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1. Summary

1.1. Summary

Plants as sessile organisms are exposed to a variety of abiotic and biotic stresses in their
surrounding. Their fitness heavily relies on a fast perception of external stimuli and an
efficient cellular modulation to adapt to the rapidly changing environmental conditions. The
ultimate need is to immediately respond to microbial infections in order to ensure tissue
and/or host survival.

Increasing evidence indicates the significance of pre-assembled protein complexes in
distinct domains of the plasma membrane (PM). The compartmentalization facilitates an
efficient signal transduction in a spatially confined three-dimensional space. Remorins are
accepted micro-domain marker proteins and are thought to mediate the assembly of active
signaling platforms at the PM. Therefore, the hypothesized scaffold protein REM1.2 was
used as a bait to identify new signaling components.

In this study, | characterized a so far undescribed leucine-rich repeat receptor-like kinase
RICKY1 (REMORIN INTERACTING KINASE IN YEAST 1) with respect to its interaction with
remorins, its subcellular organization and its role in plant defense.

Data obtained from the heterologous yeast system, indicate a specific interaction between
RICKY1 and REM1.2 in a phosphorylation-dependent manner.

In planta, RICKY1 localizes to the PM and is organized in small and dynamic micro-domains.
Co-localization analyses revealed a positive correlation between RICKY1-labeled micro-
domains and REM1.2 and REM1.3. Image-based interaction studies verified a direct
interaction between RICKY1 and REM1.2, even though all three proteins might be part of the
same protein complex. Interestingly, REM1.2 has an impact on the lateral mobility of
RICKY1, emphasizing its role as scaffold protein.

Pathogen infection assays showed an increased susceptibility of ricky? mutants to various
phytopathogens. In line with these data, RICKY1 accumulates around oomycete haustoria.

A detailed characterization of several flg22-induced defense responses demonstrated the
involvement of RICKY1 in the late production of callose. In contrast, early and intermediate
defense mechanisms were not affected in ricky1 plants. These results suggest that RICKY1

is indeed a new, micro-domain associated player in plant immunity.
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1.2. Zusammenfassung

Auf Grund ihrer sesshaften Lebensweise sind Pflanzen direkt und unausweichlich einer
Vielzahl von biotischen und abiotischen Stressfaktoren ausgesetzt. Um sich solch stetig
wechselnden Umweltbedingungen anzupassen, entwickelten sie eine einmalige Vielzahl
effizienter Perzeptionssysteme auf ihren Zelloberflichen und hochkomplexe Mechanismen
zur zellularen Regulierung. Diese sind auch und in besonderem MaBe essentiell fir die
Interaktion mit verschiedenen Phytopathogenen. Einer dieser Mechanismen ist die Stimulus-
unabhéngige und meist konstitutive Pra-Assemblierung funktioneller Multiproteinkomplexe.
Eine solche Kompartimentierung ermdglicht eine schnelle und physikalische Assoziation
einzelner Komponenten und somit eine wirkungsvolle Signaltransduktion in einem rdumlich
abgegrenzten Bereich. Remorine sind anerkannte Markerproteine fir Mikrodoméanen und
vielversprechende Kandidaten fur die Bildung von Signalweiterleitungszentren an der
Plasmamembran. Aus diesem Grund wurde REM1.2 ausgewahlt, um neue Mikrodoménen-
assoziierte Signalproteine zu identifizieren und zu charakterisieren.

In dieser Studie wurde die im Rahmen eines Hefescreen identifizierte und bisher unbekannte
Rezeptor-adhnliche Kinase RICKY1 (REMORIN INTERACTING KINASE IN YEAST 1) mit
Blick auf ihre Interaktion mit Remorinen, ihre subzellulare Organisation und ihre Rolle
wahrend der pflanzlichen Immunabwehr untersucht.

In Pflanzen ist RICKY1 in kleinen, mobilen Mikrodomé&nen an der Plasmamembrane
lokalisiert. Co-Lokalisationsstudien zeigten eine positive Korrelation zwischen RICKY1-
markierten Mikrodoméanen und REM1.2 und REM1.3. Die im Rahmen dieser Doktorarbeit
durchgefihrten Interaktionsstudien wiesen dabei allerdings vorwiegend auf eine direkte und
mdglicherweise phosphorylierungsabhéngige Interaktion zwischen RICKY1 und REM1.2 hin.
Obwohl das zu REM1.2 nahe verwandte Remorin REM1.3 Teil des hetero-oligomeren
Komplexes ist, interagiert RICKY1 kaum mit diesem Protein. Die erhéhte lateral Mobilitat des
Rezeptors in REM1.2-defizienten Mutanten unterstitzt die vermutete Funktion von
Remorinen als molekulare Gerustproteine.

Die Untersuchung von ricky1 Mutanten demonstrierte eine erhdhte Anféalligkeit gegeniber
verschiedenen Pathogenen. Zusatzlich Ilokalisiert RICKY1 um die Haustorien eines
Oomyzets. Eine detaillierte Analyse zeigte, dass RICKY1 bei der flg22-induzierten Callose-
Produktion involviert ist. Im Gegensatz dazu sind frihere Verteidigungsmechanismen in
ricky1 nicht beeintrachtigt. Diese Ergebnisse zeigen deutlich, dass es sich bei RICKY1
tatsachlich um eine neue, Mikrodoméanen-assoziierte Komponente der pflanzlichen

Immunabwehr handelt.
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2. Introduction

2.1. Plant Immunity

2.1.1. Receptor-Like Kinases in Plant Defense

Plants are exposed to a multitude of co-existing abiotic and biotic stresses in their
environment. Because of their sessile lifestyle, they are particularly dependent on a fast and
efficient monitoring system to adapt to changing conditions. A fine-tuned balance between
growth and induced stress responses is crucial for a maintained fitness and consequently for
their survival. This especially applies for the interaction between plants and various
phytopathogens in their surrounding (Huot et al., 2014).

In contrast to vertebrates, plants lack an adaptive immune system and exclusively rely on
innate immune responses (Spoel & Dong, 2012). Nevertheless many plants are resistant to
a broad range of phytopathogens. This phenomenon is called non-host resistance and is
based on multiple tiers of plant defense (Thordal-Christensen, 2003; Gill et al., 2015). For a
successful infection, potential pathogens have to overcome constitutive, physical barriers
such as the waxy cuticle and the rigid cell wall (CW) and bear several antimicrobial
compounds (Malinovsky et al., 2014; Miedes et al., 2014; Serrano et al., 2014; Piasecka et
al., 2015). Furthermore, the recognition of conserved pathogen- or microbe-associated
molecular pattern (PAMPs, MAMPs) by pattern-recognition receptors (PRRs) triggers
induced defense responses leading to the PAMP-triggered immunity (PTI) (Jones & Dangl,
2006). MAMPs are generally characterized by their highly conserved structure, their
significance for the fitness of the pathogen and their absence in the host. The latter is crucial
to enable the differentiation between self and non-self (Medzhitov & Janeway, 2002).

The perception of pathogenic components by PRRs is a common feature of plants and
vertebrates. However, besides several similarities also obvious differences exist between
them (Ndrnberger et al., 2004; Jones & Dangl, 2006; Ronald & Beutler, 2010).
Well-characterized animal PRRs are the membrane-localized Toll-like receptors (TLR),
comprising 10 and 12 members in humans and mice, respectively. They consist of
extracellular leucine-rich repeats (LRRs), a transmembrane (TM) domain and an intracellular
Toll-interleukin 1 (IL-1) receptor (TIR) domain. The latter forms a docking platform for TIR-

containing adapters. Because TLRs lack a kinase domain, the additional recruitment of IL-1
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receptor-associated (IRAK) and Pelle kinases is essential to propagate the signal to
downstream components (Aderem & Ulevitch, 2000; O'Neill & Bowie, 2007; Kawai & Akira,
2010). Animals are able to detect MAMPs outside as well as inside of the cell (Hansen et al.,
2011), whereas all known plant PRRs, receptor-like kinases (RLKs) and receptor-like
proteins (RLPs), are exclusively located at the plasma membrane (PM) (Macho & Zipfel,
2014).

RLKs are composed of a variable extracellular region, a single TM domain and a
cytoplasmic kinase domain. RLPs display a similar overall structure, but lack the intracellular
kinase domain (Shiu & Bleecker, 2001a). RLPs are therefore thought to collaborate with
interacting RLKs to propagate the signal (Zipfel, 2014). The monophyletic family of RLKs
comprises over 600 members in Arabidopsis thaliana (hereafter Arabidopsis) and thus 2.5 %
of all protein coding genes (Shiu & Bleecker, 2001b). However, several annotated RLKs do
not contain a TM-spanning domain and are hence called receptor-like cytoplasmic kinases
(RLCK). Intriguingly, kinase domains of RLKs and RLCKs are phylogenetically related to
Drosophila Pelle and human IRAK kinases (Shiu & Bleecker, 2001b).

RLKSs can be divided into 46 subgroups based on the sequence of their kinase domains and
the appearance of their variable extracellular domains (ECDs). The latter enable PRRs to
perceive diverse biotic signals in the apoplast. Among them, LRRs constitute the most
frequent motif in the ECDs of plant RLKs (Shiu & Bleecker, 2001a; Shiu & Bleecker, 2003).
Interestingly, animal and plant PRRs often recognize different epitopes of the same
pathogenic components (Felix et al., 1999; Smith et al., 2003; Zipfel & Felix, 2005; Neyen &
Lemaitre, 2016). The animal receptor TLR5, for example, binds a conserved part of the
bacterial flagellin that is buried in the flagellar filament (Hayashi et al., 2001; Mizel et al.,
2003; Smith et al, 2003). In contrast, the LRR-receptor kinase (RK) FLS2 (FLAGELLIN
SENSING 2) senses an N-terminal 22 amino acid peptide, referred to as flg22 (Felix et al.,
1999; Gomez-Gomez & Boller, 2000). TLR5 and FLS2 do not share a high sequence
similarity, except for the presence of LRRs in their extracellular part, indicating an
independent, convergent evolution (Smith ef al., 2003).

The ectodomain of FLS2 consists of 28 LRRs of which 14 (LRR3-16) are directly involved in
flg22 binding (Chinchilla et al., 2006; Sun et al., 2013). Upon flg22 perception FLS2 interacts
with its co-receptor BAK1/SERK3 (BRASSINOSTEROID INSENSITIVE 1 (BRI1)-
ASSOCIATED RECEPTOR KINASE 1/ SOMATIC EMBRYOGENESIS RECEPTOR KINASE
3) that is required for the complete activation of downstream defense responses (Chinchilla
et al, 2007). Surprisingly, the C-terminal region of FLS2-bound flg22 is additionally

recognized by BAK1 and acts as molecular glue to stabilize the interaction (Sun et al., 2013).
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The majority of higher plants is able to respond to flg22 treatments (Boller & Felix, 2009).
Accordingly, FLS2 orthologs have been identified in tobacco (Nicotiana benthamiana),
tomato (Solanum lycopersicum), rice (oryza sativa) and grapevine (Vitis vinifera) (Hann &
Rathjen, 2007; Robatzek et al., 2007; Takai et al., 2008; Trda et al., 2014). Additionally,
another flagellin epitope, called flgll-28, was shown to induce defense responses exclusively
in distinct Solanaceae species (Cai et al., 2011; Veluchamy et al., 2014). However, flgll-28 is
not recognized by the receptor FLS2 (Clarke et al., 2013), but by the LRR-RK FLS3 (Hind et
al., 2016).

Another well-studied PRR is the LRR-RLK EFR (EF-TU RECEPTOR) that perceives
conserved N-acetylated epitopes of the bacterial elongation factor EF-TU (elf18 and elf26)
(Kunze et al., 2004; Zipfel et al., 2006). In contrast to flg22, the sensing of elf18 is restricted
to Brassicaceae (Boller & Felix, 2009). Fascinatingly, the heterologous expression of AtEFR
in tobacco and tomato plants results in the responsiveness to EF-TU. These results suggest
that the transfer of PRRs can be used to engineer disease resistance in different plant
species (Lacombe et al., 2010). Likewise, the Brassicaceae-specific, B-type lectin S-domain
(SD)-1 RLK LORE (LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION) can
confer the sensitivity to lipopolysaccharides (LPS) to N. benthamiana and N. tabacum (Ranf
et al., 2015).

In addition to bacterial compounds, also fungal-derived pattern can be recognized by plant
PRRs. In rice, homodimers of the lysin motif (LysM)-containing RLP CEBiP (CHITIN
ELICITOR-BINDING PROTEIN) were shown to bind the fungal CW component chitin. The
subsequent heterodimerization with OsCERK1 (CHITIN ELICITOR RECEPTOR KINASE 1)
results in a sandwich-type receptor complex (Shimizu et al., 2010; Hayafune ef al., 2014). In
Arabidopsis, CERK1 was previously thought to constitute the unique chitin receptor (Miya et
al., 2007; Petutschnig et al., 2010; Liu et al.,, 2012). However, only recently LYK5 (LYSIN
MOTIF RECEPTOR LIKE KINASE 5) was shown to bind chitin with a higher affinity than
AtCERK1 (Cao et al., 2014). Accordingly, the inactive kinase LYKS5 is crucial for chitin-
induced responses and acts in concert with CERK1 (Cao et al., 2014). In line with these
data, CERK1 was additionally shown to function as co-receptor during the perception of
bacterial peptidoglycans (PGN) by the RLPs LYM1 (LysM DOMAIN-CONTAINING
GLYCOSYLPHOSPHATIDYLINOSITOL-ANCHORED PROTEIN 1) and LYM3 (Gimenez-
Ibanez et al., 2009a; Gimenez-lbanez et al., 2009b; Willmann et al., 2011).

In addition to MAMPs, also endogenous plant-derived signal, so-called DAMPs (damage-
associated molecular pattern), can induce different defense responses. For instance, plants

actively release adenosine 5°-triphosphate (ATP) to the apoplast in response to abiotic,
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biotic and mechanical stresses (Tanaka et al., 2010; Dark et al., 2011; Choi, J et al., 2014).
Only recently, the lectin receptor kinase DORN1 (DOES NOT RESPOND TO
NUCLEQOTIDES 1) was identified as receptor for extracellular ATP (Choi, J et al., 2014).
Furthermore, the LRR-RLKs PEPR1 (PEP1 RECEPTOR 1) and PEPR2 are known to bind
endogenous AtPep1 peptides and might play a role for spreading the signal from damaged
to not yet infected cells (Huffaker et al., 2006; Yamaguchi et al., 2006; Krol et al., 2010;
Yamaguchi et al., 2010; Ross et al., 2014). Interestingly, even PEPR1 and PEPR2 interact
with the co-receptor BAK1 in a ligand-dependent manner (Postel et al., 2010; Schulze et al.,
2010).

bacterium fungus plant
MAMP/ .
DAMP fig22 elfl1 8 LFl’S PTN chitm AtlIeps eAI’ P
EFR LORE LYM1 LYM3 LYK5 CERK1 PEPR1/2 DORN1

CERK1

PRR

apoplast

......................................... ¢ G plasma
A8 EREERARAANAY SREsES FEERERRERARLANLNY b membrane

6 6 cytoplasm

% LRRs () LysM domain O Lectin domain U Z‘I'(r)ﬂ:ir:embrane o Kinase domain  (2) ggigzggtor

Fig. 2.1 PM-localized PRRs recognize MAMPs and DAMPs with their variable

extracellular domains

Microbe- and damage-associated molecular pattern (MAMPs and DAMPs) are bacteria-, fungus or
plant-derived components that are perceived by pattern-recognition receptors (PRRs). Leucine-rich
repeat (LRR) receptor-like kinases are able to sense proteins or peptides. Accordingly, the LRR-RLKs
FLS2, EFR and PEPR1/2 bind flg22, elf18 and AtPeps, respectively. Lysin motif (LysM)-RLKs such as
LYM1/3 and LYK5 recognize the carbohydrate-based ligands peptidoglycan (PGN) and chitin,
respectively. The lectin domain-containing RLKs LORE and DORN1 perceive lipopolysaccharides
(LPS) and extracellular ATP (eATP), respectively. The LRR-RLK BAK1 functions as co-receptor for
LRR-RKs, whereas the LysM-RLK CERK?1 interacts with other LysM-RKs. If also LORE and DORN1
act together with co-receptors is not known so far.

Additionally, BAK1 itself or closely related, partially redundant members of the SERK family
interact with diverse LRR-RKs involved in various signaling pathways including
brassinosteroid (BR) signaling (BRI1; BRASSINOSTEROID INSENSITIVE 1) cell expansion
(PSKR1; PHYTOSULFOKINE (PSK) RECEPTOR 1) and floral organ abscission
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(HAE/HSL2; HAESA/HAE-LIKE 2) (Li et al., 2002; Nam & Li, 2002; Gou et al., 2012; Wang
et al., 2015a; Ma et al., 2016; Meng et al., 2016). In contrast, CERK1 specifically binds to
PRRs with extracellular LysM domains (Willmann et al., 2011; Cao et al., 2014; Hayafune et
al., 2014). In line with this, CERK1 is not involved in flg22 sensing and chitin perception is
independent of BAK1 (Shan et al., 2008; Wan et al., 2008).

How co-receptors coordinate with the variety of interacting RLKs in a spatiotemporal-defined
manner and how signaling specificity is achieved needs to be further investigated (Ma et al.,
2016). So far, the characterization of the hypoactive BAK1-5 allele highlights the importance
of discriminative phosphorylation events. While defense-related responses are reduced in
bak1-5 mutants, other BAK1-related pathways such as BR-signaling and cell death are not
affected (Schwessinger et al., 2011). Intriguingly, first transphosphorylation events between
BAK1 and FLS2/BRI1 occur within seconds after ligand perception, indicating pre-
assembled protein complexes (Schulze et al., 2010). However, the analysis of BAK1 and
FLS2 real-time dynamics suggests hetero- as well as homodimerization only upon flg22
treatment (Somssich et al., 2015). Only recently, the malectin-like RLK FER (FERONIA) was
proposed to act as a RALF23 (RAPID ALKALINIZATION FACTOR 23)-regulated scaffold for
the formation of immunity-related complexes (Stegmann et al., 2017). In Arabidopsis, 34
endogenous RALF peptides are produced upon changing environmental conditions and
contribute to different signaling pathways (Wu et al., 2007; Matos et al., 2008; Haruta et al.,
2014; Stegmann et al., 2017). Because FER is able to bind several RALFs, the authors
hypothesized that various FER-RALF modules influence distinct signaling pathways by

regulating the complex assembly of diverse receptors (Stegmann et al., 2017).

Within few minutes upon ligand binding multimeric protein complexes are assembled
including several cytoplasmic proteins such as RLCKs (Lin et al., 2013b). One of the best-
studied RLCKs in plant immunity is BIK1 (BOTRYTIS-INDUCED KINASE 1) (Veronese et
al., 2006). BIK1 as well as closely related PBL (AVRPPHB SUSCEPTIBLE 1 (PBS1)-like)
proteins interact with FLS2 and BAK1 in non-stimulated cells. Upon flg22 treatment BIK1
gets phosphorylated by BAK1 and in turn transphosphorylates BAK1 and FLS2 (Lu et al.,
2010; Zhang et al., 2010). Subsequently BIK1 dissociates from the complex and activates
downstream signaling components (Lu et al., 2010; Kadota et al., 2014; Li et al., 2014). In
addition to FLS2, BIK1 associates with EFR, CERK1, PEPR1 and BRI1 prior to ligand
perception (Zhang et al., 2010; Lin et al., 2013a; Liu et al., 2013). However, in contrast to its
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function as positive regulator of immune-related responses, BIK1 plays a negative role in
BR-signaling (Lin et al., 2013a).

2.1.2. Plant Defense Responses

One of the first detectable cellular changes is the increased influx of extracellular Ca®* ions
to the cytosol occurring seconds to minutes upon MAMP/DAMP perception (Boller, 1995;
Blume et al., 2000; Lecourieux et al., 2002). The subsequent activation of additional PM-
localized transporters (influx: H*; efflux: K*, CI; NOg) results in an immediate extracellular
alkalinization and a depolarization of the PM (Jeworutzki et al., 2010). Intriguingly, the Ca®*
ATPase ACA8 (ARABIDOPSIS-AUTOINHIBITED CA2+ ATPASE 8) associates with FLS2,
indicating the proximity of defense response-related components and the receptor complex.
Accordingly, ACA8 and the closely related ACA10 were shown to participate in the fine
regulation of Ca®* levels (Frei dit Frey et al., 2012). These are important for the activation of
downstream CALCIUM-DEPENDENT PROTEIN KINASES (CPK or CDPK) (Schulz et al.,
2013). CPK4, 5, 6, 11, for example, are involved in plant immunity and positively regulate the
production of reactive oxygen species (ROS) (Boudsocq & Sheen, 2013; Dubiella et al.,
2013).

In Arabidopsis, the NADPH oxidase RBOHD (RESPIRATORY BURST OXIDASE
HOMOLOG D) is responsible for the MAMP-induced ROS burst (Nihse et al., 2007; Zhang
et al., 2007). In line with this, RBOHD is differentially phosphorylated by CPK5 as well as
BIK1 and close homologs upon MAMP treatment (Benschop et al., 2007; NUhse et al., 2007;
Dubiella et al., 2013; Kadota et al., 2014; Li et al., 2014). Together, the two-step regulation of
RBOHD activity is thought to maintain its signaling specificity (Kadota et al., 2015).
Interestingly, ROS can in turn induce an increase in cytoplasmic Ca®* levels and thereby
enhance the CPK5-mediated phosphorylation of RBOHD (Pei et al., 2000; Rentel & Knight,
2004; Dubiella et al., 2013). Moreover, also BIK1 is a positive regulator of the Ca®* burst (Li
et al, 2014; Ranf et al., 2014), indicating a complex interplay between Ca**- and ROS-
mediated responses.

ROS itself is thought to be toxic for phytopathogens and might impede their invasion
(Bradley et al., 1992; Luna et al., 2011; Macho et al.,, 2012). Furthermore, ROS acts as a
second messenger in cell-to-cell communication to activate ROS in neighboring cells and to
induce defense responses in distal leaves (Miller et al., 2009; Dubiella et al., 2013; Choi, WG

et al., 2014; Gilroy et al, 2014). ROS and Ca®**-regulated proteins such as CPKs are
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involved in signal transduction by interacting with downstream components (Boudsocq et al.,
2010; Dubiella et al., 2013; Gao et al., 2013).

In addition, mitogen-activated protein kinases (MAPKSs) play a crucial role for the connection
of PM-localized receptor complexes and downstream components including various
transcription factors. The phosphorylation-dependent signaling cascade is mediated by three
types of kinases: Upstream MAPK kinase kinases (MAPKKKSs) phosphorylate MAPK
kinases (MAPKKs) that, in turn, finally activate MAPKs (Meng & Zhang, 2013). In
Arabidopsis, 60 MAPKKKs, 10 MAPKKs and 20 MAPKs have been identified (Ichimura et
al., 2002), highlighting the complexity of this pathway. Only recently, the RLCK PBL27 was
shown to directly connect the chitin-induced LYK5/CERK1 complex with the MAPK signaling
cascade by interacting with both, CERK1 and MAPKKK5 (Yamada et al., 2016). In contrast,
the intermediary kinase was not yet identified for the flg22-induced MAPK cascade.
However, four MAPKs, namely MPK (MITOGEN-ACTIVATED PROTEIN KINASE) 3, 4, 6
and 11, are activated upon flg22 treatment (Nuhse et al., 2000; Asai et al., 2002; Bethke et
al., 2012). Accordingly, two distinct pathways have been suggested: On the one hand the
MEKK1 (MAPK/ERK KINASE KINASE 1) - MKK1/2 (MITOGEN-ACTIVATED PROTEIN
KINASE KINASE 1,2) - MPK4 cascade (Ichimura et al., 2006; Nakagami et al., 2006;
Suarez-Rodriguez et al., 2007; Qiu et al., 2008). On the other hand the MKK4/5 — MPK3/6
cascade that is initiated by so far unknown MAPKKK(s) (Asai et al., 2002; Ren et al., 2002;
Ichimura et al., 2006). Targets of MAPKs are mainly defense-related transcription factors
that modulate plant gene expression. Therefore, MAPK signaling cascades play an
important role for several defense responses including the biosynthesis of hormones and
antimicrobial compounds as well as stomatal closure (Petersen et al., 2000; Kim & Zhang,
2004; Gudesblat et al., 2007; Takahashi et al., 2007; Ren et al., 2008; Xu et al., 2008;
Jammes et al., 2009; Pitzschke & Hirt, 2009; Han et al., 2010; Ishihama et al., 2011; Mao et
al., 2011; Li, GJ et al., 2012).

