the
possibility that it could trigger PTI or ETI on its own. In this chapter, different models will be
proposed that try to bring the observed phenotype, the collected molecular data and the
published knowledge about BAK1 function together, and to come up with new ideas about the

role of BAK1 in plant immunity and development.
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4.1 BAK1 overexpression may override mechanisms of negative

regulation

BAK1 transcription is five times induced by flg22 perception compared to control samples
(Figure 3.1.4) indicating that higher levels of BAK1 transcription and BAK1 protein, respectively,
might contribute to plant immunity. Following this idea, plants will also need means to reduce
BAK1 levels after pathogens have been defeated to prevent a constitutive activation of the
immune system. Two potential mechanisms might exist:

First, BAK1 endocytosis and subsequent degradation could be responsible for the
regulation of the amount of BAK1. Indeed it was proposed that BAK1 is involved in BRI1
endocytosis (Russinova et al., 2004). To date, there is no evidence that MAMP treatment
induces BAK1 endocytosis as for FLS2 (Robatzek et al., 2006; Chinchilla et al., 2007). Assuming
that BAK1 is internalized together with FLS2 or BRI1 after perception of flg22 or BR,
respectively, the removed amount of BAK1 from the plasma membrane seems to be little
compared to the whole pool of BAK1. Additionally BAK1 was shown not to be a rate-limiting
factor in PRR and BRI1 signaling (Albrecht et al., 2011) thus, BAK1 endocytosis might not play a
dominant role in the negative control of BAK1-mediated PTI.

Second, it was shown in Arabidopsis that two typical E3 ubiquitin-protein ligases PUB12
(PLANT U-BOX 12) and PUB13 (PLANT U-BOX 13), constitutively co-immunoprecipitating with
BAK1, are recruited in the FLS2 receptor complex upon flg22 treatment and target FLS2 for
degradation (Lu et al., 2011) (Figure 4.1A). Although they do not target BAK1 for degradation,
other yet unknown E3 ubiquitin-protein ligases might be involved here (Figure 4.1B). For
example the three Arabidopsis E3 ligases, PUB22/23/24 negatively regulate flagellin signaling
which could work via BAK1 degradation (Trujillo et al., 2008).

However, activation of BAK1-dependent signaling pathways might not be necessary for
enhanced BAK1 degradation since the lower molecular weight bands we detected using the
anti-BAK1 antibody also appeared in the absence of MAMPs when BAK1 expression was
induced (Figures 3.1.1-2, 3.1.6-8). Thus BAK1 might not only be degraded after MAMP or BR

perception but there could be a constant turnover dependent on BAK1 abundance.
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In summary, the constitutive defense response triggered by BAK1 overexpression might
be caused by an over-accumulation of BAK1 due to insufficient degradation routes (Figure
4.1B). How the simple over-accumulation of BAK1 could activate PTI or ETI will be discussed in

the next chapter.
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Figure 4.1: Model to explain how BAK1 overexpression could interfere with negative regulatory
mechanisms of PTI. A: In case of receptor complex activation E3 ubiquitine ligases PUB12/13 target
FLS2 for degradation to prevent constitutive activation of PTI (Lu et al., 2011). B: The effect of E3
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ubiquitin ligase possibly targeting BAK1 for degradation is not sufficient to offset the BAK1
overexpression phenotype. oxBAK1: BAK1 overexpression; PRR: pattern recognition receptor; MAMP:
microbe-associated molecular patterns; P: phosphate; PTI: pattern-triggered immunity; pm: plasma
membrane; E3: ubiquitin-protein ligase; Ub: ubiquitin.