One of the later defense responses (occurring hours after MAMP perception) is the
enhanced production of the CW component callose (Gomez-Gomez et al., 1999; Luna et al.,
2011). The polysaccharide, composed of 3-1,3-linked glucose residues, is synthesized by a
family of PM-localized GSL (GLUCAN SYNTHASE-LIKE) proteins composed of 12 members
in Arabidopsis (Richmond & Somerville, 2000). So far, different GSLs have been shown to
play a role in fertility, cell division and structural reinforcements upon wounding or pathogen
infection (Hong ef al., 2001; Jacobs et al., 2003; Nishimura et al., 2003; Enns et al., 2005;
Ellinger & Voigt, 2014; Cui & Lee, 2016). Among them, GSL5/PMR4 (POWDERY MILDEW
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RESISTANT 4) is the main contributor to immunity-related callose depositions (Jacobs et al.,
2003; Nishimura et al., 2003). Accordingly, the flg22-triggered increase in callose production
is exclusively dependent on GSL5. In contrast, further GSL(s) seem to be marginally
involved in the chitosan-induced biosynthesis of callose (Luna et al., 2011).

The role of callose in plant defense is still under debate (Jacobs et al.,, 2003; Nishimura et
al., 2003; Ellinger et al., 2013; Eggert et al., 2014), but recent results indicate the
significance of a spatiotemporal regulation of callose synthesis to diminish pathogen

penetration success (Eggert et al., 2014; Ellinger & Voigt, 2014).
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Fig. 2.2 FIg22-induced signaling pathway and defense responses

The binding of flg22 to the receptor-kinase FLS2 results in an immediate complex formation with the
co-receptor BAK1 followed by auto- and transphosphorylation events. Subsequently, larger receptor
complexes are assembled including several cytoplasmic proteins such as BIK1. Upon
phosphorylation, BIK1 dissociates from the complex (dashed line). Within few minutes, first cellular
changes occur such as the increased Ca®* influx and the production of reactive oxygen species by
RBOHD. The phosphorylation of RBOHD by BIK1 and several CPKs is crucial for its activation. The
MAPK signaling cascade transfers the PM-derived signal to downstream components including
various transcription factors. These finally ensure the modulation of gene expression. GSL5/PMR4
increasingly produces callose hours after flg22 perception. Components are not to scale.

2.1.3. Effector-Triggered Immunity

Successful phytopathogens overcome PTI-responses by manipulating plant immunity-
related components. Therefore, pathogens secrete a diverse range of effector proteins
inside the host cell (Petre & Kamoun, 2014; Green & Mecsas, 2016). The bacterial model

strain Pseudomonas syringae pv. tomato (Pto) DC3000, for example, produces 28 well-



2 Introduction 23

expressed effectors and their complete deletion results in a highly diminished infection
process (Cunnac et al., 2011; Lindeberg et al., 2012). Effectors target plant proteins involved
in all aspects of plant immunity ranging from the MAMP detecting receptors at the PM to
MAPKs cascade and transcriptional reprogramming in the nucleus (Buttner, 2016). These
manipulations result in an increased pathogen infection success, referred to as effector-
triggered susceptibility (ETS) (Jones & Dangl, 2006). However, effectors can be recognized
by distinct plant species leading to an effector-triggered immunity (ETI). ETI and PTI share
several defense responses, but ETI is extended, more effective and often associated with
locally restricted cell death, called hypersensitive response (HR). This evolutionary arm race
between plants and phytopathogens is illustrated by the zigzag model proposed by Jones
and Dangl (Jones & Dangl, 2006). Responsible for the detection of pathogenic effectors are
proteins encoded by plant resistance (R) genes (Flor, 1971). The largest group constitutes a
polymorphic family of intracellular nucleotide-binding-LRR (NB-LRR) receptors (Van der
Biezen & Jones, 1998). These can either directly interact with effectors or monitor changes
in effector target proteins. Regarding the latter, two distinct models can be distinguished. In
the “guard” model, the guardees are virulence targets and contribute to the pathogen
infection success in plants lacking the corresponding NB-LRR. In contrast, so-called decoys
have no function in virulence, but mimic actual effector targets (Cesari et al., 2014; Khan et
al., 2016).

One of the best-characterized effector targets is the small, PM-localized protein RIN4 (RPM1
INTERACTING PROTEIN 4). RIN4 is a negative regulator of plant immunity (Kim et al.,
2005; Liu et al., 2009; Lee et al., 2015) and is differentially modulated by several effectors
including AvrRpm1, AvrB and AvrRpt2 (Mackey et al., 2002; Axtell & Staskawicz, 2003;
Mackey et al., 2003). AvrRpm1 and AvrB trigger the phosphorylation of RIN4 that is sensed
by the NB-LRR RPM1 (RESISTANCE TO PSEUDOMONAS SYRINGAE PV. MACULICOLA)
(Mackey et al., 2002). Both effectors have no obvious kinase activity and therefore rely on
plant kinases. Accordingly, AvrB mediates RIN4 phosphorylation by the cytoplasmic kinase
RIPK (RPM1-INDUCED PROTEIN KINASE) (Liu et al., 2011). Interestingly, another effector,
namely AvrPphB, was shown to cleave RIPK to prevent the activation of RPM1 (Russell et
al., 2015). Even AvrRpt2 blocks RPM1-induced ETI by a direct cleavage of RIN4 (Axtell et
al., 2003; Chisholm et al., 2005; Kim et al., 2005). Nevertheless, the absence of RIN4 is
perceived by the NB-LRR RPS2 (RESISTANCE TO PSEUDOMONAS SYRINGAE 2) and
gives rise to ETI (Bent et al, 1994; Mindrinos et al., 1994; Axtell & Staskawicz, 2003;
Mackey et al., 2003).
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Another important aspect of effector-mediated host manipulations affects various
phytohormone-signaling pathways (Kazan & Lyons, 2014). In this regard, salicylic acid (SA),
jasmonic acid (JA) and ethylene (ET) are the main defense-associated hormones (Campos
et al., 2014; Kumar, 2014; Broekgaarden et al., 2015). While SA simultaneously mediates
resistance against biotrophic and susceptibility against necrotrophic pathogens, JA and ET
have opposing functions. JA and ET act synergistically to enhance the immunity against
necrotrophs and to diminish defense against biotrophs (Thomma et al., 1998; Glazebrook,
2005). Additionally, other hormones including auxin, cytokinin, abscisic acid or gibberellins
play a role during plant-pathogen interactions (Shigenaga & Argueso, 2016). The complex
interdependencies between different hormones make them worthwhile targets for
manipulations by phytopathogens (Kazan & Lyons, 2014). Besides indirect influences of
hormone pathways, pathogens can also directly regulate distinct signaling processes. In line
with the latter, several P. syringae pathovars are able to produce the phytotoxin coronatine
(COR), which mimics a bioactive JA conjugate (Mitchell, 1982; Ullrich et al., 1993; Weiler et
al.,, 1994; Bender et al., 1999; Fonseca et al., 2009). Accordingly, COR can activate JA-
mediated and suppress SA-related signaling pathways (Geng et al, 2014). As a
consequence, COR counteracts MAMP-triggered stomatal closure and is able to reopen

stomata to facilitate the bacterial infection process (Melotto et al., 2006; Zheng et al., 2012).

2.2. Compartmentalization of the Plasma Membrane

PMs separate the interior of the cell from abiotic and biotic stresses in the outside
environment. Since they harbor PRRs and associated protein complexes, PMs constitute an
important factor in plant immunity (Monaghan & Zipfel, 2012). Fascinatingly, the functional
compartmentalization of the PM is thought to play an essential role for the efficiency of

signaling processes (Urbanus & Ott, 2012).

2.2.1. The Fluid Mosaic Model

The first generally accepted model of the PM was proposed by Singer and Nicolson back in
1972 (Singer & Nicolson, 1972). In their “fluid mosaic model’ the authors described
functional membranes as two-dimensional liquids composed of lipids and proteins. Bilayers

of homogenously distributed phospholipids served thereby as solvent for freely diffusing
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integral and peripheral proteins. Because of the loose PM-attachment of the latter, they were
considered as not important for the membrane structure. In contrast, integral proteins were
thought to be the crucial determinants for the structural integrity of membranes (Singer &
Nicolson, 1972). The idea of a continuous and unconfined lateral diffusion of proteins and
lipids along the entire membrane was supported by experimental data obtained by Frye and
Edidin (Frye & Edidin, 1970). They demonstrated that a virus-induced fusion of different cell
types leads to the total intermixing (mosaicims) of surface antigens of both cells at the PM of
the heterokaryonts (Frye & Edidin, 1970).

Nevertheless, even Singer and Nicolson did not exclude the possibility of rare honrandom
distributions in some membranes (Singer & Nicolson, 1972).

However, since then many reports pointed out that the architecture of cell membranes is

much more complex than explained and implied by the fluid mosaic model.

2.2.2. The Picket Fence Model

Several experiments revealed that PM components are not freely diffusing along the entire
membrane, but are restricted by the membrane-associated cytoskeleton (MSK) (Kusumi et
al., 2005).

In 1980, Sheetz and colleagues showed an increased diffusion coefficient for the TM protein
band 3 in erythrocyte mutants lacking the spectrin MSK network (Sheetz et al., 1980). In line
with this, a drug-induced enhancement of the network decreases the lateral diffusion of band
3 significantly (Tsuji & Ohnishi, 1986; Tsuji et al., 1988). Even the diffusion rate of the
phospholipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) is dependent on and
influenced by the actin MSK. Besides the free diffusion of DOPE within a cytoskeleton-
restricted compartment, the lipid is occasionally able to hop to neighboring compartments
(Fujiwara et al., 2002). This so-called “hop diffusion” is also reported for TM domain-
containing proteins such as the transferrin receptor TfR or the a,-macroglobuline receptor
a2M-R (Sako & Kusumi, 1994; Fujiwara et al., 2002).

These new insights were then summarized in the “picket fence model” of the PM. Therein,
the authors postulated the combined influence of the actin-based membrane cytoskeleton
(fence) and MSK-associated PM proteins (pickets) on the diffusion rates of PM components
(Fujiwara et al., 2002; Kusumi et al., 2005). Only recently, single-particle tracking confirmed

comparable compartments sizes for the transferrin receptor TfR and the phospholipid DOPE
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that match the mesh size of the actin MSK located within 8.8 nm from the PM (Fujiwara et
al., 2016).

2.2.3. The Lipid Raft Model

Additionally, increasing evidence suggested lateral inhomogeneity of membrane
components.

In this regard, a spectroscopic technique revealed the heterogeneous distribution of
phospholipids in the microsomal membrane of liver. Thereby, patches of phospholipids
differed in their fluidity compared to the surrounding bulk phase (Stier & Sackmann, 1973).
Also the lipid asymmetry of the PM contradicts the fluid mosaic model. While sphingomyelins
and glycosphingolipids are enriched in the exoplasmic leaflet, phosphatidylserines and
phosphatidyethanolamines are more abundant in the cytoplasmic surface of the bilayer (Van
Meer, 1989; Devaux & Morris, 2004).

The propensity of sphingolipids and cholesterol to associate and form mobile clusters in the
membrane bilayer finally led to the “lipid raft model” postulated by Simons and lkonen
(Simons & lkonen, 1997). The concept of lipid raft formation is based on the lateral
association of sphingolipids via weak interactions between their carbohydrate heads. The
gaps caused by their mainly saturated lipid hydrocarbon chains are filled with stabilizing
cholesterol molecules. The resulting highly packed, ordered rafts are surrounded by loosely
packed, disordered liquids (Simons & lkonen, 1997). These lipid rafts were thought to
mediate platforms for the attachment of GPIl-anchored, TM domain-containing or acylated
proteins (Skibbens et al., 1989; Brown & Rose, 1992; Casey, 1995; Simons & lkonen, 1997).
Because of their specific protein composition, these clusters were thought to function in

membrane trafficking and signaling (Simons & lkonen, 1997; Lingwood & Simons, 2010).

Since lipid rafts could not be visualized by light microscopy, their existence was mainly
supported by the insolubility of membrane components in nonionic detergents (Triton X-100,
at 4°C) (Brown & Rose, 1992). The localization of proteins or lipids in detergent-insoluble
(DIM) or detergent-resistant membrane (DRM) fractions was considered as evidence for
their association with functional rafts (Brown & Rose, 1992; Brown & London, 1998;
Schroeder et al., 1998; Mongrand et al., 2004). Doubts have been raised about the validity of
this method. Increasing evidence indicated that DRMs do not correspond to functional lipid

rafts in living cells (Zurzolo et al., 2003). The differential solubility of distinct components as
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well the formation of aggregates and artifacts during the extraction process can influence the
localization to DRMs. Additionally, the complex spatiotemporal organization of the PM is not
illustrated by DRMs (Heerklotz, 2002; Munro, 2003; Zurzolo et al., 2003; Brown, 2006;
Kierszniowska et al., 2009; Tanner et al., 2011). In line with the latter, yeast DRM fractions
have been shown to simultaneously contain proteins that are known to localize to distinct,
non-overlapping compartments or to be homogeneously distributed at the PM (Malinska et
al., 2003; Lauwers et al., 2007; Berchtold & Walther, 2009).

However, a stimulus-induced change in protein solubility could still be of value. It might
represent an altered membrane environment of a protein and could possibly indicate its
subcellular re-localization (Tanner et al., 2011). Accordingly, the receptor kinase FLS2 and
other defense-related proteins were demonstrated to be more abundant in DRMs after flg22
elicitation compared to untreated controls. These results suggest a massive reorganization

of the PM during plant immunity (Keinath et al., 2010).

In 2006, biophysicists, biochemists and cell biologists decided collectively to replace the
term “lipid raft” with “membrane raft” (Pike, 2006). This term should highlight the
contributions of both lipids and proteins to the formation of these raft clusters. They likewise
agreed on the definition that membrane rafts are small, heterogeneous and dynamic
domains enriched in sterols and sphingolipids. Additionally, larger platforms could be formed

through protein-protein and protein-lipid interactions (Pike, 2006).

2.2.4. The Hierarchical Three-Tired Meso-Scale Domain

Architecture of the Plasma membrane

Even though different models were suggested to explain the specific features of the PM
(Simons & lkonen, 1997; Kusumi et al., 2005), so far no evidence indicates that they might
exclude each other (Kusumi et al., 2012). Therefore, Kusumi and colleagues postulated the
“three-tiered meso-scale domain architecture” of the PM, combining ideas of the “picket

fence” and the “membrane raft” hypotheses (Kusumi et al., 2012).

In the first tier, the membrane cytoskeleton “fence” and associated protein “pickets”
subdivide the PM into 40-300 nm compartments. PM components can overcome these
barriers by non-Brownian hop diffusion occurring every 1 - 50 ms. But within these

compartments, lipids and proteins undergo simple Brownian diffusion and show diffusion
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coefficients that are comparable to those measured in artificial membranes (Lindblom et al.,
1981; Lee et al., 1993; Ladha et al., 1996; Murase et al., 2004; Samiee et al., 2006; Kusumi
et al.,, 2012). These results suggest that the fluid mosaic model is still suitable for molecular
events occurring within small areas of the PM (Kusumi et al., 2012).

In the second tier, “raft domains”, enriched in cholesterol, glycosphingolipids and GPI-
anchored proteins, enable an additional compartmentalization of the PM into 2 — 20 nm-
sized areas. Of special importance is the differentiation between raft domains before and
after stimulation. While non-stimulated rafts are highly dynamic and often short in lifetime,
stimulated rafts are considered to be larger and laterally stable. This is achieved by activated
raft-associated receptors forming oligomers and assembling additional cholesterol and
saturated lipids to the receptor-cluster rafts (Janes et al., 1999; Suzuki et al., 2007; Kusumi
et al., 2012).

In the third tier, dynamic protein complex domains enable an additional differentiation in 3 -
10 nm compartments. They are exclusively formed by protein-protein interactions and can
be divided into three distinct types: complexes based on oligomers of membrane-anchored
proteins, induced by scaffold proteins or mediated by coat proteins (Kusumi et al., 2012).
Interestingly, the latter domain can enlarge up to 100 nm (Parton & Simons, 2007). These
higher order protein complexes are considered to be important for many cellular processes

as signaling or membrane trafficking.

2.2.5. The Cell Wall-Plasma Membrane-Cytoskeleton Continuum

The different models of the PM described above are mainly based on results obtained in
animal cells or artificial membranes. However, besides many similarities, also several
differences were found between micro-domains in plant and animal PMs. While the latter are
reported to be small and highly dynamic rafts, the majority of plant micro-domains are
thought to be larger and laterally stable over time (Tanner et al., 2011; Malinsky et al., 2013).
In contrast to animal, plant PMs are not only influenced by the attached cytoskeleton, but
also by the surrounding CW. All three components constitute the cell surface continuum of
plants and form the interface between the cellular inside and the outside environment
(Baluska et al., 2003; McKenna et al., 2014; Liu et al., 2015a; Liu et al., 2015b). The close
contact between the PM and the CW is mainly caused by the tremendous turgor pressure

within the cell (Coster et al., 1977; Beauzamy et al., 2014). The mechanically strong CW
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constrains the turgor pressure and protects the cell against rupture. It additionally allows a
high extensibility during cell expansion and growth. Both opposing features are feasible due
to their heterogeneous composition and a dynamic remodeling in a spatiotemporal-defined
manner (Burton et al, 2010; Peaucelle et al, 2012; Cosgrove, 2016). Many of these
processes are regulated by interdependencies between the CW, the PM and the

cytoskeleton.

Cellulose fibrils, the main component of the CW, are synthesized at the PM by the cellulose
synthase complex (CSC). The CSC is composed of hexagonally arranged cellulose
synthases (CesAs) and additionally associated proteins (Mueller et al., 1976; Mueller &
Brown, 1980; McFarlane et al., 2014). During cellulose synthesis the complex moves along
cortical microtubules (Paredez et al., 2006; Paredez et al., 2008), while its localization to and
maintenance at the PM is influenced by actin (Sampathkumar et al., 2013). In this regard,
the protein POM2/CSI1 (CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1) was
demonstrated to play a role in mediating the link between the CSC and the microtubules by
binding to both components (Gu et al., 2010; Bringmann et al., 2012; Lu et al., 2012a). In
addition, only recently two PM-localized units of the CSC, CC1 and 2 (COMPANION OF
CELLULOSE SYNTHASE 1 and 2), were reported to interact with CSC and microtubules.
Interestingly, the proteins were shown to promote the re-assembly of microtubules after their
salt stress-induced depolymerization (Endler et al., 2015). Together these data clearly
highlight the impact of the PM and the cytoskeleton on the plant CW by influencing the

cellulose synthesis under normal and under stress conditions.

Conversely, the CW affects the localization and dynamic of PM-localized proteins (Feraru et
al., 2011; Martiniere et al., 2012). In this regard, the basal localization of the polar auxin
transporter PIN1 (PIN-FORMED 1) was reported to be highly reduced in various cesa
mutants (Feraru et al., 2011). Additionally, the maintenance of apical and basal polarity of
PIN2 and PIN1 was abolished in protoplasts, respectively. Even the lateral mobility of PIN2
was highly increased upon plasmolysis or treatment with the cellulose synthesis inhibitor
isoxaben. These results might be explained by a direct connection between polar PM
domains and the CW (Feraru et al., 2011).

Accordingly, several proteins have been shown to physically link the PM and the CW by
various mechanisms (Martiniere et al., 2011; Liu et al., 2015a; Kohorn, 2016).

The RGD (Arg-Gly-Asp)-motif is mainly known to play a role in cell adhesion mediated by

different integrin receptors in animals (Ruoslahti, 1996). However, different studies indicate
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that even plants have RGD-recognizing proteins that could be involved in anchoring the CW
to the PM (Schindler et al., 1989; Katembe et al., 1997; Canut et al., 1998; Senchou et al.,
2004; Gouget et al.,, 2006). The legume-like lectin receptor kinase LecRK-1.9, for example,
was shown to play a role in the CW-PM continuum, probably via binding to endogenous
RGD-containing peptides (Bouwmeester et al, 2011). In addition, LecRK-1.9 was
demonstrated to interact with the Phytophthora infestans RXLR-dEER effector IPI-O via the
RGD motif of IPI-O (Gouget et al, 2006). During pathogen infection, the competition
between IPI-O and plant peptides leads to a reduced PM-CW adhesion that results in an
increased susceptibility of the plant (Gouget et al., 2006; Bouwmeester et al., 2011). These
examples not only illustrate the interdependency between the PM and the CW, they also

highlight its importance during plant-pathogen-interactions.
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Fig. 2.3 Determinants for the compartmentalization of plant plasma membranes

Proteins and lipids are not freely diffusing along the entire PM. Their mobility is restricted by the
intracellular membrane-associated actin cytoskeleton (fence) and associated proteins (pickets).
Specific lipid compositions and lipid-protein interactions mediate another tier of compartmentalization.
These membrane rafts are enriched in sterols. Even protein-protein interactions contribute to the
compartmentalization. Additionally, the CW influences the dynamics of PM components. Together the
CW, the PM and the cytoskeleton form the cell surface continuum of plants. Components are not
drawn to scale.
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2.2.6. Plant Membrane Compartments

An increasing number of reports shows that several plant proteins are heterogeneously
distributed at the PM and localize to distinct sub-compartments. However, the appearance of
these domains can be highly divergent with respect to size, pattern, density and mobility
(Sutter et al., 2006; Lherminier et al., 2009; Lefebvre et al., 2010; Haney et al., 2011; Demir
et al.,, 2013; Zhang et al., 2013; Barberon et al., 2014; Jarsch et al., 2014; Luschnig & Vert,
2014; Wang et al., 2015b; Mao et al., 2016).

Cell polarity is known to play an important role for diverse cellular pathways, including cell-
to-cell communication and directional transport of hormones or other small molecules
(Wisniewska et al., 2006; Takano et al., 2010; Barberon et al., 2014; Mao et al., 2016).
Especially for many auxin-regulated developmental processes, the formation, maintenance
and redirection of auxin concentration gradients are crucial (Benjamins & Scheres, 2008;
Kleine-Vehn & Friml, 2008). These flexible rearrangements can be achieved by a variable
polar distribution of PIN auxin efflux carrier at the cell surface. Apical, basal, inner lateral and
outer lateral domains can be distinguished. Interestingly, the target domains of PINs are not
only dependent on the PIN protein, but additionally on the cell type and distinct stimuli
(Galweiler et al., 1998; Muller et al., 1998; Friml et al., 2002a; Friml et al., 2002b;
Wiéniewska et al., 2006; Kleine-Vehn & Friml, 2008). Accordingly, the polarity of PINs is not
based on polar transport of newly synthesized proteins, but is mainly caused by subsequent,
spatial-defined recycling processes (Kleine-Vehn et al., 2008; Kleine-Vehn et al.,, 2011). In
addition, their phosphorylation status (Friml et al., 2004; Michniewicz et al., 2007; Huang et
al., 2010; Zhang et al.,, 2010), the CW (Feraru et al., 2011) as well as sterol and lipid
compositions (Willemsen et al, 2003; Men et al., 2008) influence their subcellular

localization.

Besides continuously existing domains, other PM compartments can emerge upon a certain
stimulus, such as the perception of phytopathogens (reviewed in Faulkner, 2015).

At the site of attempted penetration by filamentous pathogens, dome-shamed CW
appositions, so-called papillae, are formed (Aist, 1976). These papillae are enriched in
callose, cellulose and arabinoxylan as well as ROS, phenolic compounds and silicon (Aist,
1976; McLusky et al, 1999; Chowdhury et al, 2014). The formation of papillae is
accompanied by several cellular modulations including polarization of organelles and

rearrangements of the cytoskeleton below the penetration site (Gross et al., 1993; Freytag et
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al., 1994; Kobayashi et al., 1994; Schmelzer, 2002). In addition, the clustering of sterols in
the associated PMs results in raft-like features at the site of attempted invasion (Bhat et al.,
2005). Accordingly, several defense-related proteins have been shown to focally accumulate
around the papillae, including PEN (PENETRATION) 1, 2, 3, SNAP33 (SOLUBLE N-
ETHYLMALEIMIDE-SENSITIVE FACTOR ADAPTOR PROTEIN 33), VAMP722 (VESICLE-
ASSOCIATED MEMBRANE PROTEIN 722) and ATL31 (TOXICOS EN LEVADURA 31)
(Assaad et al., 2004; Bhat et al., 2005; Stein et al., 2006; Kwon et al., 2008; Meyer et al.,
2009; Underwood & Somerville, 2013; Maekawa et al., 2014). All these rearrangements
enable the formation of an induced, local defense platform against pathogen invasion.
Adapted pathogens, however, are able to overcome this barrier and subsequently develop
specialized feeding structures within the plant cell. These so-called haustoria are enclosed
by a plant-derived extra-haustorial membrane (EHM) (O'Connell & Panstruga, 2006). Even
though the EHM is continuous with the PM, their appearance as well as their protein
composition can be different (Gil & Gay, 1977; Koh et al., 2005; Lu et al., 2012b). Some PM
marker proteins such as PIP1;4 (PLASMA MEMBRANE INTRINSIC PROTEIN 1;4) and
ACA8 have been shown to be excluded from the EHM surrounding haustoria of various fungi
and oomycetes (Lu et al., 2012b). Contrary, PEN1, FLS2 and PDLP1 (PLASMODESMATA
LOCATED PROTEIN 1) displayed a differential EHM-localization dependent on the invading
pathogen (O'Connell & Panstruga, 2006; Lu et al, 2012b; Caillaud et al., 2014). This
diversity suggests a specific targeting of PM proteins to the EHM rather than lateral diffusion
or general recycling mechanisms. Accordingly, secretory vesicles and endosomal
compartments accumulate around haustoria (Lu et al, 2012b). In line with this,
VAMP721/722 vesicles have been demonstrated to be essential for the targeted secretion of
RPW8.2 (RESISTANCE TO POWDERY MILDEW 8.2) to the EHM of Golovinomyces orontii
(Kim et al., 2014). Wang and colleagues reported that the core EHM targeting signal,
composed of the N-terminal TM-domain and two arginine (R)- or lysine (K)-enriched short
motifs, is crucial and sufficient for the targeting of RPW8.2 to the EHM (Wang et al., 2013).
There, the unconventional non-NB-LRR type resistance protein confers a broad-spectrum
resistance to divers species of powdery mildew fungi by the local induction of SA-dependent
defense responses such as accumulation of callose and ROS (Xiao et al., 2001; Wang et al.,
2009).