4.2 Constitutive PTI might be based on aberrant activation of

BAKZ1-interacting receptors

BAK1 forms ligand-dependent heteromeric complexes with several receptors of
conserved microbial or danger signatures, such as FLS2, EFR, PEPR1 and 2 (Chinchilla et al.,
2007; Heese et al., 2007; Postel et al., 2010; Schulze et al., 2010; Roux et al., 2011). Therefore a
logical scenario is that BAK1 over-accumulation induces an aberrant association between BAK1
and BAK1-interacting receptors and promotes their phosphorylation, which then could activate
the downstream signaling cascade leading to PTI. To test this hypothesis, BAK1 was
overexpressed in the efr fls2 mutant lacking two BAK1-interacting MAMP receptors, and in
peprl pepr2 mutant lacking the two DAMP receptors. These mutants were not able to rescue
the BAK1 overexpression phenotype (Figure S3.1.4B and Delphine Chinchilla, unpublished
results). Thus, these known BAK1-interacting PRRs either do not take part in the generation of
the observed phenotype, or they act redundantly, or single or double knock-outs are
insufficient to suppress their effect. However BAK1 was described to be involved in signaling
induced by additional microbial patterns, such as bacterial cold shock protein csp22 or
Phytophtora infestans elicitor INF1 (Heese et al., 2007; Chaparro-Garcia et al., 2011). Hence we
cannot exclude that further unknown receptors from Arabidopsis interact with BAK1 and, in
case of BAK1 overexpression, lead to PTI activation (Figure 4.2A). Interestingly we found that
overexpression of the BAKlanchor-ex construct, lacking the whole kinase domain, also
displayed the constitutive ethylene phenotype and a growth defect but no necrosis (Figure
3.2.7B and 3.2.8). Complex formation between BAK1 and FLS2/EFR does not need the kinase
activity of BAK1 (Schulze et al., 2010; Schwessinger et al., 2011). Thus, the BAK1 extracellular
and/or the transmembrane domain may be sufficient to recruit the unknown receptor(s). The

receptor activation needs to be independent of the BAK1 kinase domain. Since the current
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models suggest that BAK1 kinase activity is required for receptor activation (Schulze et al.,
2010; Gou et al., 2012), one could imagine that other members of the SERK family, are recruited
in this complex and activate the unknown receptor (Figure 4.2B). However, the growth
phenotype induced by BAK1 overexpression is different from the one induced by
overexpression of BAKlanchor-ex (Figure 3.2.8). Hence, BAK1 kinase-domain is required for the

full activation of the BAK1 overexpression phenotype.
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Figure 4.2: BAK1 overexpression might activate unknown receptor(s) leading to PTI. A: In case of
BAK1 overexpression (0xBAK1), BAK1 interacts and phosphorylates unknown receptor(s) leading to PTI
activation. B: Overexpression of BAK1 extracellular domain anchored to the plasma membrane
(oxBAKZlanchor-ex) is sufficient to interact with unknown receptor(s) and possibly recruits another
member of the SERK family. Consequently this leads to PTI activation. P: phosphorylation; PTI: pattern-

triggered immunity.

4.3 Strong kinase activity of BAK1 induces the downstream

signaling cascade leading to constitutive PTI

The so called RD kinases possess a negatively charged aspartate (D) and a positively
charged arginine (R) residues in their kinase domain. Phosphorylation of the kinase activation

loop neutralizes the positively charged R residue resulting in kinase activation (Johnson et al.,
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1996). These kinases have a strong kinase activity and are able to autophosphorylate their
activation loop. BAK1 belongs to the RD kinase family (Dardick and Ronald, 2006). Therefore
one can imagine that without further stimulus a certain percentage of BAK1 is already present
in the phosphorylated stage but could be constitutively dephosphorylated by a phosphatase to
keep it “inactive” and therewith prevent an aberrant activation of PTI (Figure 4.3A left). In the
case of flg22 perception, BAK1 associates with FLS2 leading to cross-phosphorylation which
increases the amount of phosphorylated BAK1. This could be further increased by a
simultaneous deactivation of the phosphatase facilitated by FLS2-BAK1 activated downstream
components which would allow full activation of PTI. After FLS2 endocytosis the signaling
pathway might get deactivated. Then, the phosphatase might recover to keep BAK1 in its
dephosphorylated state to completely block PTI (Figure 4.3A).

In case of BAK1 over-accumulation the number of phosphorylated BAK1 proteins might
increase above a certain threshold, which might be sufficient to phosphorylate considerable
numbers of downstream signaling elements such as BIK1 and PBL1. Following the above
described flow of events these downstream signaling elements could deactivate the
phosphatase in a negative feedback loop and therewith further increase the amount of
phosphorylated BAK1 molecules. Since BAK1 protein levels cannot be reduced efficiently by the
plant’s degradation routes (as hypothesized in chapter 4.1), this will eventually lead to a
constitutive activation of PTI (Figure 4.3B). However, this model is difficult to be reconciled with
my findings, since BAKlanchor-ex lacks the kinase domain but still partially induces the BAK1

overexpression phenotype.
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A wild-type situation
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Figure 4.3: BAK1 overexpression could activate the downstream signaling cascade and induce
constitutive PTI. A: Possible phosphorylation events in wild type context. B: Hypothetical
phosphorylation events in case of BAK1 overexpression. PRR: pattern recognition receptor; MAMP:
microbe-associated molecular pattern; Pase: phosphatase; P: phosphorylation; oxBAK1l: BAK1
overexpression; PTI: pattern-triggered immunity; pm: plasma membrane. Black lines represent direct

events and dashed lines several events.

4.4 BAK1 overexpression phenotype could be due to ETI activation

BAK1 and other proteins involved in MAMP receptor complexes like FLS2, EFR or BIK1 are
known to be targeted by effectors (Shan et al., 2008; Zhang et al., 2010; Cheng et al., 2011;
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Feng et al., 2012) (Figure 4.4A). Co-IP studies performed in protoplasts indicate that AvrPto and
AvrPtoB target BAK1 and interfere with the formation of FLS2-BAK1 and BRI1-BAK1 complexes
(Gohre et al., 2008; Shan et al., 2008). In contrast, it was recently shown by protoplast- and
plant-based co-IP and BiFC (bimolecular fluorescence complementation) assays that FLS2 but
not BAK1 is targeted by AvrPto (Xiang et al., 2011). However, BAK1 is a central protein for PTI
and well conserved within the plant kingdom. Therefore it is very likely that BAK1 is targeted by
effectors, and most likely also guarded by one or even several R-proteins.

Further support for an involvement of BAK1 in ETI comes from the report that BAK1
interacts with BIR1 and BON1 (Gao et al., 2009; Wang et al., 2011). Both bir1-1 and bon1-1
mutants display constitutive defense responses and cell death which are partially reversible by
high temperature (28 °C) and mutations in genes (PAD4, EDS1, SNC1, LCDs) typically associated
with ETI signaling. In addition BAK1 overexpression induces massive cell death and plant
lethality (Figure 3.1.1 and 3.1.7) which could be similar to the hypersensitive response, a
hallmark of ETI. But neither mutations in different R genes or regulators of R genes nor
elevation of the growth temperature to 28 °C was able to rescue the phenotype (Figure $3.1.5
and Table S3.1.1). However, these results do not exclude that BAK1 itself or BAK1-containing
multimeric complexes are guarded by an R gene. Since BAK1 appears as a key component of
multiple defense as well as developmental pathways, it is possible that several R genes monitor
BAK1 integrity. Thus knocking out a single R gene might not be sufficient to suppress the BAK1
overexpression phenotype.

Interestingly, knock-out of SOBIR1 suppressed the BAK1 overexpression phenotype
(Figure 3.1.10). SOBIR1 was proposed to be involved in ETI, but also in PTI as well as in organ
abscission by regulation of molecule secretion through the Golgi apparatus (Gao et al., 2009;
Leslie et al., 2010; Lewis et al., 2010; Liebrand et al., 2013; Zhang et al., 2013). Therefore the
link between BAK1 and SOBIR1 revealed in our study does neither support nor contradict a
connection of BAK1 to ETI.

Taken together, despite clear evidence for a link between BAK1 and ETI it is tempting to

hypothesize that the phenotype observed for BAK1 overexpression is at least partially due to

123



FINAL DISCUSSION

constitutive ETI activation. Notably, if BAK1 over-accumulation triggers (in addition) ETI it would
do that without the presence or activity of an effector. How could this work?

Two things are changed in BAK1 overexpression plants. First, the BAK1 protein level is
elevated and second, putative degradation products are present or more abundant than in wild
type plants. Effectors were shown to induce the degradation of PTI components (Nomura et al.,
2006; Gohre et al., 2008; Gimenez-lbanez et al., 2009b), and might target BAK1 as wel. Thus,
the guarding in case of BAK1 might work by monitoring the presence or abundance of BAK1
degradation products (Figure 4.4A). For example a putative R-protein might need to bind to a
specific BAK1 break-down product or intermediate product to activate ETI. In wild type plants
these break-down products or intermediates are absent or their presence is very low and thus
insufficient to activate ETI via the R-gene product. In case of the BAK1 overexpressing plants
these break-down products are present or more abundant; the R protein binds to these
products in sufficient amounts and activates ETI (Figure 4.4B).