In addition to directional targeting, also a spatiotemporally regulated promoter activity can
influence the subcellular localization of proteins such as the Medicago truncatula phosphate
transporter MtPT4 (Pumplin et al., 2012). M{PT4 is exclusively expressed in roots colonized

by arbuscular mycorrhizal (AM) fungi and, more precisely, in arbuscule-containing cells
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(Harrison et al., 2002). Arbuscules are highly branched, fungal structures that are known to
be the sites of nutrient exchange during AM symbiosis (reviewed in Parniske, 2008).
Accordingly, MtPT4 localizes specifically to the plant-derived periarbuscular membrane
(PAM) surrounding fungal arbuscules (Harrison et al., 2002). Interestingly, the PAM-
localization of MtPT4 is dependent on the activity of its native promoter, since a continuous
expression by a 35S promoter results in a mis-localization to the endoplasmic reticulum
(Pumplin et al., 2012). Additionally, several PM-localized transporters can be re-directed to
the PAM when expressed from the PT4 promoter. Therefore, a strictly regulated expression
coincident with arbuscule formation seems to be critical for the polar targeting of MtPT4 to
the PAM.

Altogether, these data emphasize that specialized membrane compartments enable

spatiotemporal-defined cellular responses during plant-microbe-interactions.

In addition to these rather large, locally restricted compartments, punctate micro-domains
are distributed along the entire PM. Micro-domain-localized proteins have been shown to
participate in different signaling pathways including hormone signaling, immunity and
symbiosis (Lherminier et al., 2009; Haney et al., 2011; Demir et al., 2013; Wang et al.,
2015b; Nagano et al., 2016).

In 2013, Demir and colleagues reported that the calcium dependent protein kinase CPK21 is
associated with DRMs in a sterol-dependent manner (Demir et al., 2013). CPK21 was
previously shown to be involved in ABA (abscisic acid)-signaling processes together with the
phosphatase ABI1 (ABSCISIC-ACID INSENSITIVE 1) and the anion channel SLAC1 (SLOW
ANION CHANNEL 1) (Geiger et al., 2010). Additionally, CPK21 is able to phosphorylate and
consequently activate the anion channel SLAH3 (SLAC1 HOMOLOG 3) in a Ca® and ABA-
dependent manner (Geiger et al., 2011). The co-expression of CPK21 with SLAH3 resulted
in a re-localization of the latter into DRMs and in a complex formation in AtREM1.3-labeled
micro-domains (Demir et al., 2013). Intriguingly, the additional expression of ABI1 prevents
the domain localization of the SLAH3/CPK21 complex and abolishes the activation of
SLAH3. These results highlight the importance of micro-domains for the SLAH3-mediated

anion transport in ABA signaling (Demir et al., 2013).

In previous studies, the subcellular localization of individual proteins was investigated
predominantly. The variable appearance of these sub-compartments as well as the
involvement of micro-domain-localized proteins in distinct signaling pathways suggested the

existence of multiple compartments. However, only recently the co-existence of various
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micro-domains was proven in PMs of Nicotiana benthamiana and Arabidopsis. A plethora of
diverse micro-domains was identified by the use of marker proteins of the multigene remorin
family (Jarsch et al., 2014).

2.3. Remorin Proteins

Remorins constitute a plant-specific multigene family that is present in all land plants and
comprises 16 members in Arabidopsis. Based on their full-length amino acid sequences,
they can be subdivided into six distinct groups (Raffaele et al., 2007). In general, remorin
proteins are characterized by their canonical structure. While their C-terminal regions are
highly conserved, their N-terminal parts are extremely variable or even absent (group 3)
(Raffaele et al., 2007). Their C-terminal region contains a coiled-coil domain and is thought
to be the main contributor for the in vitro assembly of oligomeric filamentous structures
(Bariola et al., 2004; Marin et al., 2012; Yue et al., 2014). In addition to homooligomers,
several remorins are able to form heterodimers with closely related proteins (Marin et al.,
2012; Jarsch, 2014; Son et al., 2014). However, also the N-terminal region influences the
interaction among remorins and also with other proteins (Marin ef al., 2012; Téth et al,,
2012). The N-terminal part is intrinsically disordered (ID) and therefore lacks any ordered
secondary structure under physiological conditions (Raffaele et al., 2007; Marin & Ott, 2012).
Interestingly, binding to other proteins or post-translational phosphorylation events can
induce the differential folding of ID segments (lakoucheva et al., 2004; Wright & Dyson,
2009). In line with the latter, the majority of all identified phospho-sites in remorin proteins
are located in their disordered N-terminal region (Marin & Ott, 2012). Since so-called “hub”
proteins often contain longer ID segments (Dunker et al., 2005), it is likely that remorins act
as molecular scaffolds and play a role for the assembly of active signaling platforms at the
PM (Jarsch & Ott, 2011).

Remorin proteins do not contain a TM domain, but are attached to the inner leaflet of the PM
through a combination of S-acylation, induced folding of the C-terminal anchor and protein-
protein or protein-lipid interactions (Perraki et al., 2012; Konrad et al., 2014). Even though
remorins were considered as micro-domain marker proteins for several years (Raffaele et
al., 2009; Lefebvre et al., 2010; Demir et al., 2013), the diversity of remorin-labeled
compartments was shown only recently by investigating the subcellular localization of 15

Arabidopsis remorin proteins (Jarsch et al., 2014). The majority localizes to large, laterally
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stable domains that can differ in size, shape and distribution. In contrast, two group 1
remorins, AtREM1.2 and AtREM1.3 (hereafter REM1.2 and REM1.2), are predominantly
targeted to rather small and highly mobile micro-domains. However, they are occasionally
organized in larger, immobile compartments dependent on the tissue and the developmental
stage, indicating a dynamic localization pattern (Jarsch et al., 2014).

In addition, detailed co-expression analyses revealed a diverse range of coexisting domains
at the PM. Interestingly, closely related remorins show an increased tendency for co-
localization compared to less related proteins, suggesting a functional compartmentalization

of the PM (Jarsch et al., 2014).
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Fig. 2.4 Model of an active signaling platform mediated by scaffolding remorin

proteins

Remorin proteins localize to the cytoplasmic leaflet of the PM via an S-acylated C-terminal anchor.
Their localization to micro-domains is dependent on the sterol content of the PM. Remorins can form
homooligomeric structures and heterodimeric complexes mainly mediated by their conserved C-
terminal region. The intrinsically disordered N-terminal region has a stabilizing function and can
undergo folding upon interaction or phosphorylation events. Remorins are hypothesized to act as
scaffold proteins that play a role in the assembly of higher order protein complexes and the formation
of active signaling hubs. Components are not drawn to scale.

So far, remorins of different species have been reported to participate in various abiotic and
biotic stress-induced responses. Transcripts of the Foxtail Millet (Setaria italica) SIREM6 and

the Mulberry (Morus indica) MiREM are significantly up-regulated upon ABA treatment and
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salt stress. Accordingly, the heterologous overexpression of both proteins confers an
increased tolerance to salinity in Arabidopsis (Checker & Khurana, 2013; Yue et al., 2014).
Also the rice OsREM4.1 is up-regulated upon ABA treatment resulting in a negative
regulation of BR signaling. Therefore, OsREM4.1 is assumed to mediate the interlinking of
BR and ABA signaling pathways (Gui et al., 2016).

In addition to abiotic responses, several remorins have been shown to play a role during
beneficial as well as harmful plant-microbe-interactions.

The group 2 SYMREM1 (SYMBIOTIC REMORIN 1), for example, is involved in root nodule
symbiosis between rhizobium bacteria and legumes. Accordingly, SYMREM1 is exclusively
expressed under symbiotic conditions, localizes to the plant-derived symbiosome membrane
and is involved in the assembly of a symbiosis-related micro-domain at the PM (Lefebvre et
al., 2010; Téth et al., 2012; Stratil, 2016).

The Zea mays group 6 remorin ZmREMG6.3 was reported to participate in quantitative
disease resistance in maize (Jamann et al., 2016). Furthermore, AtREM4.1 and AtREM4.2
play a negative role in plant defense, since double mutants display a reduced susceptibility
against two geminiviruses (Son et al.,, 2014). In contrast, the potato (Solanum tuberosum)
StREM1.3 is a positive player in plant immunity against the Potato virus X (PVX) (Raffaele et
al., 2009). StREM1.3 accumulates at plasmodesmata (PD) and interacts with the viral, PD-
localized movement protein TGBp1 (TRIPLE GENE BLOCK PROTEIN 1). Consequently, the
ability of TGBp1 to increase the permeability of PD is obstructed and the cell-to-cell
movement of PVX is reduced (Raffaele et al., 2009; Perraki et al., 2014). Even the rice
remorin protein GSD1 (GRAIN SETTING DEFECT 1) was demonstrated to be important for
the regulation of PD conductance during grain setting (Gui et al., 2014), suggesting a
common feature for several remorin proteins. StREM1.3 was additionally shown to act as a
susceptibility factor in the interaction between Nicotiana benthamiana and Phytophthora
infestans. Similar results were also obtained for the Solanum lycopersicum ortholog
SiREM1.2 in tomato (Bozkurt et al., 2014).

Also the Arabidopsis group 1 remorins REM1.2 and REM1.3 are assumed to be involved in
plant immunity, even though a direct role has not been demonstrated so far (reviewed
in Jarsch & Ott, 2011). Interestingly, both remorins belong to the 10 % most highly and
ubiquitously expressed genes in Arabidopsis (Raffaele et al., 2007). They are regulated
upon pathogen infection and in an effector-triggered manner (Coaker et al., 2004; Widjaja et
al., 2009). Moreover, flg22 treatments result in a differential phosphorylation pattern and
their enrichment in DRMs (Benschop et al., 2007; Keinath et al., 2010). In addition, REM1.2
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is phosphorylated upon expression of AvrRPM1 in an RPM1-dependent manner (Widjaja et
al., 2009). In line with this result, REM1.2 was demonstrated to interact with RIN4 (Liu et al.,
2009). Only recently, an interaction was shown between REM1.3 and HIR1
(HYPERSENSITIVE INDUCED REACTION 1), a protein assumed to participate in ETI-
induced cell death. Even REM1.2 associates to the same complex at the PM, indicating the
assembly of an immunity-related micro-domain (Lv et al., 2017). Taken together, theses

results suggest a role for REM1.2 and REM1.3 in plant immunity.

2.4. Aims of the Study

The variety of co-existing, remorin-labeled micro-domains suggests the functional
compartmentalization of plant plasma membranes. Functioning as putative molecular
scaffold that facilitate higher-order protein complex assemblies in vivo, remorin proteins are
promising candidates for the identification of new signaling components involved in diverse
cellular pathways. As group 1 remorins are presumed to play a role in plant defense-related
signal transductions, REM1.2 was used as a bait to identify novel receptor-like kinases
(RLKs) with a putative function in plant immunity.

One RLK, named RICKY1 (REMORIN INTERCTING KINASE IN YEAST 1), was found to
specifically interact with REM1.2.

In this work, | aimed to functionally characterize the so far unknown RLK RICKY1 using a

modern range of biochemical, cell biological and phenotypic methods.

| intended to examine the biological role of RICKY1, its localization pattern and the

interdependency between RICKY1 and group 1 remorins.

I hypothesize that RICKY1 is a new player in plant immunity-related signaling pathways and

associated with membrane micro-domains.
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3. Results

3.1. Identification of New Interaction Partners of REM1.2

Several studies identified specific interactions between remorin proteins and receptor-like
kinases at the PM of various plant species. These RLKs are involved in different cellular
pathways including root nodule symbiosis, plant immunity and hormone signaling (Lefebvre
et al., 2010; Téth et al.,, 2012; Son et al., 2014; Gui et al., 2016). Remorins, as proposed
scaffold proteins, seem to play a role during protein complex formation and the assembly of
active signaling hubs to facilitate an efficient signal transduction (Stratil, 2016). This model
provides the opportunity to elucidate complex signaling pathways by identifying new
interaction partners of remorin proteins. As different studies indicate a role for group 1b
remorins during plant defense (reviewed in Jarsch & Ott, 2011), AtREM1.2 was used in the
GAL4 yeast two-hybrid (Y2H) system to identify new components of this pathway (Jarsch,
2014).

This method is based on the modular properties of many eukaryotic transcription factors
(Hope & Struhl, 1986; Keegan et al., 1986). The activation domain (AD) and the binding
domain (BD) of GAL4 can be fused separately to two proteins of interest. If these proteins
interact, the activation domain of GAL4 is recruited to the promoter of the HIS3 reporter gene
and as a consequence the gene expression is initiated. HIS3 codes for an enzyme involved
in the biosynthesis of histidine, whereby the histidine auxotrophy of the yeast strain PJ69-4a
can be overcome (James et al., 1996).

A targeted GAL4 Y2H screen was performed with REM1.2 against a library containing the
cytoplasmic domains of RLKs putatively involved in plant immunity (provided by Birgit
Kemmerling, University of Tubingen). Out of 55 clones only At1g53440 was able to
specifically interact with REM1.2 and was called REMORIN INTERCTING KINASE IN
YEAST 1 or short RICKY1.

The assay was repeated independently to verify the results obtained during the screen.
Therefore, the cytosolic domain (CD) of RICKY1, fused to the binding domain of GAL4, was
co-transformed with an AD-fused REM1.2 into PJ69-4a yeast cells. Both proteins were able
to interact, as the transformants had the ability to grow on selective media lacking histidine
(Fig. 3.1A).
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Subsequently, the putative interaction of RICKY1 with REM1.3 was analyzed to test the
specificity of the interaction with REM1.2. Yeast cells co-transformed with RICKY1 CD and
REM1.3 were not able to grow on selective media. This indicates that the interaction of
RICKY1 with REM1.2 is very specific in yeast. Additionally, this negative result showed that
RICKY1 has no auto-activation ability.

As it is known that remorins are able to form homodimers (Bariola et al., 2004), the
interactions of REM1.2 with REM1.2 and REM1.3 with REM1.3 were used as positive
controls. Both co-transformations led to yeast growth on selective media, also confirming the
functionality of the REM1.3 construct.

Finally, proteins were extracted from the co-transformed yeast cells to verify that negative
interaction results are not the consequence of lacking protein expression. All recombinant

proteins could be detected with tag-specific antibodies (Fig. 3.1B).
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Fig. 3.1 The cytosolic domain of RICKY1 interacts specifically with REM1.2 in yeast

(A) GAL4 yeast two-hybrid (Y2H) assay of the cytosolic domain (CD) of RICKY1 with REM1.2 and
REM1.3. Remorins were fused to the activation domain (AD) and RICKY1 was fused to the binding
domain (BD) of GAL4. Transformants were grown on control medium (-LW) and selective medium (-
LWH +/- 2.5 mM 3-AT) in three consecutive dilutions. The interactions of REM1.2/REM1.2 and
REM1.3/REM1.3 were used as positive controls. L = leucine, W = tryptophan, H = histidine, 3-AT = 3-
amino-1,2,4-triazole. (B) Expression analysis in yeast using immunoblot analysis. AD-fused proteins
were visualized with an HA antibody and BD-fused proteins with a myc antibody.
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3.2. Characterization of the Leucine-Rich Repeat Receptor-Like

Kinase RICKY1

As RICKY1 was a protein with unknown function, an in silico analysis was performed to get a
first indication of its putative function. The RICKY1 gene spans 5604 bp and consists of 23
exons and 22 introns. Its locus is embedded in a cluster comprising three closely related
genes on chromosome 1. At1g53420, At1g53430 as well as RICKY1 encode LRR-RLKs
belonging to the subgroup LRR VIII-2 based on the sequence of their kinase domains (Shiu
& Bleecker, 2001b). Including the extracellular sequences in addition, 13 RLKs are assigned
to this subgroup ((Gou et al, 2010); Fig. 3.2A). The extracellular region of RICKY1 is
predicted to contain a signal peptide, eleven LRRs and a malectin domain (MD) (Fig. 3.2B).
This domain shows a high sequence similarity to the animal protein malectin, which was
identified in Xenopus laevis for the first time (Schallus et al., 2008). Malectin is an ER-
membrane located protein that is specifically able to bind di-glycosylated glycans (Schallus
et al.,, 2010). It has been shown to participate in quality control mechanisms in the ER (Chen
et al.,, 2011; Galli et al., 2011; Qin et al,, 2012). Additionally, RICKY1 contains a predicted

transmembrane (TM) domain and a cytoplasmic protein kinase domain.

Two T-DNA insertion lines in the Col-0 background were obtained to investigate the role of
RICKY1. Homozygous plants were identified (see 5.5.8) and the actual T-DNA insertion site
was determined by sequencing. Accordingly, ricky1-1 plants carry the T-DNA in their 21°
exon and ricky1-2 in the promoter region of RICKY1, 129 bp upstream of the ATG (Fig.
3.2C; Hofer, 2012). gPCR analyses were performed in 14-day-old seedlings to examine the
RICKY1 transcript in both mutant lines. After normalization to the housekeeping gene
Ubiquitin C, both ricky1 mutants showed a highly significant reduction in transcript level
compared to Col-0 (Fig. 3.2D). Both knock-down mutants were used for further phenotypic

analyses.
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Fig. 3.2 In silico and transcriptional analysis

(A) Phylogenetic tree of LRR VIII-2 RLKs based on the full-length amino acid sequences analyzed by
the Neighbor-joining method. Bootstrap values are given in percent. The scale bar represents the
number of amino-acid substitutions per site. The arrow indicates RICKY1 (modified from (Gou et al.,
2010)). (B) Predicted protein structure of RICKY1 (UniProtKB/Pfam30.0). The RLK contains a signal
peptide, eleven leucine-rich repeats (LRRs) and a malectin domain in its extracellular part and an
intracellular protein kinase domain. Domain sizes are not to scale. TM = transmembrane domain.
(C) Schematic view of the T-DNA insertion sites in the mutant lines ricky1-1 and ricky1-2 (see Hofer,
2012). The position of the T-DNAs (triangles) refers to the corresponding ATG (1). The orientation of
the T-DNAs is indicated by LB (left border) and RB (right border). Exons are represented as black
boxes, intros as black lines. (D) gPCR analysis of the RICKY1 transcript in 14-day-old Col-0 and
homozygous ricky1 seedlings. The expression of RICKY1 was normalized to Ubiquitin C (UBC). The
transcript of RICKY1 was highly down-regulated in both mutant backgrounds (n = 3 — 4). Statistical
significance was assessed using one-way analysis of variance (ANOVA) followed by a Tukey HSD

test (P< 0.001).
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3.2.1. Investigating a Putative Role of RICKY1 in Plant Development

In 2001, Shiu and Bleeker identified over 600 receptor-like kinases in the genome of
Arabidopsis (Shiu & Bleecker, 2001b). So far, only a minority has been characterized.
Among them, most RLKs are either involved in different developmental processes or play a
role in biotic and abiotic stress responses. Some RLKs have been also shown to have dual
functions (reviewed in Li & Tax, 2013; Osakabe et al., 2013; Fan et al., 2016).

3.2.1.1.  RICKY1 is not involved in plant development

First of all, it was investigated if the reduced RICKY1 levels have an impact on the
development and growth of ricky1 mutant plants. Therefore, different developmental stages
were examined and compared to Col-0. Early stages were analyzed on seedlings grown on
2 MS plates (supplemented with 1 % sucrose) under long-day conditions. There was no
significant difference between the lines regarding germination rates (Fig. 3.3A) and rosette
diameters 14 days after germination (Fig. 3.3B). Later stages were analyzed on adult plants
grown on soil under long-day conditions. Both mutant lines did not display an altered rosette
diameter at floral transition (Fig. 3.3C). The transition from the vegetative to generative state
was defined as the time point of shoot emergence. Also relating to primary bolt length (Fig.
3.3D), number of side bolts (Fig. 3.3E) and number of secondary bolts (Fig. 3.3F) the
mutants did not show significant differences to the wild type. These data indicate that the
absence of RICKY1 has no obvious effect on the development under normal growth

conditions.
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Fig. 3.3 ricky1 mutants do not exhibit developmental defects

Different developmental stages were examined in Col-0 and ricky? mutants grown under long-day
conditions on plate (Y2 MS + 1 % sucrose) (A,B; n = 20) and on soil (C-F; n = 9). (A) Germination rates
were scored on the indicated days. (B,C) The diameter of rosettes was measured in 14-day-old
seedlings (B) and adult plant at the time of floral transition (C). The primary bolt length (D), the
number of side bolts on the primary bolt (E) and the number of secondary bolts (F) were analyzed in
seven-week-old plants. (E,F) Total numbers are indicated additionally.

There was no significant difference between Col-0 and the ricky1 mutants. Statistical significance was
assessed using Fisher’s exact test (A,E,F) or one-way ANOVA (B-D), respectively.

3.2.1.2.  rickyl mutants are more resistant to auxin

In 2011, ten Hove and colleagues characterized T-DNA insertion lines of 69 root-expressed
LRR-RLKs referring to their putative involvement in different abiotic stress pathways. Among
others, their response to treatments with various hormones and osmotic compounds was

analyzed. This study revealed a role for RICKY1 in auxin signaling, as 4 independent ricky1
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T-DNA insertion lines showed a significant increase in root growth after application of the
naturally occurring auxin IAA (Indole-3-acetic acid). Mutants that exhibited a greater than 20
% difference to the wild type were scored as resistant to the treatment (ten Hove et al.,
2011).

Because the lines ricky1-1 and ricky1-2 were not included in this study, we investigated if
these mutants also display an auxin-related phenotype. Therefore, the effect of the synthetic
auxin NAA (naphthaleneacetic acid) on the root growth of Col-0 and ricky1 seedlings was
examined. Four-day-old seedlings were challenged with different concentrations of NAA that
are known to have an inhibitory effect on the root growth. Three days after the treatment with
100 and 200 nM NAA the mutant lines showed a significant increase in root length compared
to Col-0. The primary roots were 4-7 % longer in ricky1-1 and ricky1-2 plants (Fig. 3.4A). A
similar effect was observed 5 days after application of NAA with differences of 3-5 % (Fig.
3.4B). These results indicate that ricky1-1 and ricky1-2 are also significantly more resistant
to NAA, even though the phenotype appeared milder compared to the published data (ten
Hove et al., 2011). This could be due to a slightly different experimental setup (see 5.5.17) or
to the usage of NAA instead of IAA, since the synthetic auxin NAA has been shown to be
more stable over time compared to the endogenous auxin IAA (Dunlap et al., 1986; Dunlap
& Robacker, 1988).
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Fig. 3.4 ricky1 mutants are more resistant to NAA

Col-0 and ricky1 mutants were grown on %2 MS plates supplemented with 1 % sucrose. Four-day-old
seedlings were challenged with different concentrations of NAA (Naphthaleneacetic acid) (n = 15,16).
Pictures were taken after 3 (A) and 5 (B) days. The primary root length was measured using ImageJ.
The averaged root length of each line without NAA was set to 100 percent, respectively. Statistical
significance between the mutant lines and Col-0 within one treatment was assessed using one-way
ANOVA followed by Dunnett’s multiple comparison test (* P< 0.05, ** P< 0.01, *** P< 0.001).
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3.2.2. Examining the Role of RICKY1 During Plant Immunity

In the following experiments, it was investigated if RICKY1 is indeed involved in plant
immunity and, if so, where it can be placed in the signaling cascade. The MAMP flg22 was
used to trigger early, intermediate and late defense responses (Gomez-Gomez et al., 1999)

and their integrity was analyzed in both ricky1 mutant lines.