Most of the R proteins are intracellular. Thus the putative R-protein would most likely
guard the intracellular part of BAK1 which consists mainly of the kinase domain. Analysis of
plants overexpressing BAKlanchor-ex showed that the absence of BAK1 kinase-domain did not
trigger cell death although it produced an altered growth phenotype (Figure 3.2.8). Thus if
BAK1 over-accumulation would indeed trigger ETI via the detection of elevated amounts of
BAK1-kinase-domain-derived degradation products it seems to only partially contribute to the
observed phenotype.

Taken together, the BAK1 overexpression phenotype is most likely based on multiple

alterations in distinct signaling pathways including PTI, ETI and maybe also BR signaling.
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A wild-type situation B BAK1 overexpression
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Figure 4.4: BAK1 overexpression phenotype might involve one or several resistance (R) proteins
to activate ETI signaling. A: BAK1 seems to be a logical target of effectors and therefore its integrity
could be monitored by one or several R proteins through detection of BAK1 degradation products. B:
BAK1 overexpression could induce accumulation of BAK1-derived degradation products which can be
detected by R protein(s) and lead to ETI. PRR: pattern recognition receptor; MAMP: microbe-associated
molecular pattern; oxBAK1: BAKL1 overexpression; P: phosphorylation; pm: plasma membrane ETI:

effector triggered immunity. Black lines represent direct events and dashed lines several events.

Although PTI and ETI share many signaling components, ETI triggers quicker and stronger
defense responses than PTI does (Jones and Dangl, 2006). For example, ETI but not PTI is
associated with HR. However, it has been demonstrated that flg22 may also induce cell death in
Arabidopsis under certain conditions (Naito et al., 2008). We showed that treatment with elf18
did the same (Figure 3.1.7). These results may argue for the existence of a continuum between
PTI and ETI (Boller and Felix, 2009; Thomma et al., 2011). This potential lack of a sharp
separation of PTl and ETI makes it further difficult to assign the BAK1 overexpression phenotype

to either PTI or ETI.
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45 Are there other BAKI1-dependent pathways additionally
involved in the formation of the BAKIL overexpression

phenotype?

Since BAK1 overexpression induced developmental defects and cell death we cannot
exclude that other pathways regulated by BAK1 are influenced by its overexpression and
contribute to the observed phenotype. For example, does BAK1 accumulation affect the BR
pathway? Our results demonstrated that BRI/1 expression is decreased by BAK1 overexpression
(Figure 3.1.5), which may indicate an inhibition of the BR pathway. In contrast, CPD expression
was also inhibited (Figure 3.1.5), which is a sign for BR pathway activation (Mathur et al., 1998).
On the one hand it has been described that BR pathway activation results in the methylation of
a phosphatase that in turn dephosphorylates the internalized pool of ligand-activated BRI1 and
marks it for degradation (Wu et al., 2011) (Figure 4.5A). Therefore one could imagine that BAK1
overexpression amplifies this negative feedback loop and inhibits BR signaling (Figure 4.5A). On
the other hand a recent study revealed that additionally to PRRs, BIK1 constitutively interacts
with BRI1 (Lin et al., 2013). BIK1 is phosphorylated and released from BRI1 in a ligand-
dependent and a BAKl-independent manner; the latter presents a difference compared to
mechanism of PRR-BIK1 dissociation (Lin et al., 2013) (Figure 4.5B). Bikl mutants display
compromised MAMP responses hence BIK1 is considered as positive regulator of innate
immunity (Lu et al., 2010b; Zhang et al., 2010). In contrast, bik1 mutants show various BR
hypersensitive phenotypes, therefore BIK1 seems to be a negative regulator in BR signaling (Lin
et al., 2013). Regarding these it is a possibility that BAK1 overexpression induces accumulation
of BIK1 (Figure 3.1.9), which consequently inhibits BR signaling (Figure 4.5B). In both cases
inhibition of BR signaling would lead to developmental defects. Since PTI and BR signaling
pathways are connected at the signaling level (feedback) (Albrecht et al., 2011; Belkhadir et al.,
2011; Lin et al., 2013), manipulation of one likely affects the other, but maybe to a lesser extent