3.2.2.1.  rickyl mutants are not impaired in the flg22-induced ROS production

A very early response is the oxidative burst occurring only minutes after flg22 treatment. The
production of ROS can be measured over time in relative light units (RLUs) using a luminol-
based assay. Col-0 as well as both ricky1 mutants displayed a flg22-specific reaction curve
(Fig. 3.5A). The ROS production peaked 8 —12 minutes after treatment and decreased to
background level 30 min later. A calculation of total RLUs produced over 35 minutes
revealed no significant difference between ricky1 mutants and Col-0 (Fig. 3.5B). These data

indicate that RICKY1 is not involved in flg22-riggered oxidative burst.
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Fig. 3.5 RICKY1 is not involved in flg22-induced ROS production

Leaf discs of five-week-old Arabidopsis plants were treated with 100 nM flg22 and ROS production
was measured over time as RLUs (relative light units) (n = 12). (A) Values represent mean RLUs +/-
SE at different time points. (B) Values represent total RLUs measured over 35 minutes. Both ricky1
mutants did not display a significant difference to Col-0. Statistical significance was assessed using
one-way ANOVA.
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3.2.2.2.  RICKY1 in not involved in the flg22-induced expression of defense

marker genes

Another early to intermediate defense response is the increased expression of defense
marker genes. It has been shown that MAMPs are able to induce the expression of genes
involved in two distinct hormone-regulated defense pathways (Denoux et al., 2008). The SA-
dependent signaling mainly mediates resistance to biotrophic pathogen, whereas JA and
ethylene ET play a role in defense mechanisms against necrotrophs (Glazebrook, 2005).

Five-week-old plants were infiltrated with 1 yM flg22 or H,O to analyze these defense
responses. Leaves were harvested 1 h and 24 h after infiltration and qPCRs were performed
to evaluate the expression of several defense marker genes. The expression of key
components of both pathways was analyzed to check the integrity of both SA- and JA/ET-

dependent signaling cascades.
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Fig. 3.6 ricky1l mutants are not affected in the flg22-induced expression of defense marker

genes

Five-week-old Arabidopsis leaves were infiltrated with H,O or 1 yM flg22 and harvested 1 h (A,C) or
24 h (B) later (n = 3 — 4). Transcript levels of the marker genes, EDS1 (A), PR1 (B) and ERF1 (C)
were normalized to UBC. Col-0 and both ricky? mutants showed an increased defense gene
expression after flg22 treatment, but ricky1 mutants did not display an altered expression compared to
Col-0 of the same treatment. Statistical significance was assessed using one-way ANOVA followed by
a Tukey HSD test (P< 0.05 (C), P< 0.001 (A,B)).
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The genes EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) and PR1 (PATHOGENESIS-
RELATED PROTEIN 1) play an important role during SA-dependent responses and are
induced 1 h and 24 h after MAMP treatment, respectively (Denoux et al., 2008).

Both genes are significantly induced after flg22 treatment, but neither the expression of the
early nor of the late SA-related marker gene differed between both ricky1 mutants and the
wild type (Fig. 3.6A,B). Also the transcript of the early JA/ET-induced gene ERF1
(ETHYLENE RESPONSE FACTOR 1) (Berrocal-Lobo et al, 2002) was significantly
increased after flg22 treatment, but did not show an altered expression between the lines
(Fig. 3.6C). These results indicate that RICKY1 is not involved flg22-induced expression of

defense-related marker genes.

3.2.2.3. rickyl mutants are affected in the flg22-triggered production of

callose

As ricky1 mutants were not impaired in early and intermediate defense responses, the
integrity of a later defense mechanism was examined. Hours after flg22 treatment an
increased production of callose depositions can be detected (Gomez-Gomez et al., 1999).
Under this stress condition the (1,3)-B-glycan is mainly produced by the PM-localized callose
synthase GSL5 and deposited between the PM and the CW (reviewed in Ellinger & Voigt,
2014).

Five-week-old wild type, ricky1 and fls2 mutant leaves were infiltrated with 1 yM flg22 or H,O
as control and harvested 24 h later to analyze the production of callose. Callose deposits
were stained with methyl blue and one representative area per leaf was imaged using
fluorescence microscopy (Fig. 3.7A,B). Subsequently, ImageJ was used to process all
images and to analyze the number of callose depositions (Fig. 3.7C,D). Col-0 leaves treated
with flg22 showed many callose deposits, whereas only isolated spots were visible in the fls2
mutant. Both, ricky1-1 and ricky1-2 lines displayed an intermediate phenotype with several
callose depositions (Fig. 3.7A). The counting of callose deposits revealed that in both ricky1
mutants the number of callose spots was significantly decreased to 67 % compared to Col-0
(Fig. 3.7C). On the other hand, there was no significant difference between all lines in the
mock-treated samples (Fig. 3.7B,D). These results suggest that RICKY1 plays a role in the

flg22-induced callose production or later flg22-triggered processes.
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Fig. 3.7 RICKY1 is involved in flg22-induced callose deposition

Five-week-old Arabidopsis leaves were infiltrated with 1 uM flg22 ((A,C) n = 51 — 55) or H,O ((B,D) n
= 16 — 18) and harvested 24 h later. Callose depositions in Col-0, ricky1-1, ricky1-2 and fls2 were
stained with methyl blue and analyzed using fluorescence microscopy. (A,B) Representative pictures.
Bar = 200 ym. (C,D) The number of callose depositions was counted using Imaged. Values represent
the summary of 4 independent biological experiments. Both ricky? mutants showed a significant
decrease in callose deposition after flg22 treatment (C), whereas there was no change in the mock
control (D). Statistical significance was assessed using one-way ANOVA followed by Dunnett’s
multiple comparison test (*** P< 0.001).

Subsequently, it was investigated if the observed callose phenotype of the ricky1 mutants is
caused by the T-DNA insertions in the RICKY1 locus. Therefore, ricky1-1 and ricky1-2 plants
were stably transformed with a genomic RICKY1-sGFP construct driven by its own promoter.
Two independent complemented lines in the ricky1-1 and in the ricky1-2 mutant background
were further analyzed, respectively.

A protein extraction from 14-day-old seedlings was performed to determine the protein levels
of RICKY1-sGFP in all complemented lines. RICKY1-sGFP fusion proteins were detected

using immunoblot analysis with a GFP antibody. Proteins extracted from Col-0 were used as



3 Results 49

a negative control to distinguish between specific and unspecific signals. Two bands at
about 75 and 175 kDa were specifically detected in all 4 complemented lines, but not in Col-
0 (Fig. 3.8A). The strong signal at 175 kDa corresponds to the size of the full length RICKY1-
sGFP fusion protein. The second signal at about 75 kDa could coincide with the predicted
size of RICKY1-sGFP protein lacking the extracellular domains. All complemented lines
showed a stable expression of RICKY1, whereby RICKY1-sGFP/ricky1-2 plants exhibited
lower protein amounts compared to the RICKY1-sGFP/ricky1-1 lines. Equal loading was

confirmed by the signal strength of the unspecific bands visible in all lanes.
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Fig. 3.8 The callose phenotype of the ricky1 mutants can be partially complemented

ricky1 mutants were complemented with a GFP-tagged genomic RICKY1 construct driven by its
native promoter. Two homozygous complemented ricky1-2 (#1, #2) and ricky1-1 (#3, #4) lines were
used for the determination of protein levels (A) and their ability to complement the callose phenotype
of the mutants (B,C). (A) RICKY1-sGFP expression analysis of 14-day-old complemented ricky1
seedlings using immunoblot analysis with a GFP antibody. Col-0 was used as a control. Arrows
indicate specific bands. (B,C) Five-week-old Arabidopsis leaves were infiltrated with 1 yM flg22 and
harvested 24 h later. Callose depositions were stained with methyl blue and analyzed using
fluorescence microscopy. The number of callose depositions was counted using Imaged. Values
represent the summary of 4 independent biological experiments. Both complemented lines in the
ricky1-2 ((B) n = 50 — 54) and in the ricky1-1 ((C) n = 51 — 56) background did not show a significant
difference to Col-0, respectively. Statistical significance was assessed using one-way ANOVA
followed by Dunnett’s multiple comparison test (** P< 0.01, *** P< 0.001).

All RICKY1-sGFP/ricky1 lines were included in the callose assays shown in Fig. 3.7 to
investigate if the lack of RICKY1 causes the callose phenotype in the ricky1 mutants. None
of the complemented lines showed a significant difference to Col-0 regarding the production
of callose, contrary to both ricky1 mutants (Fig. 3.8B,C). RICKY1-sGFP/ricky1-2 plants
displayed 83-86 % and RICKY1-sGFP/ricky1-1 plants 92-94 % callose deposits compared to
Col-0, respectively. As a consequence, it can be concluded that all complemented lines are

able to partially rescue the ricky1 phenotype. These results confirm that the decreased
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callose production in the ricky? mutants is indeed caused by the loss of RICKY1.

Additionally, they provide evidence for the functionality of the RICKY1-sGFP fusion protein.

3.2.2.4. RICKY1 plays a role during plant defense against various pathogens

The results described above confirm a role for RICKY1 in flg22-induced defense
mechanisms. Subsequently, it was investigated if the restricted immune response has an
impact on the fithess of ricky1 mutants, when they are challenged with plant pathogens. As
flg22 is a conserved epitope of the bacterial flagellum, the hemibiotrophic bacterium
Pseudomonas syringae pv. tomato (Pto) was used for first analyses (Katagiri et al., 2002;
Xin & He, 2013).

Bacteria of the Pto strain DC3000 were sprayed onto five-week-old Col-0, ricky1 and fls2
leaves and the bacterial growth was analyzed 3 days later. Both ricky1 mutants showed a
significant higher bacterial density compared to Col-0 and are therefore more susceptible to
Pseudomonas syringae (Fig. 3.9). As the plants were less infected than fls2 plants, they

exhibited an intermediate phenotype.
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Fig. 3.9 ricky1 mutants are more susceptible to P. syringae

Five-week-old plants were spray-inoculated with Pseudomonas syringae pv. tomato (Pto) DC3000
(ODggo = 0.02). Bacterial density was analyzed 3 days post infection (dpi) as colony forming units
(cfu). Values represent the average of 3 independent biological experiments (n = 36). Both ricky1
mutants showed a significantly increased bacterial growth compared to Col-0. Statistical significance
was assessed using one-way ANOVA followed by Dunnett’s multiple comparison test (** P< 0.01, ***
P<0.001).
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Subsequently, another phytopathogen was used to investigate if the reduced fithess of
ricky1 mutants is specific to infections with Pseudomonas. Therefore, a collaboration with
the laboratory of Harald Keller (UMR-Institut Sophia Agrobiotech) was initiated. They
analyzed the interaction of ricky1 with the obligate biotroph Hyaloperonospora arabidopsidis
(Hpa). The oomycete is a natural pathogen of Arabidopsis and causes the downy mildew
disease (Koch & Slusarenko, 1990; Coates & Beynon, 2010).

Ten-day-old Col-0 and ricky1 mutant seedlings were spray-inoculated with the Hpa strain
Waco to examine if RICKY1 is involved in the defense pathway against the oomycete. The
infection success of Hpa was evaluated by counting the number of spores using a
hemocytometer. Both ricky1 mutant lines showed a 20 % higher sporulation rate compared
to Col-0 and are therefore more susceptible to the oomycete (Fig. 3.10).

These data clearly indicate that RICKY1 plays a general role in plant immunity and is

involved in defense mechanisms against various pathogens.
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Fig. 3.10 ricky1 mutants are more susceptible to H. arabidopsidis

Ten-day-old Arabidopsis seedlings were spray-inoculated with the oomycete Hyaloperonospora
arabidopsidis (Hpa) isolate Waco at 40,000 spores/ml. The sporulation rate was determined with a
hemocytometer 24 h after the induction of sporulation. The sporulation in Col-0 was defined as 100 %.
Values represent the average of 3 independent biological experiments (n = 60). Both ricky1 mutants
showed significantly higher spore rates compared to Col-0. Statistical significance was assessed
using one-way ANOVA followed by Dunnett’s multiple comparison test (*** P< 0.001). The
experiments were performed by the collaborator Harald Keller.
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3.2.3. Cell Biological Characterization of RICKY1

Plant PMs separate the intracellular space from the outside environment and are therefore
important for many cellular responses including plant immunity. They harbor RLKs that are
able to perceive different MAMPs in the apoplast and are crucial to initiate different defense
responses. Many of these mechanisms are also located at the PM (reviewed in Couto &
Zipfel, 2016). The dynamic reorganization of the PM is essential to facilitate an efficient
signal transduction that results in a suitable adaptation to changing conditions. Scaffold
proteins, such as flotillins and remorin proteins, are thought to be involved in the formation of
active signaling platforms at the PM (Jarsch & Ott, 2011). Pre-assembled protein complexes
as well as stimulus-dependent lateral movement of proteins play a crucial role. Since this is
a very dynamic process, the microscopy-based cell biological characterization of a protein

can help to understand its biological function.

3.2.3.1.  RICKY1 localizes to the plasma membrane

The LRR-RLK RICKY1 contains one predicted transmembrane domain (Fig. 3.2B), but its
actual subcellular localization has not been examined so far. Hence, the localization of
RICKY1 was analyzed in the stable complemented proRICKY1:RICKY1-sGFPIricky1-1 line
#3 (see Fig. 3.8). Five-week-old leaves were stained with the lipophilic dye FM4-64 that
enables a counterstaining of the PM (Bolte et al., 2004). Confocal laser scanning microscopy
(CLSM) revealed a homogeneous distribution of the RICKY1-sGFP signal mainly at the PM
(Fig. 3.11A), confirmed by the co-localization with FM4-64 (Fig. 3.11A",A").
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Fig. 3.11 RICKY1 localizes to the plasma membrane

Five-week-old ricky1-1 plants expressing RICKY1-sGFP under its native promoter were stained with
the styryl dye FM4-64. Epidermal cells were imaged using confocal microscopy. RICKY1-sGFP
localized to the periphery of the cell (A) and co-localized with the PM marker FM4-64 (A",A""). Bar =
10 ym.
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In living cells, proteins are not insulated, but incorporated in a complex network of many
different components that act together in one signaling pathway. For this reason, it is
important to characterize proteins not only individually, but also consider proteins in their
surrounding. Also putative interactions need to be investigated in their biological
environment. Since RICKY1 was shown to interact with the remorin protein REM1.2 in the
heterologous yeast system (see Fig. 3.1), the interaction should be verified in planta.

ProRICKY1:gRICKY1-sGFP/ricky1-1 #3 plants were additionally transformed with genomic
constructs of proREM1.2-mCherry-REM1.2 and proREM1.3-mCherry-REM1.3 to enable a
detailed characterization. CLSM confirmed the stable expression of RICKY1-sGFP and both
mCherry-REM fusion proteins, and their co-localization at the PM (Fig. 3.12). These lines

have been used for further cell biological analyses.
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Fig. 3.12 RICKY1 co-localizes with REM1.2 and REM1.3 at the plasma membrane

Confocal microscopy of ricky1-1 plants expressing RICKY1-sGFP and mCherry-REM1.2 (A-A"") or
RICKY1-sGFP and mCherry-REM1.3 (B-B"") under the control of their native promoters, respectively.
RICKY1 co-localized with REM1.2 (A"") and REM1.3 (B™") at the periphery of the cell. Bar = 10 ym.

3.23.2. RICKY1 localizes to the sites of Hyaloperonospora arabidopsidis

infection and around their haustoria

Plant membranes play an essential role during the invasion process of different pathogens.
Accordingly, they undergo various changes in organization and composition to facilitate an
efficient defense response. This especially applies for the actual host-pathogen interface like
the site of haustoria formation. The invasive feeding structure, developed by fungi and

oomycetes, is enveloped by a plant-derived EHM. Even though the EHM is continuous with
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the PM, the protein composition can differ between them. In later stages haustoria get
additionally enclosed by a host-derived encasement membrane (reviewed in Faulkner,
2015).

As RICKY1 was shown to be involved in plant immunity against H. arabidopsidis (Fig. 3.10),
its subcellular localization was investigated after the infection with the oomycete. Therefore,
14-day-old proRICKY1:gRICKY1-sGFP/ricky1-1 #3 seedlings were spray-inoculated with the
Hpa isolate Noco2 and RICKY1 localization was analyzed 5 — 6 days after infection using
CLSM. RICKY1-sGFP signals were visible at the PM and showed an accumulation at sites
of oomycete structures ( Fig. 3.13A). Additionally, RICKY1-GFP localized around the Hpa

haustoria in many cases ( Fig. 3.13B).
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Fig. 3.13 RICKY1 localization is associated to oomycete structures

Confocal microscopy of ricky1-1 mutants expressing RICKY1-sGFP (A,B), RICKY1-sGFP and
mCherry-REM1.2 (C-C""") or RICKY1-sGFP and mCherry-REM1.3 (D-D""") under the control of their
native promoters. 14-day-old seedlings were spray-inoculated with the H. arabidopsidis isolate Noco2
and haustoria were imaged 5-6 dpi. Bar = 10 ym. Arrows and asterisks in bright field (BF) images
indicate hyphae and haustoria, respectively.
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To examine the localization of Arabidopsis remorin proteins during an Hpa infection, stable
transgenic lines co-expressing RICKY1-sGFP and mCherry-REM1.2 or mCherry-REM1.3
were analyzed, respectively ( Fig. 3.13C,D). REM1.2 ( Fig. 3.13C) as well as REM1.3 ( Fig.
3.13D) were localized at the PM and around the haustoria of Hpa. The same is true for the
localization of RICKY1 in these co-expressing lines. The slightly variable patterning of
RICKY1 at the haustoria could be due to different developmental stages of the haustoria and

needs to be further investigated.

3.2.3.3.  RICKY1 co-localizes with REM1.2 and REM1.3 in micro-domains

Remorin proteins are well-accepted micro-domain marker proteins in different plant species
(Raffaele et al., 2009; Lefebvre et al., 2010; Té6th et al., 2012; Demir et al., 2013; Gui et al.,
2014; Jarsch et al., 2014). A recent study confirmed the variety of co-existing domains at the
PM of Arabidopsis. Interestingly, the group 1 remorins REM1.2 and REM1.3 showed an
exceptional patterning. Using confocal microscopy these remorins showed an occasionally
occurring domain formation in a tissue-specific manner. A higher resolution in the z-axis and
over time gained by total internal reflection microscopy (TIRFM), revealed the localization of
REM1.2 and REM1.3 in small and mobile micro-domains also in other tissues (Jarsch et al.,
2014).

A collaboration with Sebastian Konrad was initiated to analyze the localization of RICKY1
more precisely and to investigate a putative co-localization with REM1.2 and REM1.3.
Arabidopsis seedlings co-expressing RICKY1-sGFP and mCherry-REM1.2 or RICKY1-sGFP
and mCherry-REM1.3 were examined using TIRF microscopy. Interestingly, RICKY1-sGFP
signals were also observed in distinct domains at the surface of epidermal cells (Fig.
3.14A,B). These domains were, as well as the remorin-targeted domains, small and highly

mobile.

Subsequently, Imaged was used to investigate a putative co-localization of RICKY1 and the
remorin proteins. The Pearson’s coefficient (Rr) displays the linear dependency of two
datasets and ranges from -1 to 1. A value of -1 points to a complete negative correlation
(exclusion) between two proteins, while a value of 1 suggests an absolute positive
correlation (co-localization). Values around 0 indicate no correlation between two datasets
(homogeneous distribution). For a statistical assumption, randomized simulations have to be

performed and compared to the original dataset. Therefore, the Costes” randomization was
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applied to all GFP channels resulting in a randomized Pearson’s coefficient (rd Rr). Protein
pairs with Rr > rd Rr are thereby scored as co-localizing, while pairs with Rr < rd Rr are
regarded as excluding (Manders et al., 1992; Costes et al., 2004; Bolte & Cordelieres, 2006).
The Pearson’s coefficient obtained for RICKY1 and REM1.2 was Rr = 0.590 (SE = 0.01;
n = 20), indicating a positive correlation between both proteins. Since the randomized
Pearson’s coefficient rd Rr = 0.00 (SE = 0.005; n = 20; P< 0.001) was significantly lower
than Rr, it can be concluded that RICKY1 co-localizes with REM1.2. A similar result was
observed for RICKY1 and REM1.3. The calculated Pearson’s coefficient Rr = 0.559
(SE
(SE
correlation with REM1.3.

0.018; n = 21) was significantly higher than the randomized value rd Rr = 0.00

0.004; n = 21; P< 0.001). Hence, RICKY1-labeled micro-domains show a positive
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Fig. 3.14 RICKY1 co-localizes with REM1.2 and REM1.3 in micro-domains at the plasma

membrane

Total internal reflection microscopy of stable transgenic Arabidopsis plants co-expressing RICKY1-
SGFP and mCherry-REM1.2 (A-A"") or RICKY1-sGFP and mCherry-REM1.3 (B-B"") under the control
of their native promoters (n = 20,21). Bar = 5 pym. Co-localization was analyzed using ImageJ.
Pearson’s coefficients (Rr) indicated a co-localization of RICKY1 with REM1.2 and REM1.3. Costes’
randomized Pearson’s coefficients (rd Rr) were calculated as controls. Statistical significance was
assessed using a Student’s t test (P< 0.001). Image acquisition and data processing was performed
by Sebastian Konrad.
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3.2.3.4. RICKY1 interacts with remorin proteins iz planta

So far, the interaction of REM1.2 and RICKY1 has been shown in the heterologous Y2H
system (Fig. 3.1). As both proteins co-localized in small domains at the PM (Fig. 3.14), it
was of special interest if both proteins are able to interact in planta. Additionally, a putative
interaction of RICKY1 with REM1.3 was investigated, as these proteins did not interact in

yeast, but showed a positive correlation using TIRF microscopy.

First of all, the bimolecular fluorescence complementation (BiFC) system was used to
examine the interaction in epidermal cells of Nicotiana benthamiana. This method has been
widely used to analyze the interaction between remorin proteins and different RLKs (T6th et
al., 2012; Jarsch et al., 2014). Therefore, all proteins of interest were fused to non-
fluorescent halves of the fluorophore YFP and transiently expressed under the control of the
cauliflower mosaic virus promoter 35S.

Homo-oligomers of REM1.2 and REM1.3 were used as positive controls. Both, the co-
expression of REM1.2 with REM1.2 (Fig. 3.15A,G) and of REM1.3 with REM1.3 (Fig.
3.15C,l) resulted in a homogeneous distribution of the YFP signal at the PM. In the following
experiments, RICKY1 was fused to the N-terminal part of YFP (Yn) and remorins were fused
to the C-terminal part of YFP (Yc). Cells co-expressing RICKY1 and REM1.2 showed
fluorescence signals in distinct parts of the PM. These can be seen in overview pictures (Fig.
3.15B), as well as on the PM-surface (Fig. 3.15H). Similar patterns were observed in cells
co-expressing RICKY1 and REM1.3 (Fig. 3.15D,J). These data indicate that RICKY1
interacts with REM1.2 and REM1.3 in distinct parts of the PM, even though all three proteins
showed a homogeneous distribution using confocal microscopy (see Fig. 3.12, Fig.
3.15A,C,G,l).

To investigate the specificity of these interactions, the Arabidopsis group 6 remorin REM6.4
was used as control, because it was previously shown to localize to micro-domains (Jarsch
et al.,, 2014). A co-transformation of REM6.4 with RICKY1 did not reconstitute a functional
YFP (Fig. 3.15F), indicating that both proteins are not interacting. To validate the
functionality of the REM6.4 construct, its ability to form homo-dimers was examined. The co-
expression of REM6.4 with REM6.4 resulted in YFP signals in distinct domains at the PM
(Fig. 3.15E,K). The co-transformations of REM6.4/REM6.4 and RICKY1/REM6.4 were
performed on the same leaf to exclude that the missing interaction is caused by problems

with the N. benthamiana plants.
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These results clearly demonstrate the specificity of the interaction between group 1 remorins

and RICKY1 in the heterologous N. benthamiana system.

Yn-REM1.2 RICKY1-Yn Yn-REM1.3 RICKY1-Yn Yn-REM6.4 RICKY1-Yn
Yc-REM1.2 Yc-REM1.2 Yc-REM1.3 Yc-REM1.3 Yc-REM6.4 Yc-REM6.4

BF

YFP

surface

Fig. 3.15 RICKY1 interacts with REM1.2 and REM1.3 in distinct domains at the plasma

membrane in N. benthamiana

Bimolecular fluorescence complementation (BiFC) in transiently transformed N. benthamiana cells.
The fluorescence signal was analyzed in overview pictures (A-F,A’-F’) and on the upper plane of the
PM (G-K) using confocal microscopy. All constructs were driven by the 35S promoter. Co-expressions
of REM1.2/REM1.2 (A,A",G), REM1.3/REM1.3 (C,C’,l) and REM6.4/REM6.4 (E,E",K) were used as
controls. REM1.2 and REM1.3 homo-oligomers showed a homogeneous distribution at the PM,
whereas REM6.4 homo-oligomers localized in micro domains. Co-expression of RICKY1-Yn with Yc-
REM1.2 (B,B",H) and Yc-REM1.3 (D,D",J) resulted in fluorescence signals in distinct domains at the
PM. The co-expression of RICKY1-Yn with Yc-REM6.4 served as negative control. Bar = 10 ym.

Yc = C-terminal half of YFP; Yn = N-terminal half of YFP

One critical aspect about BiFC is the irreversibility of an interaction (Kerppola, 2008). On the
one hand this allows the analysis of weak or transient interactions, but it also inhibits a real-
time detection of protein complex formation. As the localization of group 1 remorins is
thought to be a very dynamic process (Jarsch et al., 2014), the interaction of RICKY1 and

remorin proteins was investigated using another imaging-based method.

The combination of fluorescence lifetime imaging (FLIM) and fluorescence resonance
energy transfer (FRET) enables a temporal and spatial analysis of protein interactions in

living plant cells. The method is based on the measurement of the lifetime of a donor
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fluorophore in the presence and absence of a non-excited acceptor molecule. The
fluorescence lifetime (1) is defined as the period of time a fluorophore exists in an excited
state prior to returning to the ground state again. The transfer of energy from the excited
donor to a non-excited acceptor molecule can shorten this period significantly. Two
molecules must be in close proximity of 1-10 nm to enable FRET, which correlates with the
distance of two physically interacting proteins. In addition, a significant spectral overlap
between the emission spectrum of the donor and the excitation spectrum of the acceptor is
necessary (reviewed in Blcherl et al., 2014).

As GFP and mCherry are a widely used fluorophore pair in FLIM-FRET measurements,
Arabidopsis plants expressing RICKY1-sGFP, RICKY1-sGFP and mCherry-REM1.2 or
RICKY1-sGFP and mCherry-REM1.3 were analyzed. All constructs were under the control
of their native promoters, respectively. A pulsed multi-photon laser was used to excite the
GFP fluorophores and the GFP lifetime of all pixels at the PM was calculated subsequently
with the SPCM software. False color-coded overview images indicate the variable GFP
lifetimes at the PM of all three lines (Fig. 3.16A). The code ranges from high T values of 2.6
ns (red) to low 1 values of 2.2 ns (blue). An increased area of reduced GFP lifetime was
detectable in plants co-expressing RICKY1-sGFP and mCherry-REM1.2 compared to control
plants expressing RICKY1-sGFP alone or RICKY1-sGFP and mCherry-REM1.3.

The average GFP lifetime of each line was calculated and analyzed to make a statistical
assumption. All three lines showed significant different GFP lifetimes, whereby RICKY1-
SsGFP/mCherry-REM1.2 plants displayed a major reduction in T compared to RICKY1-sGFP
alone (Fig. 3.16B). Here, the calculated FRET efficiency was 4.1 %. In RICKY1-
SGFP/mCherry-REM1.3 co-expressing plants the FRET efficiency was 1.6 %.

Since this reduction was also significantly different to the control, the distribution of T was
investigated in more detail. Plotting the frequencies of all lifetimes revealed a clear shift to
lower 1 values in the RICKY1-sGFP/mCherry-REM1.2 plants compared to the control as well
as to the RICKY1-sGFP/mCherry-REM1.3 plants (Fig. 3.16C). These data indicate that
RICKY1 is physically interacting mainly with REM1.2, even though all three proteins co-
localize in distinct domains at the PM (Fig. 3.14).
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Fig. 3.16 RICKY1 interacts with REM1.2 at the PM of Arabidopsis

FLIM/FRET analysis in five-week-old ricky1-1 plants expressing RICKY1-sGFP, RICKY1-sGFP and
mCherry-REM1.2 or RICKY1-sGFP and mCherry-REM1.3 under the control of their native promoters,
respectively (n = 50). (A) Representative pictures indicating GFP lifetimes (2.2 — 2.6 ns) at the PM
with the corresponding color code. Bars = 10 um. (B) Values represent the average GFP lifetime of all
images. Statistical significance was assessed using one-way ANOVA followed by a Tukey HSD test
(P< 0.001). The FRET efficiency between RICKY1-sGFP/mCherry-REM1.2 and RICKY1-
sGFP/mCherry-REM1.3 was 4.1 % and 1.6 %, respectively. (C) Values represent the distribution of
GFP lifetimes in all images. Shown is the average frequency +/- SE. Co-expression of RICKY1-sGFP
and mCherry-REM1.2 led to a clear shift to lower GFP lifetimes compared to the RICKY1-sGFP alone
control.

3.2.3.5. Investigating the impact of REM1.2 on the localization and mobility
of RICKY1

Increasing evidence indicates the impact of scaffold proteins on the localization pattern and
dynamics of PM-localized proteins (Wang et al., 2015b; Stratil, 2016). Therefore, it should be
investigated if REM1.2 has an impact on the localization and mobility of RICKY1.
Accordingly, rem1.2-1 mutants were stable transformed with a genomic RICKY1-sGFP
construct driven by its own promoter. Rem1.2-1 plants have been shown previously to be

knockout mutants (Jarsch et al., 2014).
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The subcellular localization of RICKY1 in this line was analyzed using confocal microscopy.
RICKY1-sGFP fluorescence signal was detectable at the PM, which was confirmed by a co-
localization with the styryl dye FM4-64 (Fig. 3.17A). RICKY1-sGFP/rem1.2-1 plants were
spray-inoculated with the Hpa isolate Noco2 to investigate its localization at a specialized
membrane. Six days after infection RICKY1 localized around the haustorium as well as to
the surrounding PM (Fig. 3.17B).

No obvious difference to the subcellular localization of RICKY1-sGFP in the ricky1-1 mutant
background was observed using confocal microscopy (see Fig. 3.11; Fig. 3.13). These data
show that REM1.2 is not essential for the PM-localization of RICKY1 in Arabidopsis. The
ability of RICKY1 to localize to micro-domains in the absence of REM1.2 needs to be further

investigated using TIRF microscopy.

green channel red channel

rem1.2-1

rem1.2-1

Fig. 3.17 REM1.2 has no obvious influence on the localization of RICKY1

Confocal microscopy of Arabidopsis plants expressing proRICKY1:gRICKY1-sGFP in the rem1.2-1
mutant background. (A) Five-week-old plants were stained with the PM dye FM4-64 (A’). RICKY1-
sGFP localized to the periphery of the cell (A) and co-localized with FM4-64 (A",A”"). Bar = 10 ym. (B)
14-day-old seedlings were spray-inoculated with the Hpa isolate Noco2 and haustoria were images 6
dpi. RICKY1-sGFP localized around the haustorium. Bar = 10 ym. Asterisks in bright field (BF)
images indicate haustoria.

In addition to the localization, the impact of REM1.2 on the dynamics of RICKY1 was
examined. Therefore, the fluorescence recovery after photobleaching (FRAP) was analyzed
in RICKY1-sGFP/ricky1-1 and RICKY1-sGFP/rem1.2-1 lines using confocal microscopy.

This method is based on the irreversible photobleaching of a subset of fluorophores in a
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defined area. By monitoring the fluorescence recovery through lateral diffusion of non-
bleached fluorophores, the mobility of a fluorescently labeled protein of interest can be
determined (De Los Santos et al., 2015).

To examine the mobility of RICKY1 in both mutant backgrounds, two regions of interest
(ROIs) were bleached per image and the recovery of fluorescence was documented over
time. Non-bleached ROls in the proximity were used as controls to compensate the
bleaching over time. The calculation of fluorescence intensities was performed with ImageJ.
First, the relative normalized fluorescence intensities were plotted over time (Fig. 3.18A).
RICKY1 was mobile in both lines, indicated by the final recovered intensities of 76 % and
82 % in ricky1-1 and rem1.2-1, respectively. The mobile fraction of RICKY1-sGFP was
calculated in both mutant backgrounds to statistically analyze the difference. This value
displays the mobile portion of a protein population at the PM. The mobile fraction of RICKY1-
sGFP was significantly higher in the rem1.2-1 mutant background compared to the ricky1-1
plants (Fig. 3.18).

These data clearly demonstrate the influence of REM1.2 on the mobility of RICKY1 at the
PM.

1004 =

[2] [ee]

o o

1 1

it

it

i Bl
i Bl

. oE
=]
B
=
- B
-
= Bl
- H
L]
- e

N

o
1
|

relative normalized
fluorescence [%]
|
mobile fraction [%]

N
o
1

o RICKY1-sGFPIrem1.2-1
» RICKY1-sGFPlricky1-1

T T T T T T T T

0 50 100 150 200 250 RICKY1-sGFP/ RICKY1-sGFPI
time [sec] ricky1-1 rem1.2-1

o
1
.

o
1

Fig. 3.18 REM1.2 has an impact on the mobility of RICKY1

Fluorescence recovery after photobleaching analysis in 14-day-old Arabidopsis plants expressing
proRICKY1:gRICKY1-sGFP in the ricky1-1 and the rem1.2-1 mutant background, respectively (n =
27, 28). Fluorescence intensities of bleached ROIls (region of interest) were normalized to non-
bleached ROIs in their vicinity. (A) Normalized pre-bleach intensities were set to 100 % and
normalized recovery rates +/- SE are shown over time. (B) The calculated mobile fraction of RICKY1-
sGFP was significantly higher in the rem1.2-1 mutant background compared to the ricky7-1 mutant
background. Statistical significance was assessed using a Welch ttest (*** P< 0.001).
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3.2.4. Investigating the Kinase Activity of RICKY1 and its Impact on

Interactions and Localization

In 1989, a remorin protein was initially identified due to its differential phosphorylation after
the treatment with polygalacturonides (Farmer et al., 1989). Since then, several studies
analyzed the interaction of remorins with different RLKs (Lefebvre et al., 2010; Téth et al.,
2012; Gui et al, 2016) and showed their stimulus-dependent phosphorylation pattern
(Benschop et al.,, 2007; Keinath et al., 2010; Gui et al., 2016). These data indicate that

phosphorylation is an important step for the dynamic regulation of remorin proteins.

3.24.1. The interaction of RICKY1 and REMI1.2 is phosphorylation-

dependent

Following the in planta confirmation that RICKY1 physically interacts with REM1.2 (Fig.
3.16), the interaction itself was further characterized. For this, the heterologous yeast system
was used. It enables a direct read-out of the interaction between RICKY1 and REM1.2 in

absence of other plant proteins that could also influence the interplay of both proteins.

Remorins are characterized by the presence of a coiled-coil domain in their conserved C-
terminal region (Raffaele et al., 2007). Additionally, most of them contain a highly variable N-
terminal region that is intrinsically disordered (Marin & Ott, 2012). A domain swap
experiment was performed with REM1.2 and the non-interacting REM1.3 to specify which
part of REM1.2 is crucial for the interaction with RICKY1. Consequently, the N-terminal
region of REM1.2 was fused to the C-terminal part of REM1.3 (N-REM1.2/C-REM1.3) and
the N-terminal part of REM1.3 was fused to the C-terminal domain of REM1.2 (N-REM1.3/C-
REM1.2) (Fig. 3.19A).

The constructs were tested in a GAL4 Y2H experiment to analyze their ability to interact with
the cytosolic domain of RICKY1. The interaction of RICKY1 CD and wild type REM1.2
served as a positive control (Fig. 3.19B). Co-transformations of RICKY1 with both domain
swap constructs did not result in yeast growth on plates with a high stringency, although all
recombinant proteins were expressed (Fig. 3.19C).

Even though the N-REM1.3/C-REM1.2 construct showed a weak growth on low stringency
plates, these data clearly indicate that both the N- and the C-terminal regions of REM1.2 are

needed for a proper interaction with RICKY1.
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Fig. 3.19 The N- and the C-terminal region of REM1.2 are needed for a proper interaction with
RICKY1 in yeast

(A) Schematic view of the protein structure of REM1.2 and REM1.3. For the domain swap experiment
the N-terminal region of REM1.2 (AA 1-92) was fused to the C-terminal region of REM1.3 (AA 71-190)
(N-REM1.2/C-REM1.3) and vice versa (N-REM1.3/C-REM1.2). The conserved coiled-coil domain is
indicated in all constructs. (B) GAL4 Y2H assay between RICKY1 CD and chimeric remorin proteins.
RICKY1 was fused to binding domain (BD) and the remorins to the activation domain (AD) of GAL4.
Transformants were grown on control medium (-LW) and selective medium (-LWH +/- 2.5 mM 3-AT)
in three consecutive dilutions. L = leucine, W = tryptophan, H = histidine, 3-AT = 3-amino-1,2,4-
triazole. (B) The expression of proteins in yeast cells that did not grow on selective media was
analyzed using immunoblot analysis. AD-fused proteins were visualized with an HA antibody and BD-
fused proteins with a myc antibody.

It has been shown that the intrinsically disorder N-terminal region of remorin proteins harbors
most of the identified in vivo phospho-sites (Marin & Ott, 2012). Since RICKY1 contains a
predicted serine/threonine-protein kinase domain in its intracellular region (Fig. 3.2B), it was
investigated if the interaction might be phosphorylation-dependent. Two approaches were
followed up to answer this question.

First, the necessity of an active kinase domain was analyzed. For this, the conserved DFG
motif in the kinase domain of RICKY1 was mutated to an NFG (D811N). This motif is located
at the start of the activation segment and mediates polar contact to the phosphates of ATP
(Hanks & Hunter, 1995; Johnson et al., 1998). Mutations of the conserved aspartate are

known to result in kinase-dead mutants (Yoshida & Parniske, 2005).



3 Results 65

Second, the relevance of putative phospho-sites in REM1.2 was investigated. A sequence
alignment of the N-termini of REM1.2 and the non-interacting REM1.3 was performed to
identify phospho-sites that might be important for the interaction (Fig. 3.20A). Non-conserved
in vivo phospho-sites present in REM1.2 and absent in REM1.3 were of special interest
(see Marin & Oftt, 2012). These serines and threonines were subsequently mutated to
alanines to create phospho-ablative REM1.2 mutants. Accordingly, a quadruple
(S11/S13/T18/T19A), a double (T41/T46A) and a single (T70A) mutant were generated.

The kinase-dead RICKY1 D811N as well as the three phospho-ablative mutants of REM1.2
were then tested in a GAL4 Y2H assay. The expression of recombinant proteins was
confirmed by immunoblot analysis (Fig. 3.20C). The growth of yeast cells co-transformed
with the active RICKY1 and wild type REM1.2 was used as positive control (Fig. 3.20B). The
kinase-dead version of RICKY1 was no longer able to interact with REM1.2, indicating that
the kinase activity of RICKY1 is essential for the interaction with REM1.2. The phospho-
ablative mutants T41/T46A and T70A showed an interaction with RICKY1, while the
quadruple mutant was not capable to interact with the kinase. This suggests that the region
at the very beginning of REM1.2 is important for the interaction with RICKY1.

Accordingly, single phospho-ablative mutants were generated and additionally tested in a
GAL4 Y2H experiment to specify the exact site of interaction. None of the single mutants
showed an interaction with RICKY1 (Fig. 3.20B). This could imply that all four phospho-sites
are involved in the interaction with RICKY1. Another explanation would be that a mutation in
this intrinsically disordered region is sufficient to change the conformation of REM1.2 and to
inhibit an interaction with RICKY1.

Additionally, the interaction of the quadruple mutant with the wild type REM1.2 was
investigated to exclude that these mutations destroy the overall ability of REM1.2 to interact
with other proteins. Since the co-transformed yeast cells were still able to grow on selective
media, it can be concluded that this region is of special importance for the interaction with
RICKY1.
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Fig. 3.20 The interaction of RICKY1 and REM1.2 is phosphorylation-dependent

(A) Amino acid sequence alignment of the N-terminal regions of REM1.2 and REM1.3 (Clustal
Omega). Non-conserved phospho-sites present in REM1.2 but not in REM1.3 are underlined. These
serines (S) and threonines (T) were mutated to alanines (A) to create phosho-ablative mutants of
REM1.2. (B) GAL4 Y2H assay of RICKY1 wild type or kinase-dead (D811N) with REM1.2 wild type or
phospho-ablative (S11/S13/T18/T19A, S11A, S13A, T18A, T19A, T41/T46A, T70A) mutants.
Remorins were fused to the activation domain (AD) and the kinases to the binding domain (BD) of
GAL4. Transformants were grown on control medium (-LW) and selective medium (-LWH +/- 2.5 mM
3-AT) in three consecutive dilutions. L = leucine, W = tryptophan, H = histidine, 3-AT = 3-amino-1,2,4-
triazole. (C) The expression of proteins in yeast cells that did not grow on selective media was
analyzed using immunoblot analysis (performed by the lab rotation student Michael Soutschek). AD-
fused proteins were visualized with an HA antibody and BD-fused proteins with a myc antibody.
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3.2.4.2. RICKY1 is an active kinase

The previously shown interaction studies indicate that the interaction between RICKY1 and
REM1.2 is dependent on phosphorylation (Fig. 3.20). However, the actual activity of the
RICKY1 kinase domain has not been demonstrated so far. For this, the cytosolic domains of
the active and the inactive RICKY1 were recombinantly expressed in E. coli cells. Therefore,
both genes were cloned under the control of the T7 promoter for high-level protein
expression (Studier & Moffatt, 1986) and should be transformed into Rosetta cells for an
optimized codon-usage. Contrary to the inactive kinase, no successful transformation event
was achieved for the active RICKY1. Even numerous repetitions with changed conditions
(among others, lower growth temperatures, increasing glucose concentration, use of
carbenicillin instead of ampicillin) did not solve the problem. This led to the conclusion that
the active kinase might be toxic for the bacteria.

For this reason, the proteins were re-cloned under the control of the tightly regulated tet
promoter, to reduce basal protein expression prior to induction (Skerra, 1994). Both
constructs were successfully transformed into DH5a cells and protein expression was
induced using anhydrotetracycline. Since the protein amount was too low to be detected via
coomassie staining, the expression of recombinant proteins was verified by immunoblot
analysis of the N-terminally fused Strep-tag. No proteins were detected in the non-induced
control, compared to the induced samples (Fig. 3.21A). Interestingly, the active and the
inactive kinase domains showed a different migration pattern, which was also visible for the
RICKY1 variants expressed in yeast (Fig. 3.21C).

The higher molecular weight of the active protein could be due to post-translational
modifications like phosphorylation. The protein was purified and subsequently incubated with
different phosphorylation-specific antibodies to investigate if the active kinase is indeed
phosphorylated. The tag-specific Strep antibody was used as control (Fig. 3.21B). RICKY1
could be detected with an antibody binding both, phosphorylated serines and threonines. For
further specification, antibodies binding either phosphorylated serines or threonines were
used. Compared to the a-phospho threonine, no signal was visible after incubation with the
a-phospho serine antibody. These data indicate that the active kinase of RICKY1 contains at
least one phosphorylated threonine residue.

Next, it was examined if the observed band shift was caused by the phosphorylation.
Therefore, the purified active kinase was incubated with the fast alkaline phosphatase
(FastAP) or a mock control. The migration behavior of the proteins was subsequently

analyzed by SDS-PAGE and immunoblot analysis with Strep- and phospho Ser/Thr-specific
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antibodies. A clear band shift was visible between the mock- and the phosphatase-treated
kinase (Fig. 3.21C), comparable to the previously shown migration pattern of active and
inactive RICKY1 proteins (Fig. 3.21A). The phosphorylation-specific antibody confirmed the
dephosphorylation, since the FastAP-treated sample only showed a weak signal compared
to the mock-treated control. The partially visible double bands might suggest that RICKY1 is
phosphorylated at several residues.

Since the inactive kinase showed a lower molecular weight comparable to the
dephosphorylated active kinase, it can be concluded that the phosphorylation of the active
kinase was mainly caused by auto-phosphorylation and not by an endogenous kinase of E.
coli.

Taken all together, these results indicate that RICKY1 contains a functional kinase domain
and is able to auto-phosphorylate itself on at least one threonine residue in E. coli. Further

studies need to be performed to examine the ability of RICKY1 to phosphorylate REM1.2.
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Fig. 3.21 RICKY1 is able to auto-phosphorylate itself on a threonine residue in E. coli

(A) Induced expression of the active and inactive (D811N) cytosolic domains (CD) of RICKY1 in E.
coli DH5a cells. Proteins were N-terminally fused to a Strep-tag. The expression was induced with
anhydrotetracycline and bacteria were harvest 24 h after induction. Samples were equalized to ODggg
= 4 and loaded on a SDS-PAGE. Proteins were visualized using immunoblot detection with a Strep
antibody. A clear band shift was visible comparing wild type and kinase-dead RICKY1. (B) Equal
amounts of purified RICKY1 CD were detected with different phospho-antibodies and a-Strep as
control. RICKY1 could be detected with phospho-threonine antibodies. (C) Purified RICKY1 was
treated with a phosphatase (FastAP = fast alkaline phosphatase) or a mock control. Proteins were
detected with Strep- and phospho-Ser/Thr antibodies. FastAP treated RICKY1 showed a clear band
shift compared to the mock-treated control. Ser = serine, Thr = threonine, CD = cytosolic domain.
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3.2.4.3. The localization and mobility of RICKY1 is not dependent on its

kinase activity

Previous experiments showed that the mutation of the DFG motif in the kinase domain of
RICKY1 results in an inactive kinase (Fig. 3.21) that is not longer able to interact with
REM1.2 in yeast (Fig. 3.20). To analyze the importance of the kinase activity in planta,
ricky1-1 mutants were transformed with a genomic RICKY1 D811N-sGFP construct driven
by its native promoter. First, it was investigated if the kinase-dead version of RICKY1 shows
an altered subcellular localization compared to the active protein using confocal microscopy.
Co-localization with the styryl dye FM4-64 revealed that RICKY1 D811N was still localized to
the PM (Fig. 3.22A). Second, FRAP experiments were performed to analyze the mobility of
the inactive in comparison to the active kinase. After normalization both RICKY1 variants
displayed similar recovery curves (Fig. 3.22B) and a calculation of their mobile fractions
revealed no significant difference between them (Fig. 3.22C). Both results indicate that the

kinase activity of RICKY1 has no impact on its subcellular localization and mobility.
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Fig. 3.22 The kinase activity of RICKY1 is not essential for its localization and mobility

Confocal microscopy of five-week-old Arabidopsis plants expressing proRICKY1:gRICKY1 D811N-
SGFP or proRICKY1:gRICKY1-sGFP in the ricky1-1 mutant background. (A-A"") RICKY1 D811N-
sGFP (A) co-localized with the PM dye FM4-64 (A",A”"). Bar = 10 ym. (B,C) Fluorescence recovery
after photobleaching. Fluorescence intensities of bleached ROIs (region of interest) were normalized
to non-bleached ROls in their vicinity. (B) Normalized pre-bleach intensities were set to 100 % and
normalized recovery rates +/- SE are shown over time. (C) There was no significant difference
between active and inactive RICKY1 regarding the calculated mobile fraction. Statistical significance
was assessed using a Student’s ttest.
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3.3. Characterization of the LRR-RLK Atl1g53430

RLKs represent a large monophyletic gene family with over 600 members in Arabidopsis.
This corresponds to approximately 2.5 % of all protein-coding genes (Shiu & Bleecker,
2001b). Tandem as well as large-scale duplications of chromosomes seem to be
responsible for this gene expansion (Shiu & Bleecker, 2001b; Shiu & Bleecker, 2003).
Interestingly, a correlation was found between the function of RLKs and the number of
duplication events. In contrast to RLKs participating in developmental processes, RLKs
involved in plant immunity are often located in tandem clusters (Shiu et al., 2004).

In the LRR subfamily VIII-2 73 % of all members, including RICKY1, are embedded into a
gene cluster (Shiu & Bleecker, 2003). So far, the function of the majority of these proteins is
still unknown. Only the LRR-RLK LIK1 (LYSM RLK1-INTERACTING KINASE 1; At3g14840)
was shown to play a role during plant defense (Le et al., 2014). Since closely related
proteins are often involved in the same signaling pathway, we had a closer look at the
members of this subgroup. Phylogenetic analyses identified the protein At1g53430 as the
closest relative of RICKY1 (see Fig. 3.2; Shiu & Bleecker, 2001b; Gou et al., 2010). An
alignment of their full-length protein sequences revealed a similarity of 88 % (Clustal
Omega). Considering only their kinase domains, both proteins showed a sequence similarity
of 98 %.

In the following, the kinase At1g53430 was characterized especially regarding its putative

function in plant immunity.