than the direct manipulation.
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Figure 4.5: BAK1 overexpression might interfere with BR signaling and inhibit plant development.
A: In wild type, BR pathway activation induces a negative feedback loop via BRI1 degradation (left
schema). BAK1 overexpression might amplify the negative feedback loop and inhibit BR-signaling (right
schema). B: BIK1, a negative regulator of BRI1 is released from BRI1 and phosphorylated in a ligand-
dependent manner (left schema) (Lin et al., 2013). Due to BAK1 overexpression BIK1 might accumulate
as well and inhibit BR-signaling (right schema). BR: brassinosteroids; Pase: phosphatase; P:
phosphorylation; oxBAK1: BAK1 overexpression; pm: plasma membrane. Black lines represent direct

events and dashes several events.
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4.6 Conclusion

This study further underlines the role of BAK1 as a central integrator of immune and
developmental signaling pathways. Due to its multiple functions and potential redundancy with
other SERKs in one or the other aspect the precise dissection of events following the over-
accumulation of BAK1 turned out to be much more difficult than expected. However, it is
obvious that BAK1 accumulation causes at least a constitutive defense phenotype which might
be coupled via BRI1 to disturbed BR signaling. Regarding the former, a constitutive activation of
PTI seems to be the likely scenario but data from this study as well as published data support

the idea that in addition ETI might get constitutively activated by BAK1 accumulation.

5 OUTLOOK

5.1 Looking forward to BAK1 molecular signaling

BAK1 emerged in the last years as one of the most intensively studied proteins in the
plant field. However, as becomes apparent from my thesis, BAK1 is so centrally involved in
many different signaling pathways that much more work is needed to grasp the full picture of
the BAK1-related signaling networks. Here, | will focus on further experiments related to
uncovering the underlying mechanisms of the BAK1 overexpression phenotype, but which will
surely also contribute to the understanding of BAK1 functions.

First, it would be useful to understand the correlation between BAK1 quantity and the
activated defense phenotype as well as the deleterious effect on plant development. Is there a
certain threshold or do the alterations manifest gradually? Plants expressing BAK1 under the
control of its endogenous promoter in wild-type background did not present a stunted
phenotype and developmental defects (Delphine Chinchilla, unpublished results) but they
displayed small necrotic lesions and accumulation of PR1 protein (Belkhadir et al., 2011). Thus
using either an inducible promoter or the integration-site-dependent variability of the strength

of the CaM35S promoter might lead to a set of transgenic plants showing diverse phenotypes.
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Analysis of BAK1 protein levels in these plants could already give an indication about the “BAK1
amount” — “induced phenotype” correlation.

BIK1 phosphorylation seems to be a required step in PTI activation (Lu et al., 2010b;
Zhang et al., 2010; Liu et al., 2013). Thus, overexpression of BAK1 in BIK1-HA plants and
checking the BIK1 phosphorylation status revealed by band shift in Western blot analysis (Lu et
al., 2010b) will give an indication if PTI activation is indeed involved in the BAK1 overexpression
phenotype.

Additionally a suppressor screen could be performed to investigate important
components of the BAK1 overexpression phenotype, which could shed light on the involved
pathways. Here, a pool of homozygous XVE-BAK1 seeds should be mutagenized. Since BAK1
accumulation (in this case after addition of estradiol) strongly impairs proper plant growth,
mutants suppressing the phenotype should develop more biomass and could thus be easily
identified among the treated seedlings. However, this method is extremely time consuming and
labor intensive and even more difficult when multiple loci are involved in the phenotype.
Additionally, we also noticed that the XVE system has problems for the transgene induction
over several generations possibly due to the silencing of the XVE system.

Finally, to determine the involvement of BR signaling in the BAK1 overexpression
phenotype, signaling elements downstream of the BRI1 receptor could be investigated. For
example the phosphorylation status of BES1, a BR-specific transcription factor (Yin et al., 2002;
Mora-Garcia et al., 2004), should be determined in BAK1 overexpression plants. In case of
activation of BR signaling pathway, a strong increase of unphosphorylated BES1 can be
detected by immunoblot analysis with anti-BES1 antibody. Moreover it was briefly described by
Belkhadir and collaborators that an increased level of BRI1 was able to rescue their comparably
mild BAK1 overexpression phenotype (Belkhadir et al., 2011). It would be interesting to see

whether our overexpression phenotype could be rescued by BRI1 overexpression as well.
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5.2 Could pattern-triggered immunity be used to improve crop

resistance?