3.3.1. Atl1g53430 is No Interaction Partner of Remorin Proteins in

Yeast

Since RICKY1 and At1g53430 share a high sequence similarity especially in their C-
terminal region, it was investigated whether the cytosolic domain of At1g53430 is able to
interact with a remorin protein. For this purpose, the kinase was fused to the binding domain
of GAL4 and co-transformed with AD-REM1.2 and AD-REM1.3 into the yeast strain PJ69-
4a. While both co-transformed yeast cells grew slightly on SD —LWH plates, they were not
capable to grow on media with higher stringency (Fig. 3.23A). Since even negative controls
occasionally resulted in minor, unspecific yeast growth on low stringency plates (data not

shown), only the growth on media with higher stringency was considered as interaction.
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As the kinase showed no interaction with REM1.2 and REM1.3, it was called RICKY 1-like 1
or short RYL1. The homo-dimerization of REM1.2 and REM1.3 functioned as positive

controls.
A 1w LWH LWH
+2.5mM 3AT
BD AD 100 10" 102 100 10" 102 100 10 107

1- At1g53430CD REM1.2 [ JEEE T

® @

2- At1g53430CD REM1.3

3- REM1.2 REM1.2
4- REM1.3 REM1.3 [ IS
P P
B &rbb:bzﬁ’b&bg @'\(L @'\rb @'\ql@'\rb @’\q’ @'\Q’
FORD EE o EE E
A A A N N -
80
- - 58 |
- -
30 :
a-myc (BD) a-HA (AD)

Fig. 3.23 RYL1 is not able to interact with remorin proteins in yeast

(A) GAL4 Y2H assay of the cytosolic domain (CD) of RYL1 with REM1.2 and REM1.3. Remorins were
fused to the activation domain (AD) and RYL1 was fused to the binding domain (BD) of GALA4.
Transformants were grown on control medium (-LW) and selective medium (-LWH +/- 2.5 mM 3-AT)
in three consecutive dilutions. The interactions of REM1.2/REM1.2 and REM1.3/REM1.3 were used
as positive controls. L = leucine, W = tryptophan, H = histidine, 3-AT = 3-amino-1,2,4-triazole.

(B) Expression analysis in yeast using immunoblot analysis. AD-fused proteins were visualized with
an HA antibody and BD-fused proteins with a myc antibody.

3.3.2. RYL1 is Involved in Plant Immunity

In the following experiments, the function of RYL1 was investigated. Therefore, a T-DNA
insertion line in the Col-0 background was obtained and characterized. Sequencing of the
RYL1 locus revealed a T-DNA insertion in the 11" intron of ry/1-1 mutant plants (Fig. 3.24A;
Hofer, 2012). Quantitative RT-PCRs were performed to analyze if this gene disruption
influences the expression of RYL1. 14-day-old ryl1-1 seedlings showed a highly significant
reduction in RYL1 transcript levels compared to Col-0 (Fig. 3.24B). This knock-down line

was subsequently used to examine the role of RYL1.
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Fig. 3.24 ryl1-1 plants show highly reduced RYL1 transcript levels

(A) Schematic view of the T-DNA insertion site in the mutant line ry/7-1 (Hofer, 2012). The position of
the T-DNA (triangles) refers to the corresponding ATG (1). The orientation of the T-DNA is indicated
by LB (left border) and RB (right border). Exons are represented as black boxes, introns as black
lines. (B) gPCR analysis of the RYL1 transcript in 14-day-old Col-0 and homozygous ryl/1-1 seedlings.
The expression of RYL1 was normalized to UBC. The transcript of RYL1 was highly down-regulated
in the mutant background (n = 4). Statistical significance was assessed using a Student’s f test (P<
0.001).

As RICKY1 was shown to be involved in plant immunity (see 3.2.2), it was investigated
whether also RYL1 plays a role during plant defense. Similar to ricky1 mutants, ry/1-1 plants
were challenged with the MAMP flg22 and the integrity of early, intermediate and late
defense responses were analyzed.

Leaf discs of five-week-old Col-0, ryl/1-1 and fls2 plants were floated with flg22 and the
subsequent oxidative burst was measured over time. In contrast to fls2 mutants, Col-0 as
well as ryl1-1 plants displayed flg22-specific response curves (Fig. 3.25A). The ROS
production started only minutes after the application of flg22, reached its maximum after 8
minutes and decreased to background level 20 minutes later. A calculation of the total RLUs

revealed no significant difference in ROS production between ry/1-1 and Col-0 (Fig. 3.25B).

Next, the expression of SA- and JA/ET-dependent defense marker genes was investigated
in five-week-old ry/7-1 and Col-0 plants. The experiment was performed together with the
ricky1 mutants (see Fig. 3.6). Leaves were infiltrated with flg22 or H,O and harvested 1 h or
24 h later. Transcript levels were analyzed using qPCR. The early JA/ET-regulated gene
ERF1 was significantly induced in the flg22-treated leaves of both lines compared to the
mock controls (Fig. 3.25C). Nevertheless, the expression levels of EFR1 in ryl1-1 mutant
plants were not significantly altered compared to wild type plants of the same treatment. Also
the SA-dependent gene PR1 was highly up-regulated 24 h after flg22 treatment compared to
the mock control (Fig. 3.25D). However, no significant differences were observed between
ryl1-1 and Col-0 plants of the same treatment.

Taken together, these data indicate that early and intermediate flg22-triggered defense

responses are not dependent on RYL1.
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Fig. 3.25 ryl1-1 is not impaired in early flg22-induced defense responses

(A,B) Leaf discs of five-week-old Arabidopsis plants were treated with 100 nM flg22 and ROS
production was measured over time as RLUs (relative light units) (n = 21). (A) Values represent mean
RLUs +/- SE at different time points. (B) Values represent total RLUs measured over 35 minutes. In
contrast to fls2, ryl1-1 plants did not display a significant difference to Col-0. Statistical significance
was assessed using one-way ANOVA followed by Dunnett’s multiple comparison test (*** P< 0.001).
(C,D) Five-week-old Arabidopsis leaves were infiltrated with H,O or 1 uM flg22 and harvested 1 h (C)
or 24 h (D) later (n = 3 — 4). Transcript levels of the marker genes ERF1 (C) and PR1 (D) were
normalized to UBC. Col-0 and ry/1-1 mutant plants showed an increased defense gene expression
after flg22 treatment, but ry/7-1 mutants did not display an altered expression compared to Col-0 of
the same treatment. Statistical significance was assessed using one-way ANOVA followed by a
Tukey HSD test (P< 0.05 (C), P<0.001 (D)).

As it was shown that ricky1 mutants were affected in the flg22-induced production of callose
(see Fig. 3.7), this late defense mechanism was also analyzed in ryl1-1 plants. Five-week-
old Col-0, ryl1-1 and fls2 plants were infiltrated with flg22 or H,O and harvested 24 h later.
Fluorescence microscopy and a subsequent counting of callose depositions using ImageJ
revealed that the callose production is significantly reduced to 55 % in flg22-treated ryl/1-1
mutant plants compared to Col-0 (Fig. 3.26A,C). Since the fls2 mutants only showed isolated

callose deposits, ryl1-1 plants exhibited an intermediate phenotype.
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On the other hand, no significant difference was observed between the mock-treated leaves
of all three lines (Fig. 3.26B,D). These data clearly suggest the involvement of RYL1 in the

flg22-induced production of callose.
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Fig. 3.26 RYL1 is involved in flg22-induced callose deposition

Five-week-old Arabidopsis leaves were infiltrated with 1 yM flg22 ((A,C) n =13 — 15) or H,O ((B,D n =
5)) and harvested 24 h later. Callose depositions in Col-0, ry/1-1 and fls2 were stained with methyl
blue and analyzed using fluorescence microscopy. (A,B) Representative pictures. Bar = 200 ym.
(C,D) The number of callose depositions was counted using Imaged. Values represent the mean
number of callose depositions. After flg22 treatment ry/1-1 mutants showed a significant decrease in
callose deposition (C), whereas there was no change in the mock control (D). Statistical significance
was assessed using one-way ANOVA followed by Dunnett’s multiple comparison test (*** P< 0.001).

Subsequently, ryl1-1 plants were challenged with various phytopathogens to analyze the
importance of RYL1 during different infection processes. Five-week-old wild type, ry/1-1 and
fls2 plants were spray-inoculated with the hemibiotrophic bacterium Pfo DC3000. Leaf discs
were harvested three days later to determine the bacterial growth in all lines. A highly
significant increase in bacterial density was observed in ryl/1-1 and fls2 mutants compared to
Col-0 (Fig. 3.27A).
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Fig. 3.27 ryl1-1 is more susceptible to various pathogens

(A) Bacterial growth in ryl1-1 mutant plants. Five-week-old plants were spray-inoculated with
Pseudomonas syringae pv. tomato (Pto) DC3000 (ODggo = 0.02). Bacterial density was analyzed 3 dpi
as colony forming units (cfu) (n = 12). The bacterial growth is significantly increased in ry/1-1 plants
compared to Col-0. fls2 mutants were used as positive control. Statistical significance was assessed
using one-way ANOVA followed by Dunnett’s multiple comparison test (** P< 0.01, *** P< 0.001).

(B) Hpa growth in ryl1-1. Ten-day-old Arabidopsis seedlings were spray-inoculated with the oomycete
Hpa isolate Waco at 40,000 spores/ml. The sporulation rate was determined with a hemocytometer 24
h after the induction of sporulation. Values represent the average mean (n = 20). Spore rates were
significantly higher in ryl/1-1 plants compared to Col-0. Statistical significance was assessed using a
Student’s t test (*** P< 0.001). The experiment was performed by the collaborator Harald Keller.

(C) Distribution of lesion sizes in Alternaria brassicicola infected ryl1-1 plants. 600 spores were
dropped onto the leave surface of four-week-old Arabidopsis plants and lesion sizes were measured
4 - 5 days later. The graph represents a summary of 5 independent biological experiments (n = 99).
Total numbers are indicated additionally. Lesion sizes were significantly altered in ryl1-1 plants
compared to Col-0. Statistical significance was assessed using Fisher’s exact test (*** P< 0.001). The
experiments were performed by the collaborator Elisabeth Pabst.

The fitness of ryl1-1 plants after the infection with other pathogens was analyzed by
collaboration partners.

Harald Keller (UMR-Institut Sophia Agrobiotech) examined the interaction of wild type and
ryl1-1 plants with the biotrophic oomycete Hyaloperonospora arabidopsidis. Therefore, ten-
day-old seedlings were spray-inoculated with the Hpa isolate Waco. The sporulation rate

was determined seven days later using a hemocytometer. ry/1-1 mutants showed a
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significantly increased number of spores compared to Col-0 and are therefore more
susceptible to the oomycete (Fig. 3.27B).

Additionally, the interaction of Col-0 and ryl1-1 plants with Alternaria brassicicola was
investigated by Elisabeth Pabst (Helmholtz Zentrum Minchen). For this, spores of the
necrotrophic fungus were dropped onto four-week-old Arabidopsis leaves. After 4 - 5 days,
the severity of disease was determined by measuring the lesion diameters at the spots of
infection. Lesions sizes differed significantly between ryl/1-1 leaves and Col-0 (Fig. 3.27C),
indicating an increased susceptibility to the fungus.

Taken all together, these results indicate that RYL1 is involved in a general defense

mechanism that is important to fend off various phytopathogens.

To confirm, that all shown phenotypes of ryl/1-1 plants are indeed caused by the T-DNA
insertion in the RYL1 locus, an independent ryl1-2 allele was investigated by Sandy Niesik

during her master thesis under my supervision (Niesik, 2016).

3.3.3. Generating ricky1/ry/1 Double Mutants

A comparison of ricky1 and ryl1 mutant phenotypes points to the fact that both proteins could
be involved in the same signaling pathway (see 3.2.2 and 3.3.2). The mutants are not only
affected in the same defense responses, also the severity of impairment is comparable
between them. As both proteins are closely related (Fig. 3.2A) and share a high sequence
similarity, they could play redundant roles during plant immunity. Therefore, ricky1/ryl1
double mutants need to be generated and characterized to test this hypothesis.

However, the conventional genetic crossing is not suitable, since both genes lie next to each
other on chromosome 1. In this case, double mutants can be created by several methods
based on post-transcriptional gene silencing. The specific silencing of target genes can be
induced by, among other, small non-coding microRNAs (miRNA) of 21-24 nucleotides.
Longer, at least partially double stranded miRNA precursors are thereby processed by
specific RNases of the Dicer family. The processed single-stranded miRNAs get then
incorporated in the RNA-induced silencing complex (RISC) and mediate the specific
cleavage of target mMRNAs with complementary sequences (Chen, 2005).

By using the endogenous miRNA precurser MIR319a as template, artificial miRNAs

(amiRNAs) can be genetically engineered to target any gene of interest. For the design of
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amiRNAs, that exclusively silence RICKY1 or RYL1 ftranscripts, the Web microRNA
Designer (WMD3) tool was used (Schwab et al., 2006; Ossowski ef al., 2008). Following the
WMD3 guidelines (see 5.2.6), two amiRNAs, targeting specific sequences in the kinase
domain of RICKY1 or RYL1, were cloned under the control of a 35S promoter, respectively
(Fig. 3.28A,B).

First of all, the functionality of these constructs was tested transiently in N. benthamiana
leaves. Therefore, the proRICKY1:gRICKY1-sGFP construct was expressed alone or
together with the 35S:amiRICKY1 construct, and the GFP fluorescence was analyzed three
days later using confocal microscopy. Co-expression of RICKY1-sGFP and amiRICKY1
resulted in a highly reduced fluorescence compared to the RICKY1-sGFP alone control (Fig.
3.28C,D), showing the functionality of the RICKY1 amiRNA.

The amiRYL1 construct was co-transformed with RICKY1-sGFP to determine the specificity
of the gene silencing. In contrast to amiRICKY1, no obvious changes in the GFP intensity
were observed in cells co-expressing RICKY1-sGFP and amiRYL1 (Fig. 3.28E). These
results indicate a specific targeting of the RICKY1 mRNA by amiRICKY1.

An examination of the amiRYL1 construct was not viable in N. benthamiana, since no

functional proRYL1:gRYL1 construct was available.
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Fig. 3.28 Identification of artificial microRNA to specifically target RICKY1 and RYL1

(A,B) Schematic view of RICKY1 (A) and RYL1 (B) mRNAs with the corresponding artificial
microRNAs (amiRNAs). AmiRNAs were designed with the WMD3 tool of the Weigel lab. The binding
sites of the amiRNAs and their sequences are indicated. (C,D) The functionality of the RICKY1
amiRNA construct was tested transiently in N. benthamiana. The fluorescence signal of RICKY1-
sGFP was analyzed in leaves expressing proRICKY1:gRICKY1-sGFP alone (C), together with the
amiRICKY1 construct (D) or as a control the amiRYL1 construct (E). Co-expression with amiRICKY1,
but not with amiRYL1 led to decreased GFP signal at the PM. Bar = 50 ym.
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Since the functionality as well as the specificity of amiRICKY1 was demonstrated in the
transient N. benthamiana system (see Fig. 3.28), both amiRNA constructs were
subsequently transformed into Arabidopsis to generate ricky1/ryl1 double mutants. To
facilitate this process ricky1-1 and ryl1-1 single mutants were used as genetic background.
Both lines were transformed with the amiRNA construct that targets the other gene,
respectively.

23 stable transformed amiRYL1/ricky1-1 and 31 amiRICKY1/ryl1-1 TO plants were identified
and their RICKY1 and RYL1 transcript levels were determined immediately. Col-0 as well as
non-transformed ricky1-1 and ryl1-1 single mutants were used as controls. As expected, all
mutants showed a highly reduced transcript corresponding to their genetic background (Fig.
3.29). Concerning the expression of the amiRNA-targeted gene, a high variability in
transcript levels was observed in both mutant backgrounds. As the relative expression level
was based on one sample, only plants showing less than 30 % transcript compared to Col-0

were used for further propagation.
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Fig. 3.29 Identification of heterozygous amiRNA lines with reduced transcript levels

gPCR analysis of five-week-old heterozygous TO Arabidopsis plants expressing 35S-driven
amiRICKY1 in the homozygous ry/1-1 mutant background and amiRYL1 in the homozygous ricky1-1
mutant background. Col-0, ricky1-1 and ryl1-1 were used as controls (n = 1). Transcripts of RICKY'1
(grey bars) and RYL1 (black bars) were normalized to UBC. Expression levels in Col-0 were set to
100 %. The red dotted line indicates 30 % transcript compared to Col-0. amiRYL1 and amiRICKY'1
lines that showed reduced expression levels in the corresponding transcript (underlined) were used
for further propagation.

Two generations later, homozygous plants were identified for five independent
amiRYL1/ricky1-1 (#9, 10, 18, 17, 22) and for four amiRICKY1/ryl1-1 (#18, 30, 40, 41) lines.
These plants were used to verify the gene silencing, shown in the heterozygous TO plants
(see Fig. 3.29), and to determine the actual transcript levels. Therefore, qPCRs were
performed for Col-0, ricky1-1, ryl1-1 and all double mutants.

First, RICKY1 expression levels were analyzed in all lines. As expected, ricky1-1 and all
amiRYL1/ricky1-1 plants showed a significant decrease in the RICKY'1 transcript compared
to Col-0 (Fig. 3.30A). However, the transcript was not significantly different in ry/7-1 and
amiRICKY1/ryl1-1 plants. The same was true for the expression of RYL1. It was significantly
down-regulated in all plants in the ry/1-1 background, but none of the amiRYL1/ricky1-1
plants displayed a reduced transcript level compared to Col-0 (Fig. 3.30B). In contrast, all
amiRYL1/ricky1-1 lines even displayed a tendency for enhanced RYL1 transcripts that was
significant in amiRYL1/ricky1-1 line #22. Unfortunately, no ricky1/ryl1 double mutant could

be generated using amiRNAs.
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Fig. 3.30 Homozygous amiRNA lines do not show reduced transcript levels

gPCR analysis of 11-day-old homozygous Arabidopsis seedlings expressing 35S-driven amiRICKY'1
in the ry/1-1 mutant background and amiRYL1 in the ricky1-1 mutant background. Col-0, ricky1-1 and
ryl1-1 were used as controls (n = 4). Transcripts of RICKY1 (A) and RYL1 (B) were normalized to
UBC. The corresponding transcript is not silenced in the homozygous amiRYL1 and amiRICKY1
lines, respectively. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s multiple comparison test (** P< 0.01, *** P< 0.001).
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3.4. RICKY1 and RYL17 are Up-Regulated Upon Infiltration

RICKY1 and RYL1 were demonstrated to be involved in flg22-induced defense responses
(see 3.2.2 and 3.3.2). In line with these results, both transcripts have been shown to be
slightly up-regulated in Ler-0 seedlings 30 min after flg22 treatment (Zipfel et al., 2004). In
the following, it was examined if RICKY1 and RYL1 are also differentially regulated at early
and later time points in Col-0 plants. Therefore, both transcripts were determined in the
defense marker gene expression experiment shown in Fig. 3.6. Here, five-week-old Col-0
leaves were infiltrated with 1 yM flg22 or H,O and harvested 1 h and 24 h later.

No significant difference was observed regarding the expression of RICKY1 in H,O and
flg22-treated leaves, harvested at the same time point (Fig. 3.31A). However, transcript
levels in leaves harvested 24 h after infiltration were significantly reduced compared to
samples harvested 1 h after infiltration, independent of the treatment.

The analysis of RYL1 yielded similar results (Fig. 3.31B). No altered expression was
observed between H,O and flg22-treated leaves, but a significantly decreased transcript
level was visible 24 h after infiltration compared to the earlier time point.

In these experiments the published flg22-triggered transcript induction of RICKY1 and RYL1
could not be repeated. This could be due to another Arabidopsis ecotype, the developmental
stage of the plants or the method used for flg22 treatment (see Zipfel et al., 2004 and
5.5.13). However, the time-dependent regulation of both transcripts after infiltration was

unexpected, but interesting and was investigated more precisely.
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Fig. 3.31 RICKY1 and RYL1 transcripts are differently regulated 1 h and 24 h after infiltration

Five-week-old Col-0 plants were infiltrated with H,O or flg22 and harvested 1 h and 24 h later.
RICKY1 (A) and RYL1 (B) transcripts were analyzed using qPCR. Both transcripts were significantly
lower 24 h after infiltration compared to 1 h after infiltration independent of the treatment. Statistical
significance was assessed using one-way ANOVA followed by a Tukey HSD test (P< 0.005).
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Therefore, time course experiment with five-week-old Col-0 plants was performed to
examine the differential regulation of RICKY1 and RYL1 in more detail. As the observed
induction occurred independent of the applied solution (see Fig. 3.31), H.O was used for the
infiltration of Arabidopsis plants. Subsequently, leaves were harvested 15 min, 30 min, 1 h,
3 h, 6 h, 12 h and 24 h after infiltration as well as prior to infiltration (0 h). Quantitative PCRs

were performed and all transcripts were calculated relative to the non-infiltrated control.

First, the RICKY1 transcript levels were analyzed. The expression of RICKY1 increased
significantly 30 min after infiltration and reached its maximum of 4-fold induction after 1 h
(Fig. 3.32A). The induction was durable within 12 h and decreased to control levels after
24 h.

Second, the RYL1 expression levels were determined. Its increase started 30 min after
infiltration and showed a highly significant 23-fold induction after 1 h (Fig. 3.32B). In contrast
to RICKY1, the RYL1 expression dropped to control levels already after 3 h.

In short, the differential regulation upon infiltration could be verified for both LRR-RLKSs.

REM1.2 and REM1.3 have been shown to co-localize with RICKY1 in small micro-domains
at the PM (see Fig. 3.14). Additionally, REM1.2 was demonstrated to be a direct interaction
partner of RICKY1 (see Fig. 3.16). Hence, the expression of these genes was also
examined. The transcript level of REM1.2 was significantly enhanced 30 min after infiltration
and exhibited a peak after 1 h with a 3-fold induction compared to the control. Subsequently,
the transcript gradually declined to control levels (Fig. 3.32C).

REM1.3 displayed a similar pattern (Fig. 3.32D). Its transcript level showed a significant
increase after 15 min and a maximum of 9-fold induction after 1 h. After 3 h the expression
of REM1.3 approximated progressively to control levels.

All analyzed genes exhibited a significantly induced expression after infiltration, which

peaked after 1 h, and decreased to control levels after 24 h latest.
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Fig. 3.32 RICKY1, RYL1, REM1.2 and REM1.3 are up-regulated upon infiltration

Five-week-old Col-0 leaves were infiltrated with H,O and harvested at the indicated time points (n =
4). RICKY1 (A), RYL1 (B), REM1.2 (C), REM1.3 (D), LIK1 (E) and REM1.4 (F) transcripts were
normalized to UBC. Transcripts in the non-infiltrated control (0 h) were set to 1, respectively.
Statistical significance was assessed using one-way ANOVA followed by Dunnett’s multiple
comparison test (** P< 0.01, ** P< 0.001).

In the following, additional transcripts were to ensure that the observed regulation is specific
for these genes and not a common pattern.

On the one hand, the expression of another MD-containing LRR-RLK was investigated. LIK1
is related to RICKY1 and RYL1 (Fig. 3.2A) and has been demonstrated to be involved in
plant immunity only recently (Le ef al., 2014). The transcript of LIK71 showed a very dynamic

pattern. It was significantly up-regulated after 30 min and 1 h, and decreased to control level
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after 3 h (Fig. 3.32E). In contrast to RICKY1 and RYL1, LIK1 displayed an additional
induction after 6 h, which was durable within 24 h.

On the other hand, the expression of another Arabidopsis remorin was examined. As
REM1.2 and REM1.3, REM1.4 belongs to the subgroup 1 (Raffaele et al., 2007), but recent
studies indicated an involvement of REM1.4 homologues in abiotic stress responses
(Checker & Khurana, 2013; Yue et al, 2014). Accordingly, REM1.4 showed a altered
expression pattern after infiltration compared to REM1.2 and REM1.3. The REM1.4
transcript was significantly down-regulated to 20 % compared to the non-infiltrated control
3 h after infiltration and did not recover over time (Fig. 3.32F).

In summary, these results clearly demonstrate that the described differential regulation is
specific for RICKY1, RYL1, REM1.2 and REM1.3. This might indicate that these proteins are
involved in a signaling pathway triggered by infiltration. An additional experiment was

performed to investigate this in more detail.

Since the induced expression after infiltration was independent of the solution (see Fig.
3.31), the question arose about the actual trigger. Mechanical wounding of the leaf during
the infiltration process might cause the altered gene expression.

Subsequently, five-week-old Col-0 leaves were wounded with a needle and harvested 1 h
and 24 h later. As control, non-treated leaves (0 h) were used and their transcript levels were
set to 1. In contrast to infiltration, mechanical wounding did not result in an induced
expression of RICKY1 after 1 h (Fig. 3.33A). However, 24 h later the expression of RICKY1
was significantly reduced compared to the control. A similar pattern was observed for the
expression of RYL1 (Fig. 3.33B).

Additionally, the transcripts of REM1.2 and REM1.3 were examined. Both genes showed
opposite tendencies regarding their regulation 1 h after wounding, but no significant
differences were observed at this time point. However, the expression of REM1.3 was
significantly reduced after 24 h (Fig. 3.33C,D).