The impact of plant pathogens on crop yield is a major constraint in agriculture (Peterson
and Higley, 2001; Dangl et al., 2013). Diseases can be controlled by pesticides, but there is an
increasing need to reduce chemical input in the field to reduce their potential impact on the
environment and human health. Sustainable agricultural methods are therefore focused on the
genetic potential of plants to control pathogens. To this aim R genes have been widely used in
plant breeding, and genetic engineering approaches to increase disease resistance of crop
plants (Dennis et al., 2008). However, in general, this method ensures resistance against one
given pathogen race or strain, which possesses the corresponding effector protein (Stuiver and
Custers, 2001; Dennis et al., 2008). Additionally, it confers only a short-term efficiency because
of the rapid evolution of pathogens resulting in the brake-down of R genes in the field
(Pretorius et al., 2000; Hovmoller et al., 2008). Hence, resistance strategies acting on long-term
and against a broad range of pathogens are required to resolve this issue. Because PTI is
activated upon recognition of conserved and essential pathogen molecules, which cannot be
easily mutated or lost, actors of PTI signaling could be good candidates to improve durable
disease control. Therefore, advances in our understanding of the molecular basis of PTI
together with microbial strategies to overcome PTI, may lead to new methods for engineering
durable disease resistance in crop plants. For example, it was demonstrated that tomato plants
transformed with EFR (EF-TU RECEPTOR) (Zipfel et al., 2006), a PRR specific to the Brassicaceae,
acquired resistance against bacterial pathogens including Agrobacterium, Xanthomonas, and
Ralstonia species (Lacombe et al., 2010). Furthermore, it was reported that overexpression of
Oryza sativa BAK1 enhanced resistance to blast fungus Magnaporthe grisea infection in
transgenic rice (Hu et al., 2005; Li et al., 2009). Similarly we found that overexpression of BAK1
increased the hemibiotrophic bacterial pathogen Pto DC3000 resistance in Arabidopsis (Figure
3.1.10). These results suggest that enhancement of PTI could provide an opportunity to
improve plant immunity. However, additionally to increased resistance to pathogens, BAK1
overexpression provoked growth defects and in our case it was also linked with massive cell

death, which are not considered as advantageous traits in agriculture (Li et al., 2009; Figure
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3.1.1). Another important issue is that the sustainability of this type of engineered immunity
can be compromised as some microbial effectors are known to suppress elements of PTI (Shan
et al., 2008; Xiang et al., 2008). In the future, to take advantage from PTI in crop protection, we
need to understand in detail biological processes and molecular mechanisms involving PTI

signaling components, such as BAK1.
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Table 2.1: Oligonucleotides used for cloning, colony PCR, site directed mutagenesis and sequencing.

name sequence 5’ — 3’ gene or vector orientation
Att adapter fwd GGGGACAAGTTTGTACAAAAAAGCAGGCT pDONRTM207 forward
Att adapter rev GGGGACCACTTTGTAGAAGAAAGCTGGGT pDONR™207 reverse
pDONR207for TCGCGTCGCTAGCATGGATCTC pDONRTM207 forward
pDONR207rev GTAACATCAGAGATTTTGAGACAC pDONR™207 reverse
BAK1 atg B1 AAAAAGCAGGCTCCATGGAACGAAGATTCC BAK1 + attB1 forward
BAK1-Cdel rev AGAAAGCTGGGTGGGGGTATTCGTTTTCGATC BAK1 + attB2 reverse
BAK1AttB2 AGAAAGCTGGGTGTCTTGGACCCGAGGGG BAK1 + attB2 reverse
BAKrevA GGATAAGGTAGTTGAGAGCC BAK1 reverse
N534523primerl GGTGCTTCAAAGTTGGGATGC BAK1 forward
BAK1-1 ATCTGACGGAATTGGTGAGC BAK1 forward
BAK1-2 TCAAGGCTTAAGTCCACTG BAK1 reverse
BAK1-3 TTGGTGGTTAGGCGTC BAK1 forward
BAKrevB CCGGCATGAACCGTAATTCAGTC BAK1 reverse
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BAK4Trans5’
BAK3Trans3’
BAK1-4
BAK4Trans3’
BAKrevC
BAK1-5
BAK1-6
BAK1-7
AttB1SERK1
AttB2SERK1stop
AttR1SERK4
AttR2SERK4
BAK1MutSTP4010 for
BAK1MutSTP4010 rev
BAK1MutSTP4071-5
BAK1MutSTP4071-3