The transcript levels of JAZ10 and LOX3, two wound-induced marker genes, were analyzed
to ensure that the treatment worked in this experiment (Yan et al., 2007; Wang et al., 2008).
As expected, both transcripts were significantly induced 1 h after mechanical wounding (Fig.
3.33E,F). They displayed a significant decrease 24 h after wounding compared to the non-
treated control.

These data clearly demonstrate that the induced expression of RICKY1, RYL1, REM1.2 and

REM1.3 upon infiltration (see Fig. 3.32) is not caused by mechanical wounding.
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Fig. 3.33 RICKY1, RYL1, REM1.2 and REM1.3 are not up-regulated upon wounding
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Five-week-old Col-0 leaves were wounded with a needle and harvested at the indicated time points.
RICKY1 (A), RYL1 (B), REM1.2 (C), REM1.3 (D), JAZ10 (E) and LOX3 (F) transcripts were
normalized to UBC. The wounding marker genes JAZ10 and LOX3 were used as controls. Transcripts
in the non-wounded control (0 h) were set to 1, respectively. Statistical significance was assessed
using one-way ANOVA followed by Dunnett’s multiple comparison test (* P< 0.05, ** P< 0.01, *** P<

0.001).
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4. Discussion

Recent data demonstrates the co-existence of various micro-domains labeled by different
remorin proteins at the PM of Arabidopsis (Jarsch et al., 2014). Remorins are postulated to
act as molecular scaffolds and play a role during the assembly of active signaling hubs
(Jarsch & Ott, 2011). Interestingly, micro-domains targeted by closely related proteins show
a high degree of co-localization, indicating a functional compartmentalization of the PM
(Spira et al., 2012; Jarsch et al., 2014).

So far, remorins have been demonstrated to participate in several abiotic and biotic stress-
related pathways (Raffaele et al, 2009; Checker & Khurana, 2013; Gui et al, 2016).
Members of the remorin group 1 are thought to be involved in plant immunity (Coaker et al.,
2004; Benschop et al.,, 2007; Liu et al., 2009; Widjaja et al., 2009; Keinath et al., 2010;
Jarsch & Ott, 2011), even though their actual function has not been determined so far.

We hypothesize that these remorins are promising candidates to explore the protein
composition of a plant immunity-associated signaling platform. Consequently, REM1.2 was
used as a bait to identify novel components of plant defense. Therein, the LRR-MD RLK
RICKY1 was found to be a specific interaction partner of REM1.2 (Jarsch, 2014).

Here, | characterized RICKY1 with focus on its putative function in plant immunity and its

subcellular organization.

4.1. RICKY1 in Plant Immunity

Plant defense is an elaborate, multi-layered system based on the early recognition of
microbial pattern at the PM, followed by an immediate initiation of several defense
mechanisms. First responses such as protein complex formation and early phosphorylation
events start only seconds after perception of the bacterial elicitor flg22 (Gomez-Gomez et
al., 1999; Schulze et al., 2010). Subsequently, downstream signaling cascades mediate
further cellular modulations such as the increased production of ROS, the activation of
MAPKs cascades and the enhanced callose synthesis. These responses occur minutes,
hours or days later (Gomez-Gomez et al., 1999; Bigeard et al., 2015).

Interestingly, ricky1 and ryl1 plants display a reduction in late callose deposition upon flg22
application (Fig. 3.7, Fig. 3.8, Fig. 3.26), whereas earlier responses are not affected in the

mutants (Fig. 3.5, Fig. 3.6, Fig. 3.25). This genetically locates both proteins downstream of
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ROS production and MAPK activation, but upstream of callose deposition. Also the L-type
lectin receptor kinase-V1.2 (LecRK-VI.2) was shown to be involved in distinct processes
including stomatal closure, callose deposition, defense gene expression and MAPK
activation. Other responses such as the dimerization of FLS2 and BAK1, the
phosphorylation of BIK1 and ROS production are not impaired in lecrk-VI.2 mutants (Singh
et al., 2012). In line with this, Smith and colleagues proposed at least three independent
signaling pathways, rather than a single, linear cascade. They demonstrated an opposing
role in plant immunity for the dynamin-related protein DRB2B, which is partially required for
the flg22-induced endocytosis of FLS2. It acts as a negative regulator of RBOHD-dependent
and as a positive regulator of RBOHD-independent processes, while it is not involved in the
activation of MAPK signaling cascades (Smith et al., 2014). Therefore, RICKY1 and RYL1

might be important for late signaling responses or even for a callose-specific pathway.

In the last years, the involvement of tryptophan-derived indole glucosinolate (IG) metabolites
in flg22-induced callose deposition has been demonstrated (Clay et al., 2009; Luna et al.,
2011). IGs are hydrolyzed by the peroxisome-localized myrosinase PEN2 (Lipka et al., 2005;
Bednarek et al., 2009) and resulting metabolites are transported to the apoplast by the PM-
localized ABC transporter PEN3 (Kobae et al., 2006; Stein et al., 2006; Bednarek et al.,
2009). In addition to their antimicrobial effect, IG breakdown products are involved in the
induction of callose synthesis (Clay et al, 2009). In line with this, Luna and colleagues
proposed a function of callose in detoxification of toxic antimicrobial compounds (Luna et al.,
2011). PEN3 was shown to be phosphorylated downstream of activated MPK3 and MPK6
(Lassowskat et al., 2014). But since PENS3 lacks a typical MAPK target site, another kinase
downstream of MPK3/6 might be involved (Lassowskat et al, 2014; Xu et al., 2016).
However, the biological function of this phosphorylation still needs to be investigated. It
would be interesting to test, if RICKY1 or RYL1 might play a direct or indirect role in this
process. Especially, because PENS is involved in the transport of the auxin precursor IBA
(Strader & Bartel, 2009) and RICKY1 could play a role in auxin-related processes (Fig.
3.4;ten Hove et al, 2011). As rickyl and ryl1 mutants, also pen3 plants are more
susceptible to various pathogens of different lifestyles (Fig. 3.9, Fig. 3.10, Fig. 3.27; Stein et
al., 2006; Xin et al., 2013). Additionally, PEN3 was shown to re-localize upon flg22 treatment
(Underwood & Somerville, 2013) and Blumeria graminis f. sp. hordei (Bgh) infection (Stein et
al., 2006) to the site of PAMP detection and powdery mildew penetration, respectively.
There, PENS displays a clear co-localization with callose deposits (Underwood & Somerville,
2013).
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Callose synthesis is known to be active at sites of direct pathogen contact: in papillae, that
are formed in response to filamentous pathogens penetrating the cell, and in encasements,
which encompass haustoria of fungi and oomycetes (Voigt, 2014; Faulkner, 2015). The PM-
localized callose synthase PMR4/GLS5 is responsible for callose depositions in papillae
(Jacobs et al., 2003; Nishimura et al., 2003), haustorial encasements (Meyer et al., 2009) as
well as at sites of flg22 perception (Luna et al., 2011). However, concerns have been raised
about a role of callose in resistance against fungal pathogens, since pmr4 mutants showed
an enhanced resistance to Bgh and Golovinomyces orontii (Jacobs et al., 2003; Nishimura
et al., 2003). Nevertheless, plants overexpressing PMR4 show a complete penetration
resistance to Golovinomyces cichoracearum (Ellinger et al., 2013). The increased production
of callose leads to an extensive migration into pre-existing cellulose fibrils, that results in a
resistance against CW hydrolyzing enzymes. This conjunction builds an effective physical
barrier against a pathogenic invasion (Eggert et al., 2014). These opposing results indicate
the importance of a strict spatial and temporal activation of callose synthesis. This regulation
might occur through protein interactions, complex formation or active vesicle-dependent
transport to the site of attack (Meyer et al., 2009; Ellinger et al., 2013; Ellinger & Voigt,
2014). Also post-translational modifications play an important role. Distinct phospho-sites
have been identified in PMR4, which are essential for the transport to the site of infection or
the activation of PMR4. However, the corresponding kinase(s) have not been identified so
far (Christian A. Voigt 2014, presented at the 16™ MPMI conference). Since RICKY1 plays a
role in callose deposition (Fig. 3.9, Fig. 3.10) and localizes to sites of growing oomycete
structures ( Fig. 3.13), it might be directly or indirectly involved in this process.

Upon Hpa infection, the localization of RICKY1 shows an increased signal at sites of hyphal
growth ( Fig. 3.13A), even though it is homogeneously distributed at the PM in uninfected
leaves (Fig. 3.11). Additionally, RICKY1 signal accumulates at the haustorial neck and is
visible around the haustoria. During host invasion, these specialized feeding structures
remain enveloped by the plant-derived EHM. The EHM separates the haustorium from the
host cytoplasm and serves as interface for the delivery of effectors to the host cell as well as
for the nutrient uptake by the pathogen (Voegele & Mendgen, 2003; O'Connell & Panstruga,
2006). Mature haustoria are additionally enclosed by a double-layered encasement
membrane that is enriched in callose (Soylu & Soylu, 2003; O'Connell & Panstruga, 2006).
Even though the EHM as well as the encasement membrane are continuous with the host
PM, their protein composition can be different. While several PM-localized proteins are
excluded from the EHM, all analyzed PM proteins localize to the encasement, indicating
distinct trafficking pathways (Koh et al., 2005; Lu et al., 2012b).
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To examine, if RICKY1 localizes to the EHM or the encasement membrane, a detailed
characterization was performed by Sandy Niesik (Niesik, 2016). Callose depositions start at
the haustorial neck and gradually enclose the maturing haustorium (Meyer et al., 2009;
Micali et al., 2011). A similar pattern was observed for RICKY1. A high degree of co-
localization between RICKY1 and callose deposits indicates a localization of RICKY1 at the
developing encasement rather then at the EHM (Niesik, 2016). It seems apparent that also
REM1.2 and REM1.3 localize to the encasement membrane ( Fig. 3.13C,D), but a detailed
analysis is needed to verify their localization. In former studies, StREM1.3 was shown to
localize to the EHM membrane of Phytophthora infestans (Lu et al., 2012b; Bozkurt et al.,
2014), while it was excluded from the specialized, host-derived perihyphal membrane of
Colletotrichum higginsianum (Richard O’Connell 2015, presented at 36" New Phytologist
symposium). The varying protein composition at the interface of different pathogens
highlights the complexity of plant-pathogen interactions and emphasizes the importance of
detailed investigations. In the future it would be interesting to analyze the localization of
RYL1 upon infection with Hpa and other filamentous pathogens. So far this was not feasible

due to the lack of a functional native promoter construct.

4.2. RICKY1 and RYL1 — New Sensors of Cell Wall Integrity?

Plant CWs are load-bearing, but dynamic structures that play an important role during cell
expansion and protection against various external stresses. They consist mainly of cellulose
fibrils, hemicellulose, pectin, proteins and in secondary CWs also of lignin. The composition,
however, is highly heterogeneous and depends on the developmental stage and on
environmental conditions (Burton et al., 2010).

To maintain cell wall integrity (CWI), plants need a sensitive and fine-tuned monitoring
system for mechano-sensing, the perception of turgor pressure and the detection of CW
damage. Chemical as well as physical signals could function as indicators of CWI (Hamann,
2012; Voxeur & Hoéfte, 2016).

These mechanisms are especially important during plant-microbe interactions, since
phytopathogenic fungi and bacteria have to break the CW at a certain stage of their invasion.
This happens independently of their lifestyle, even though the infection process differs
between necrotrophic and biotrophic pathogens. While biotrophs need to keep their host
cells alive and stay unperceived, necrotrophs live on and off dead tissue and can therefore
use more destructive mechanisms (Bellincampi et al., 2014). But nevertheless, all pathogens

secrete specific CW-degrading enzymes that facilitate their invasion process and enable an
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efficient nutrient uptake. As a consequence, the CW gets damaged and endogenous
breakdown products can be perceived as DAMPs by corresponding PRR at the PM (Choi &
Klessig, 2016). Well-studied examples are oligogalacturonides (OGs), which are released
from the CW upon degradation of pectin homogalacturonan by fungal polygalacturonases
(PG) (Cervone et al., 1989; Ferrari et al., 2013). Wall-associated kinases (WAKs) were
shown to bind pectin polymers in vitro and in planta (Wagner & Kohorn, 2001; Decreux &
Messiaen, 2005; Decreux et al., 2006; Kohorn et al., 2009; Brutus et al., 2010). The
perception of OGs leads to a wide range of defense responses including ROS production,
the expression of defense marker genes and callose deposition (Bellincampi et al., 2000;
Denoux et al., 2008; Galletti et al., 2008). Interestingly, a potato remorin is differentially
phosphorylated upon application of polygalacturonides (PGAs) within few minutes (Farmer
et al., 1989), indicating a role in this signaling pathway. However, the corresponding kinase
has not been described so far.

In addition to their role in plant defense (Brutus et al., 2010), WAKSs are also involved in cell
expansion (Lally et al., 2001; Kohorn et al., 2006) and might indirectly regulate turgor-
sensitive processes (Kohorn et al., 2009; Kohorn, 2016).

Even RICKY1 and RYL1 might participate in a CWI sensing process. A loss of both proteins
results in an increased susceptibility to a biotrophic oomycete and hemibiotrophic bacteria
(Fig. 3.9, Fig. 3.10, Fig. 3.27). Moreover, ryl1 mutant plants are more susceptible to the
necrotrophic fungi Alternaria brassicicola (Fig. 3.27), while ricky1 mutants show only
tendencies (data not shown). These data indicate the involvement of both proteins in general
mechanism against pathogen infection. This could be also related to the perception of CW
rearrangements or changes in the CW-PM continuum.

The enhanced expression of RICKY1 and RYL1 upon infiltration (Fig. 3.31, Fig. 3.32)
supports this hypothesis. The induction is not caused by wounding itself (Fig. 3.33) and is
also not dependent on the osmolarity of the solution, since the infiltration of ddH20, tap
water and mannitol results in a comparable increase of transcript levels (Lab rotation Sandy
Niesik, 2016). This might indicate a link to mechano-sensing, but further analyses are
needed to define the actual role of RICKY1 and RYL1. Interestingly, also REM1.2 and
REM1.3 show similar expression pattern upon infiltration (Fig. 3.32, Fig. 3.33), suggesting an
involvement in the same signaling pathway. In line with this, rem1.2 and rem1.3 single and
double mutants show CW-related phenotypes in preliminary experiments (personal
communication Macarena Marin, Thomas Ott). Both single mutants are more resistant to the
cellulose synthesis inhibitor isoxaben and hydrated seeds of the double mutant display

mucilage defects, which are also confirmed by mass spectrometry (personal communication
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Clara Sanchez Rodriguez, Macarena Marin, Thomas Ott). Not only the amount of sugars is
decreased in the non-adherent mucilage, also the sugar composition is altered in both,
adherent and non-adherent mucilage compared to WT. These results suggest a function in

CW-related processes.

Another hint for a putative role for RICKY1 and RYL1 during CWI maintenance is given by
their protein structure. In addition to 11 predicted LRRs, both proteins contain a MD in their
extracellular region (Fig. 3.2B). The animal protein malectin is anchored to the membrane of
the endoplasmic reticulum and binds specifically to Glc2-N-glycans (Schallus et al., 2008;
Schallus et al., 2010). In line with this, it was shown to play a role in the quality control via
binding to misfolded proteins (Chen et al., 2011; Galli et al., 2011; Qin et al., 2012). Because
of the sequence similarity between the animal malectin protein and the plant MD, a binding
of MD-RLKSs to different carbohydrates in the apoplast seems to be reasonable, although it

was not demonstrated so far.

Besides MDs, some plant RLKs as the CrRLK1Ls contain two malectin-like domains (MLD)
in a tandem organization in their extracellular region (Boisson-Dernier et al., 2011). Members
of this family are thought to bind to the CW and act as sensors of CWI (Cheung & Wu,
2011). In line with this, several CrRLK1Ls have been shown to be involved in various
growth- and stress-related pathways (Galindo-Trigo et al., 2016). Mutations in the RLK THE1
(THESEUS1), for example, were demonstrated to partially restore growth defects of the
cellulose-deficient mutant prc1-1, without altering the cellulose content (Hematy et al., 2007).
In addition, a functional THE1 is needed for the oxidative burst triggered by the cellulose
synthesis inhibitor isoxaben (Denness et al., 2011), indicating a role for THE1 in CWI
sensing.

Another well-studied example is the RLK FER, which was first identified as a regulator of the
fertilization process (Huck et al., 2003). Over the last years, FER was shown to be important
for many cellular pathways, including root hair development and plant immunity (Duan et al.,
2010; Kessler et al., 2010). In 2014, Haruta and colleagues identified FER as the receptor of
the secreted peptide RALF, which plays a negative role in cell expansion (Haruta et al.,
2014). Interestingly, also RICKY1 and RYL1 transcripts are 3 — 4-fold up regulated upon
RALF treatment, but corresponding mutants do not display a RALF-induced change in root
growth compared to wild type plants (Haruta et al., 2014). Nevertheless, they could be
directly or indirectly involved in this pathway.

Additionally, FER was only recently shown to act as a mechano-sensor for different
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mechanical stimuli (Shih et al., 2014), supporting a function of FER in CWI. Altogether it is
not surprising, that Wolf and Héfte raised the possibility that there is more then one ligand for
FER (Wolf & Hoéfte, 2014), as it has been demonstrated already for mammalian receptors
(Touhara, 1997; Pi & Quarles, 2012).

This could be also true for RICKY1 and RYL1, since they possess 11 predicted LRRs in
addition to the MD. In contrast to the MD, that is thought to mediate binding to
carbohydrates, LRR-containing kinases are known to preferentially bind peptides or proteins
(Zipfel, 2014). Also other RLKs contain a MLD domain and few LRRs, arranged in reverse
order compared to RICKY1. Members of this group play a role in different plant-microbe
interactions, including harmful as well as beneficial interdependencies. I0S1 (IMPAIRED IN
SUSCEPTIBILITY 1), for example, was shown to be involved in plant immunity and to act in
BAK1-dependent and independent signaling pathways (Hok et al., 2011; Yeh et al., 2016).
On the other side, the Lotus japonicus RLK SYMRK (SYMBIOSIS RECEPTOR-LIKE
KINASE) is required for symbiosis with bacteria and fungi (Stracke et al, 2002).
Interestingly, the cleavage of the MLD was demonstrated to be important for the interaction
of SYMRK with NFR5 (NOD FACTOR RECEPTOR 5) and its turnover at the PM (Antolin-
Llovera et al., 2014). Critical for the release of the MLD is a conserved “GDPC” motif
connecting the MLD and the LRRs (Kosuta et al., 2011; Antolin-Llovera et al., 2014).

Also RICKY1 shows two specific bands after immunoblot analysis (Fig. 3.8A), whereby the
sizes correspond to the full-length RICKY1 and a truncated protein lacking its whole
extracellular domain (ALRR/MD) (Niesik, 2016). However, RICKY1 does not contain a
“‘GDPC” motif in its extracellular region, indicating a different cleavage procedure.
Intriguingly, a similar pattern also applies for FLS2 (pers. communication Daniel Couto,
Zipfel lab). It remains to be investigated if the release of the whole extracellular region is a
purification artifact or an actual ectodomain shedding, which was already demonstrated for
AtCERK1 (Petutschnig et al., 2014) and several mammalian receptors (Hayashida et al.,
2010; Higashiyama et al., 2011).

In sum, members of the LRR subgroup VIII-2, such as RICKY1 and RYL1, might be good

candidates for an additional group of CWI sensing RLKSs in plants.
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4.3. RICKY1 and RYL1 — Redundant Proteins or Interaction

Partners?

Comparing the phenotypes of ricky1 and ryl1 mutants in plant immunity (Fig. 3.5, Fig. 3.6,
Fig. 3.7, Fig. 3.9, Fig. 3.10, Fig. 3.25, Fig. 3.26, Fig. 3.27), it is obvious that both proteins are
involved in the same defense responses. Additionally, also their gene expression is induced
similarly following the treatments investigated in this study (Fig. 3.31, Fig. 3.32, Fig. 3.33).
Since both proteins are closely related (Fig. 3.2A; Shiu & Bleecker, 2001b; Gou et al., 2010)
and share a high sequence similarity particularly in their kinase domain (98%) (Clustal
Omega), it is likely that RICKY1 and RYL1 act at least partially redundant. This hypothesis
would also provide an explanation for the mild phenotypes of both single mutants.

The functional redundancy between members of a protein family has been reported for many
groups. Well-studied examples are the five SERK proteins in Arabidopsis. They have been
shown to play relevant and often redundant roles as co-receptors in various signaling
pathways. However, their genetic importance for distinct processes is unequal (Ma et al.,
2016). While single mutants often display only weak or even no obvious phenotypes, double,
triple and quadruple mutants are known to have severe defects in male gametophyte
development (Albrecht et al., 2005; Colcombet et al., 2005), BR signaling (Gou et al., 2012)
and stomatal patterning (Meng et al., 2015).

Also the closely related CrRLK1Ls ANX1 (ANXUR 1) and ANX2 have been demonstrated to
act redundantly in the pollen to maintain pollen tube integrity (Boisson-Dernier et al., 2009;
Miyazaki et al., 2009). As RICKY1 and RYL1, ANX1 and ANX2 share a high amino acid
sequence similarity of over 80 % in their extracellular domains, suggesting that both proteins
bind the same ligand (Boisson-Dernier et al., 2009; Miyazaki et al., 2009; Boisson-Dernier et
al., 2011). This could be also the case for RICKY1 and RYL1, even though no putative
ligand has been identified so far. This extends to the majority of over 600 RLKSs in
Arabidopsis (Shiu & Bleecker, 2001a), since only few ligand-RLK pairs have been identified
by now (Butenko et al., 2014).

However, a functional redundancy is not the only hypothesis to explain the putative
interdependencies between RICKY1 and RYL1. Both proteins might also interact and form
hetero-dimers that are essential for a distinct signaling process. Even the absence of one
protein would then result in a diminished signaling step. The comparable degree of
impairment of both single mutants in all analyzed responses supports this idea (Fig. 3.7, Fig.
3.9, Fig. 3.10, Fig. 3.26, Fig. 3.27).

To investigate the robustness of both hypotheses, the phenotypes of ricky1/ryl1 double
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mutants need to be examined. Because of their clustered gene loci, amiRNAs were used in
this study to generate double mutants. However, even though heterozygous plant displayed
decreased expression levels (Fig. 3.29), this effect was abolished in homozygous plants
(Fig. 3.30). The reason for this could not be determined. The effect might be due to severe
developmental defect in the double mutants, which are not discernable in the single mutants,
or due to problems with the amiRNAs. Another method, such as the CRISPR/Cas9 system
(Bortesi & Fischer, 2015), should be tested to clarify the interdependency between RICKY1
and RYL1. Additionally, it would be interesting to investigate the putative interaction of both

proteins.

Besides RICKY1 and RYL1, only one member of the Arabidopsis LRR subgroup VIII-2 was
characterized so far. The RLK LIK1 was identified in an Y2H-screen as an interaction
partner of CERK1 (Le et al., 2014). In contrast to ricky1 and ry/1 mutants, lik1 plants show
an enhanced immune response triggered by chitin and flg22 and are more resistant to P.
syringae. In addition to its negative role in immunity against hemibiotrophs, LIK1 was
demonstrated to act as a positive regulator against necrotrophic pathogens. Interestingly, the
defects in lik1 mutants are caused by a reduced expression of genes involved in JA and ET
signaling pathways (Le et al., 2014), while ricky1 and ryl1 mutants are not affected in the
expression of defense marker genes (Fig. 3.6, Fig. 3.25). It would be interesting to
investigate if RICKY1, RYL1 and LIK1 are either involved in the same or in an independent
signaling pathway. Their mainly opposing phenotypes also suggest antagonistic functions.
Therefore, ricky1/lik1 and ryl1/lik1 double mutants have been generated to analyze this in
more detail.

Besides Arabidopsis, a LRR-MD RLK from barley, HYLEMK1, was only recently shown to
contribute to non-host resistance in barley and to quantitative host resistance in wheat
against the powdery mildew fungus Blumeria graminis f.sp. tritici (Bgt) (Rajaraman et al.,
2016). Taken together, it is likely, that the LRR subfamily VIII-2 displays another group of

RLKs involved in plant immunity.

4.4. RICKY1 and Auxin Signaling

Hormones are not only known to orchestrate different developmental processes but also
play an essential role for mediating responses to several stresses, including plant immunity
(Verma et al.,, 2016). A fine-tuned balance of growth and defense is reasonable, since

induced defense mechanisms are energy-consuming processes (Walters & Heil, 2007;
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Denance et al., 2013). In addition to the key-regulators of defense, SA, JA and ET, also
growth-related hormones such as auxin have been shown to play a role in plant immunity
(Shigenaga & Argueso, 2016). The involvement of auxin in developmental and stress-related
responses makes it a worthwhile target for manipulations during plant-pathogen interactions.
Many bacteria have been shown to increase their virulence by the synthesis of auxin
(Glickmann et al., 1998) or the modulation of host auxin signaling by different effectors
(Chen et al., 2007; Evangelisti et al., 2013). In contrast, plants down-regulate auxin
responses for an increased resistance against biotrophic pathogens (Navarro et al., 2006).