FLS2addSTPfor

CCTCTCACCGGAGATATTCCTGT

CGGCGTCCTGGTGAAGAAACTAC

TGCAGCTGAAGAGGACCC

GCCAATCGACTACCATGAAATCACCGGC

GGGATGTACCGATTACCTTC

TTCCGTCCAATGGTTGCC

GTCTTTGGGTATGGAGTC

CTGAGAGATGGGAAGAG

AAAAAGCAGGCTAAATGGAGTCGAGTTATGTGGTGTTTATCTTACTTTC

AGAAAGCTGGGTGTTACCTTGGACCAGATAACTCAACGGCGTGCAAATTG

AAAAAGCAGGCTAAATGACAAGTTCAAAAATGGAAC

AGAAAGCTGGGTGTTATCTTGGACCCGAGGGG

AAGGAGGAAATGTAGAGACAAGATTTC

GAAATCTTGTCTCTACATTTCCTCCTT

CTGGATCATTGGCTAGTCCACTTCCCAG

CTGGGAAGTGGACTAGCCAATGATCCAG

GATCGAGAAGTTTAGAAGGGTGGGCGC

BAK1

BAK1

BAK1

BAK1

BAK1

BAK1

BAK1

BAK1

SERK1 + attB1

SERK1 + attB2

SERK4 + attB1

SERK4 + attB2

BAK1

BAK1

BAK1

BAK1

FLS2

ANNEX

forward

reverse

forward

reverse

reverse

forward

forward

forward

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward
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FLS2addSTPrev GCGCCCACCCTTCTAAACTTCTCGATC FLS2 reverse
Chim1Seq2 ACCGGCTGAAATAGGAAAGT FLS2 forward
FLS2rev600 CAAATGTTTGTAGCAGCTGG FLS2 reverse
Chim1Seq3 GCTGAGATCGGAAACTGC FLS2 forward

FLS2-1080 GGAACTTGACAGTCCTAACGGTG FLS2 forward
Chim1Seqg4 CTTAAACTCCTGGACCTGTC FLS2 forward
FLS2for2 ATGATATCTTCAACTGTTCAAACTTGG FLS2 forward
Chim1Seq5 CAGGTCAAATTCCTGCCTTG FLS2 forward
Chim1Seq6 CCCTCAGAGCTTCGGGAAC FLS2 forward
Chim1Seq7 ACCGGATTTGGATTCAGC FLS2 forward
FLS2-951 GGGGTTATCAGAAAACCATTTGG FLS2 forward
FLS2-for2704 CTAAAGGAATTCTCTGCAGAATC FLS2 forward
FLS2-3020 GTGACCGCGTTGCTCACGTAAGCG FLS2 forward
FLS2-END GAGGCTATTGAAGACTTTCTG FLS2 forward
SERK1-1 GAGGCCTGTTTGAATAGTTCTC SERK1 forward
SERK1-2 GTTCCAGAGCTTGGTGTGCTCAAG SERK1 forward
SERK1-2 rev CTTGAGCACACCAAGCTCTGGAAC SERK1 reverse
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SERK1-3

SERK1-4

SERK1-5

SERK1-5 rev

SERK1-6

SERK1-7

SERK1-8 rev

SERK4-1

SERK4-1rev

SERK4-2

SERK4-3

SERK4-4

SERK4-5

SERK4-5rev

SERK4-6

SERK4-7

SERK4-8

GGGTCAATTCCTATGTCACTG

GACCTATGTGGACCTGTTACAAG

GGAGCAATAGCTGGTGGAGTTGCTG

GCAACTCCACCAGCTATTGCTCCAG

GGTTTGGGAAAGTCTACAAGGG

GCTCGAGGTTTGTCTTACCTAC

GGTTTTTGTTGGGGTCAAATG

GTGATGCTTTGACTCAGCTG

CAGCTGAGTCAAAGCATCAC

GCAGTACTTGTAAGCCATC

GGTAATCACCAATCAGTGCC

GTGTTGCGGCTGCAAAATG

GGGGAGATACCTGAGGAGC

GCTCCTCAGGTATCTCCCC

GGGAGATGGTTGTTATAGGC

GAAGTAGTTAGAGACTCAG

GGGGAAATTCCAATGACTTTG

SERK1

SERK1

SERK1

SERK1

SERK1

SERK1

SERK1

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

ANNEX

forward

forward

forward

reverse

forward

forward

reverse

forward

reverse

forward

forward

forward

forward

reverse

forward

forward

forward
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SERK4-8rev

SERK4-9

SERK4-10

SERK4-11

SERK4-12

SERK4-12rev

SERK4-13

SERK4-14

RPLA4for

RPL4rev

CAAAGTCATTGGAATTTCCCC

GGATCTTCCCGAACCTCCG

GTGGAAAGAAATTTAGTGG

GTGGGACACAAAGATCTATG

GTTTAGCCGATGGCAATCTAG

CTAGATTGCCATCGGCTAAAC

CACCGGGATGTTAAAGCTGC

CTGGGTGTGATTAGGTGAAAG

GGTGGTGCGATAGTGGTGGAGG

CTCATTCTTAAGCTTCCTCTGACC

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

SERK4

RPL4

RPL4

ANNEX

reverse

forward

forward

forward

forward

reverse

forward

forward

forward

reverse
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Table 2.2: Primers used for gRT-PCR analysis. Beacon Designer 2.0 was used to designed primers for gRT-PCR analysis with target

Tm= 60 °C +/- 1 °C; primer length range from 18 to 25 pb; amlpcon length from 100 to 250 pb. FLS2 primers were designed by Dr.

Dagmar R. Hann and FRK1, PHI1, NHL10 and EIF4a are described in (Boudsocq et al., 2010).

name
ElIF4a gF
ElIF4a gR
BAK1gF
BAK1gR
FRK1gF
FRK1gR
PHI1gF
PHI1gR
NHL10qF
NHL10gR
AtFLS2qPCRfw
AtFLS2gPCRrev

gBIK1for

sequence 5’ - 3’
TCATAGATCTGGTCCTTGAAACC
GGCAGTCTCTTCGTGCTGAC
TGTCCTGACGCTACAAGTTCTGG
AGCAACTCCTCCCGCAATCG
CGGTCAGATTTCAACAGTTGTC
AATAGCAGGTTGGCCTGTAATC
TTGGTTTAGACGGGATGGTG
ACTCCAGTACAAGCCGATCC
TTCCTGTCCGTAACCCAAAC
CCCTCGTAGTAGGCATGAGC
TGCTCACGTAAGCGATTTTG
CTGTTTCGTCATCAGCTCCA

GCGAGCGTTGGATCATAACAGAC

gene or vector

ElIF4a

ElF4a

BAK1

BAK1

FRK1

FRK1

PHI1

PHI1

NHL10

NHL10

FLS2

FLS2

BIK1

orientation

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward
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gBIK1rev
BON1qF
BON1gR
gBIR1for
gBIR1rev
gSOBIR1for
qSOBIR1rev
BRI1qF
BRILgR
CPDgF

CPDgR

ATTCTCACGGCTTCTTCAGGTAGG

ATTGGCTTCACGAGACATTGTTCAG

ACGAGACGAGATCATTCATGGAGG

TGTGACTTGTTGGCATGATGATGAG

GGTGCTAATGTTGGCTGGTAAAGG

ACAAACCCAACAACAGCACTACATC

ACACCGAGAAGACAAACCCAGAG

TCTTGTGCCTCTTCTTGGTTATTGC

TCTCTGTGGATGATATGCGGACTG

CTAACGGTGAAGCAGTTGATGAGC

AAGCAACGCCGCAAGCATATC

BIK1

BON1

BON1

BIR1

BIR1

SOBIR1

SOBIR1

BRI1

BRI1

CPD

CPD

ANNEX

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse
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