Interestingly, RICKY1 was demonstrated to be involved in plant defense against various
pathogens (Fig. 3.9, Fig. 3.10) and in auxin signaling (Fig. 3.4; ten Hove et al., 2011). Ten
Hove and colleagues observed an increased resistance to IAA and the polar transport
inhibitor NPA (N-1-Naphthylphthalamic acid) in ricky1 mutants. This coincidence is also true
for other T-DNA lines corresponding to 6 distinct genes, including PEPR1 and ERECTA-
LIKE 2 (ERL2) (ten Hove et al., 2011). PEPR1, the receptor for the endogenous elicitors
AtPeps (Huffaker et al., 2006; Yamaguchi et al., 2006; Bartels et al., 2013), was additionally
shown to be involved in several defense responses induced by ethylene (Liu et al., 2013),
flg22 and OGs (Gravino et al,, 2016). The LRR-RLK ERL2 is a functional paralog of
ERECTA (ER) and acts synergistically and partially redundantly with ER and ERL1 in many
development processes (Shpak et al., 2004; Shpak et al., 2005; Pillitteri et al., 2007; Shpak,
2013) and plant immunity (Jorda et al, 2016). Some of the developmental defects of

er/erl1/eri2 triple mutants are caused by an affected auxin transport (Chen et al., 2013).

The involvement of single RLKs and whole receptor complexes in different signaling
pathways enables an additional step of regulation. In addition, these multiple functions in
plant development, hormone signaling and responses to various stresses emphasize the
complexity of these cellular pathways. To which extent RICKY1 and also RYL1 might play a

role in different signaling cascades needs to be further investigated.

4.5. The Interaction Between RICKY1 and Remorin Proteins

Remorins of various plant species have been shown to interact with receptor-like kinases
involved in different signaling pathways (Lefebvre et al., 2010; Téth et al., 2012; Jarsch,
2014; Son et al., 2014; Gui et al., 2016). We specifically searched for RLKs that interact with
REM1.2 and have a putative function in plant defense (personal communication Birgit

Kemmerling, University of Tlbingen; Jarsch, 2014) to identify so far unknown components of
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plant immunity. In this regard, the cytosolic domain of the LRR-RLK RICKY1 was identified
as a specific interaction partner of REM1.2 in a Y2H screen (Fig. 3.1; Jarsch, 2014).
Intriguingly, the closely related RYL1 is not able to interact with REM1.2 (Fig. 3.23), even
though both kinase domains share a sequence identity of 98 %. Additionally, RICKY1 does
not interact with REM1.3 (Fig. 3.1), the closest relative of REM1.2 (Raffaele et al., 2007).
Taken together, these data suggest a high specificity for the interaction between RICKY1
and REM1.2, at least in yeast. This is not surprising, since remorin proteins harbor a highly
flexible ID region (Marin & Ott, 2012), which is known to mediate the binding to several
interaction partners with a high specificity, but a low affinity (Dyson & Wright, 2005). This is
also a common feature of transient interactions between kinases and substrates in different
signaling pathways (Dyson & Wright, 2005; Mittag et al., 2010). Interestingly, it was shown
that many components of plant immunity harbor at least some ID regions (Marin & Ott,
2014). Predictions indicate that even RICKY1 contains two longer ID segments located at
the end of its kinase domain and in its C-terminal tail (PONDR VL-XT). The latter was shown
to be present in SERK1, SERKS3, BRI1 as well as FLS2, suggesting a common feature for
plant RLKs (aan den Toorn et al. 2012). The C-terminal tail itself is thought to be involved in
common regulatory mechanisms (Wang et al., 2005; aan den Toorn et al., 2012).

Since it is known that phosphorylation often occurs in intrinsically disordered regions
(lakoucheva et al., 2004), this could be also true for RICKY1 and might be a good indication
for putative phosphorylation sites of RICKY1.

Stimulus-dependent phosphorylation events as well as the assembly of protein complexes
are essential to facilitate a fast and efficient signal transduction. So-called “hub” proteins
often contain ID regions to provide the plasticity for interactions with various proteins and are
therefore central players for the formation of interaction networks (Dunker et al., 2005;
Dosztanyi et al., 2006; Patil & Nakamura, 2006; Mittag et al., 2010). This supports the idea
that remorin proteins act as molecular scaffolds and mediate active signaling hubs at the PM
(Jarsch & Ott, 2011). Especially, because group 1 remorins are differentially phosphorylated
upon several stress-related stimuli (Farmer et al., 1989; Benschop et al., 2007; Widjaja et
al., 2009). Most of the phosphorylation sites are located in the ID N-terminal region (Marin &
Ott, 2012). This might provide various interaction sites for different interaction partners
dependent on the specific stimulus.

Only recently, it was demonstrated that the intrinsically disordered mammalian protein 4E-
BP2 gets differentially folded upon phosphorylation, resulting in an altered binding behavior

(Bah et al., 2015). This might also apply for REM1.2, since phospho-ablative mutations in
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the very N-terminal region interfere with its capability to interact with RICKY1 (Fig. 3.20). In
addition, the kinase activity of RICKY1 is essential for the interaction, highlighting the
importance of the post-translational modification. However, it still needs to be investigated if
RICKY1 is actually able to directly phosphorylate REM1.2.

Also the interaction between OsREM4.1 and OsSERK1 is dependent on the phosphorylation
status of OsREM4.1 (Gui et al., 2016). While non-phosphorylated OsREM4.1 interacts with
OsSERK1, the phosphorylation of OsREM4.1 by OsBRI1 causes a disassociation from the
complex and enables an interaction of OsBRI1 with OsSERK1. This mechanism was shown
to regulate the antagonistic functions of ABA and BR signaling in rice. Interestingly, only the
N-terminal region of OsREM4.1 is crucial for the interaction with OsSERK1 (Gui et al., 2016).
In contrast, the C-terminal region of REM1.3 is essential for the interaction with different
importin a isoforms, while the N-terminal region might be involved in stabilizing the
interaction (Marin et al., 2012). This also applies for the interaction of LiSYMREM1 with the
RLKs NFR1, NFR5 and SYMRK (Téth et al., 2012). However, for a proper interaction of
RICKY1 and REM1.2 both the N- and the C-terminal domain are important (Fig. 3.19).
Additionally, the REM1.2/REM1.3 domain swap experiments emphasize the specificity of the
interaction between RICKY1 and REM1.2 in yeast.

The interplay between RICKY1 and REM1.2 was also investigated in the homologous
Arabidopsis system to monitor both proteins in their biological context.

In planta, remorins are known to localize to the PM and are well-accepted micro-domain
marker proteins (Raffaele et al., 2009; Lefebvre et al., 2010; To6th et al., 2012; Demir et al.,
2013; Jarsch et al., 2014). Only recently, Jarsch and colleagues observed REM1.2 and
REM1.3 mainly in small and highly mobile micro-domains below the resolution limit of
confocal microscopy (Jarsch et al., 2014). Even RICKY1 localizes to the PM (Fig. 3.11) and
is organized in small and dynamic domains that can be visualized using TIRF microscopy
(Fig. 3.14A,B). Interestingly, RICKY1-labelled micro-domains co-localize with REM1.2 and
REM1.3 (Fig. 3.14). Since both remorins are able to form heterooligomers (Jarsch, 2014), it
can be hypothesized that all three proteins might be part of a higher order protein complex at
the PM.

This is supported by the data obtained by image-based in planta interaction studies. BiFC
analyses reveal a close proximity of RICKY1 with REM1.2 and REM1.3 in distinct sub-
compartments of the PM (Fig. 3.15). A similar pattern was also observed for LiISYMREM1
and NFR1 (Téth et al., 2012) as well as for AtREM6.4 and BAK1 (Jarsch, 2014), indicating a

common feature for the interaction of remorin proteins with receptor-like kinases. However,



98 RICKY1 — a Novel Membrane Micro-Domain-Associated Player of Plant Immunity

using a higher temporal and spatial resolution, a direct interaction was mainly demonstrated
for RICKY1 and REM1.2 (Fig. 3.16). Taken together it is likely, that RICKY1, REM1.2 and
REM1.3 are part of a protein complex and REM1.2 mediates an indirect interaction between
RICKY1 and REM1.3.

To which extent the kinase activity of RICKY1 and the phospho-sites of REM1.2 are
important for the interaction in planta still needs to be validated. Therefore, Arabidopsis
plants expressing kinase-dead RICKY1 and wild type REM1.2 or a phospho-ablative mutant
have been generated and should be used for further FLIM/FRET analyses. Even other
micro-domain-localized proteins or external stimuli might positively or negatively influence

the interaction of RICKY1 and REM1.2 in planta.

4.6. Micro-Domains at the Plasma Membrane

Over the last years, several cell biological studies identified multiple proteins that are
organized in distinct sub-compartments of the PM. In addition to accepted families of micro-
domain marker proteins like remorins (Raffaele ef al., 2009; Lefebvre et al., 2010; Téth et al.,
2012; Demir et al., 2013; Jarsch et al., 2014) and flotillins (Haney & Long, 2010; Haney et
al., 2011; Li, RL et al.,, 2012), also other proteins such as the potassium channel KAT1
(Sutter et al., 2006; Reuff et al., 2010), the NADPH oxidase RBOHD (Lherminier et al., 2009)
and the receptor BRI1 (Wang et al., 2015b) have been shown to localize to micro-domains.
However, only recently the coexistence of diverse micro-domains has been demonstrated for
yeast (Spira et al., 2012) and for plants (Jarsch et al., 2014). The majority of Arabidopsis
remorin proteins were shown to mainly localize to laterally stable micro-domains (Jarsch et
al., 2014). Only group 1 remorins display a more homogeneous distribution, but are
nevertheless organized in small and highly dynamic structures detectable using TIRF
microscopy. Occasionally, REM1.2 and REM1.3 are targeted to larger, immobile domains in
elongating hypocotyl cells (Jarsch et al., 2014). In this context, it has to be noted that Demir
and colleagues observed large, static REM1.2- and REM1.3-labeled micro-domains also in
other tissues. Interestingly, immobile REM1.2-targeted micro-domains show a clear co-
localization with REM1.3 (Demir et al, 2013). This emphasizes again their putative
involvement in the same signaling pathway.

Taken together, it can be concluded that the localization of group 1 remorins seems to be a
very dynamic process. It might be that the re-localization of REM1.2 and REM1.3 into larger
complexes is dependent on a certain stimulus or on a developmental stage. If or to which

extent the re-localization is essential for their function remains to be investigated.
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Under the conditions used in our lab, REM1.2 and REM1.3 localize to static micro-domains
only in elongating hypocotyl cells (Jarsch et al., 2014). Since the hypocotyl has a complete
embryonic origin, cell growth relies entirely on cell expansion rather than on cortical and
epidermal cell divisions (Gendreau et al., 1997). Therefore, a tremendous remodeling of the
CW network occurs that also comprises a change in CW thickness (Refregier et al., 2004;
Derbyshire et al., 2007; Boron & Vissenberg, 2014). The altered hypocotyl growth in PME
(pectin methylesterase) and PG mutants highlights the importance of pectin metabolism for
this process (Derbyshire et al., 2007; Guenin et al., 2011; Xiao et al, 2017). Since
preliminary results indicate a putative involvement of group 1 remorins in CW-related
processes, including pectin metabolism (personal communication Macarena Marin, Thomas
Ott, Clara Sanchez Rodriguez), it might be interesting to investigate if the re-localization of
REM1.2 and REM1.3 plays a role during the expansion of hypocotyl cells. Additionally, it
could be worthwhile to have a closer look at the localization of RICKY1 in elongating
hypocotyl cells. Especially, because CW rearrangements have an impact on the CW-PM
continuum (Pogorelko et al., 2013) and RICKY1 might be involved in a CWI-sensing
pathway.

Even the CW itself is known to influence the dynamics of PM-localized proteins. Many plant
proteins as the potassium channel KAT1 (Sutter et al., 2006; Reuff et al., 2010) and the boric
acid/borate transporter BOR1 (Takano et al, 2010) have been reported to contain a
relatively high immobile fraction. In 2012, Martiniére and colleagues nicely demonstrated the
low lateral mobility of 11 out of 13 tested PM proteins (Martiniére et al., 2012). Proteins that
are inserted in the outer leaflet and contain an extracellular region are less mobile compared
to those that are inserted in the inner leaflet. FRAP experiments in protoplasts and
plasmolysed cells revealed an increased mobility of proteins that protrude into the CW
space, emphasizing the impact of the CW on the immobilization of PM proteins. In contrast,
protein-protein interactions and the cytoskeleton showed only minor effect on the protein
dynamics in this study (Martiniére et al., 2012).

Even though remorins attach to the cytosolic leaflet of the PM (Raffaele et al., 2009), the
mobility of the relatively static potato remorin StREM1.3 is highly increased in Arabidopsis
protoplasts compared to mesophyll cells (Blachutzik et al., 2015). Nevertheless, StREM1.3 is
still organized in distinct micro-domains at the PM, indicating that the formation and the
maintenance of StREM1.3-labeled micro-domains are not dependent on the CW. However,
some proteins within these micro-domains might be linked to or stabilized by the CW and
could influence the mobility of StREM1.3 (Blachutzik et al., 2015).
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Not only the CW also the cytoskeleton is interconnected with the PM and contributes to the
cell surface continuum (Baluka et al., 2003; Denness et al., 2011; McKenna et al., 2014). In
the animal field, the impact of the actin cytoskeleton on the sub-compartmentalization of the
PM is widely accepted (Chichili & Rodgers, 2009; Kusumi et al., 2012; Dinic et al., 2013).
Szymanski and colleagues demonstrated the differential distribution of several Arabidopsis
proteins between DRM and DSM (detergent-soluble membrane) fractions upon disruption of
the cytoskeleton (Szymanski et al., 2015). Among them, REM1.2 and REM1.3 show a clear
shift from DRM to DSM fractions after treatment with cytochalasin D, an inhibitor of actin
polymerization (Cooper, 1987). Also the treatment with oryzalin, a microtubule-
depolymerizing agent (Morejohn et al., 1987), leads to a depletion of the remorins from the
DRM, but not to an increase in the DSM fraction (Szymanski et al., 2015). These results are
also confirmed cell biologically. The disruption of the actin filament results in a significant
reduction of REM1.2-labeled micro-domains, while the depolymerization of microtubules
leads to less, but larger micro-domains. The authors concluded that actin is essential for the
organization of REM1.2 in micro-domains, whereas the disruption of microtubules might
relocate REM1.2-targeted micro-domains within the PM (Szymanski et al, 2015). In
contrast, the localization of AtREM6.6 (At1g13920) in filament-like structures seems to be
dependent on microtubules, but independent of actin (Jarsch et al, 2014), suggesting
multiple mechanisms for different remorins. In line with this, the rice remorin GSD1 was
shown to interact with the desmotubule-associated actin binding protein OsACT1 (ACTIN1),
which affects the conductance of PD (Gui et al., 2014; Gui et al., 2015). It has not been
determined so far, if also other remorins interact with components of the cytoskeleton.

In sum, recent data revealed the impact of the CW and the cytoskeleton on the localization
and dynamics of remorin proteins. The question arises to which extent remorins as putative
scaffold proteins contribute to the localization and mobility of other proteins within distinct

sub-compartments.

Even RICKY1 is organized in small, very dynamic micro-domains at the PM (Fig. 3.14A,B).
FRAP experiments additionally revealed a high lateral mobility of RICKY1 (Fig. 3.18).
Interestingly, the mobility of RICKY1 is affected by REM1.2, since RICKY1 shows an
increased mobile fraction in rem1.2 mutants (Fig. 3.18). Besides the absent interaction, the
lack of the scaffold protein could impair the formation of protein complexes or result in de-
stabilized protein complexes within these micro-domains. However, if the absence of
REM1.2 has an effect on the localization of RICKY1 to micro-domains needs to be further

investigated using TIRF microscopy.
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In contrast, the kinase activity of RICKY1 has no impact on its mobility (Fig. 3.22), even
though it is essential for the interaction with REM1.2 in yeast (Fig. 3.20). This might be a hint
that the increased mobility of RICKY1 in rem1.2 is rather due to the instability of the hub than
to the absent interaction with REM1.2. Especially, because it can be assumed that RICKY1
interacts with several other PM-localized proteins even independent of its kinase activity.

As we hypothesize that REM1.2 and REM1.3 act in concert to mediate active signaling hubs,
it would be interesting to characterize the mobility of RICKY1 in rem1.2/rem1.3 double
mutants. This line has already been generated and can be used for further experiments.

These results can help to understand the function of group 1 remorins as scaffold proteins.

The mobility of several PM-localized proteins is additionally dependent on the environmental
conditions. The receptor FLS2, for example, was shown to be highly dynamic under resting
conditions, but its mobility significantly decreased upon flg22 treatment (Ali et al., 2007). The
authors suggested that this is caused by an altered interaction behavior or the re-localization
to micro-domains. A similar pattern was observed for the Medicago truncatula RLK LYKS.
Highly mobile LYK3-labeled micro-domains are immobilized after inoculation with the
symbiotic bacterium Sinorhizobium meliloti. In addition, the static LYK3-targeted micro-
domains co-localize with FLOT4 (Haney et al., 2011). Recent results indicate that the
formation of these symbiosis-associated micro-domains is additionally dependent on
SYMREM1 (Stratil, 2016). These results again emphasize the importance of remorin
proteins as molecular scaffolds for the assembly of active signaling hubs.

It can be speculated that also RICKY1 re-localizes in larger, laterally stable domains
dependent on the developmental stage or the environmental conditions. However, the

appropriate stimulus has not been identified so far.

Increasing evidence indicates that the compartmentalization of proteins involved in one
signaling pathway might be crucial for a spatiotemporal efficient process (Spira et al., 2012;
Jarsch et al., 2014; McKenna et al., 2014; Tapken & Murphy, 2015).

Only recently, Nagano and colleagues demonstrated the importance of micro-domains for
the chitin-induced immunity in rice (Nagano et al., 2016). The knockdown (KD) of two fatty
acid 2-hydroxylases FAH1 and FAHZ2 results in less abundant micro-domains and an
increased susceptibility to the rice blast fungus Magnaporthe oryzae. Detailed analyses
revealed that multiple defense-related proteins, including the RAC/ROP small GTPase RAC1
and several RBOHSs, are decreased in DRM fractions of OsFAH1/2-KD plants upon chitin

treatment. The altered localization and dynamics of these proteins leads to a diminished
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chitin-induced ROS production. In sum, this study nicely demonstrates that micro-domains
are crucial for the chitin-induced ROS signaling and immunity mediated by the RAC1-
RBOHB/H pathway (Nagano et al., 2016).

To which extent the subcellular organization of RICKY1 might be crucial for its function, still

needs to be further investigated.

The data obtained in this study support our main idea that remorins are promising baits to
identify new, so far uncharacterized components of diverse signaling hubs.

Here, | demonstrated the importance of the REM1.2-interacting LRR-MD RLK RICKY1 for
plant immunity. Interestingly, RICKY1 plays a role at later stages of defense. So far, the
main focus of research is on early signaling events at the PM. Therefore, the further
characterization of RICKY1, RYL1 and their targets might help to elucidate downstream
signaling pathways. Furthermore, their putative function as CWI sensors suggest that
members of the subgroup LRR VIII-2 are promising candidates for future studies. In this
regard, it might be of special importance to examine the function of their malectin domain.
Additionally, | was able to show, that RICKY1 is associated with membrane micro-domains
and that its mobility is influenced by the scaffold protein REM1.2. This provides the
opportunity to further investigate the significance of micro-domains as active signaling

platforms in plant defense.
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5. Material and Methods

5.1. Media

5.1.1. Bacterial Media

5.1.1.1. LB medium for Escherichia coli and Agrobacterium tumefaciens

Amount Component

1 % (w/v

Bacto trypton

1 % (w/v) | NaCl

(
1.3 % (wiv

)

0.5 % (w/v) | Bacto yeast extract
)
)

Bacto agar (for solid medium)

Combined ingredients were autoclaved for 20 min at 120 °C.

Antibiotics were added prior to use.

5.1.1.2.  Kings B medium for Pseudomonas syringae

Amount Component
2 % (w/v) | Bacto peptone
1.5 % (w/v) | KaHPO,
1.5 % (w/v)
(

MgSO, (add after autoclaving)

1 % (w/v) | Bacto agar

Adjust pH 7.2

Combined ingredients were autoclaved for 20 min at 120 °C. 1 M MgSO, was sterile filtrated

and added prior to use. Rifampicin was added to a final concentration of 50 pg/ml.



104 RICKY1 — a Novel Membrane Micro-Domain-Associated Player of Plant Immunity

5.1.2. Yeast Media

51.2.1.  YPAD medium

Amount Component
1 % (w/v) | Bacto yeast extract
2 % (w/v) | Bacto peptone
0.004 % (w/v) | Adenine sulfate
2 % (v/v) | Glucose monohydrate (add after autoclaving)
2 % (w/v) | Bacto agar (for solid medium)

Combined ingredients were autoclaved for 20 min at 120 °C. Glucose was autoclaved

separately as a 20 % stock solution for 15 min at 115 °C and added prior to use.

5.1.2.2.  Selective dropout (SD) medium

Amount | Component
20 ml | 10 x Yeast nitrogen base ((YNB); 67 g/l)

20 ml | 10 x AA-stock solution (w/o leucine, tryptophan, histidine, adenine)

10 ml | 40 % Glucose

150 ml | HoO (for liquid medium) or bacto agar (4 g/ 150 ml)

8 ml | 25 x adenine stock solution

400 ul | 500 % histidine stock solution (for SD —LW plates)
X | 3-amino-1,2,4-triazole (3-AT)

All components were sterilized separately and combined directly before use. YNB was sterile
filtrated and 40 % glucose was autoclaved for 15 min at 115 °C. The AA-stock solution and

water/agar were autoclaved for 20 min at 120 °C.
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5.1.3. Plant Media

513.1. Y2 MS medium

Amount | Component

0.22 % | Basal Salt Mixture Murashige & Skoog Medium

1 % | Sucrose

0.8 % | Bacto agar (for solid medium)

Adjust pH 5.8

Combined ingredients were autoclaved for 20 min at 120 °C.

Antibiotics and hormones were added prior to use.

5.2. Cloning

5.2.1. Polymerase Chain Reaction (PCR)

52.1.1.  Analytical PCR

Standard PCRs for the verification of transformed bacterial strains and for genotyping of
genomic DNAs were performed with Tag-polymerase. The annealing temperature as well as

the elongation time was optimized for each PCR individually.

PCR reaction mix (20 ul)

Amount | Component
2 yl | Standard Taq buffer (10x)
0.6 ul | Forward Primer (10 yM)

0.6 ul | Reverse Primer (10 yM)
0.4 ul | MgCl, (50 mM)
0.4 uyl | ANTPs (10 mM)

0.05 uyl | Tag-polymerase

x | DNA template (10-100 ng) or bacteria
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Standard PCR program

Step Temperature | Time

1. Initial denaturation 95 °C 2 min
2. Denaturation 95 °C 30 sec
3. Annealing X 30 sec
4. Elongation 72 °C 60 sec/kb
5. Final Elongation 72 °C 5 min

Steps 2 — 4 were repeated 29 times.

5.2.1.2.  Preparative PCR

PCRs for preparative amplification of sequences from cDNA or genomic DNA were
performed with Phusion HF polymerase. The annealing temperature as well as the
elongation time was optimized for each PCR individually. A detailed primer list can be found

in the appendix.

PCR reaction mix (20 ul)

Amount | Component
4 ul | HF-buffer (5x)
0.6 ul | Forward Primer (10 yM)

0.6 ul | Reverse Primer (10 yM)
0.4 ul | MgCl, (50 mM)
0.4 uyl | ANTPs (10 mM)

0.2 pl | Phusion-polymerase

10 ng | DNA template

Standard PCR program

Step Temperature | Time

1. Initial denaturation 98 °C 2 min
2. Denaturation 98 °C 30 sec
3. Annealing X 30 sec
4. Elongation 72 °C 20 sec/kb
5. Final Elongation 72 °C 5 min

Steps 2 — 4 were repeated 34 times.
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5.2.2. Cloning of Entry Vectors

Gene-specific primers with specific overhangs were used for the amplification of target
genes from cDNA (5.3) or genomic DNA (5.5.7).

BP-overhangs were used for the subsequent BP-cloning (Invitrogen) into Gateway-
compatible entry vectors (b DONR207, pDONRzeo) following the manufacturer’s instructions.
For type IIS restriction enzyme-based cloning strategies, all corresponding recognition sites
in the construct were mutated prior to cloning. Bsal recognition sites were added to the
primers for the subsequent cloning into the modified, Gateway-compatible pENTR_D
Bsal:GW:Bsal vector (see Morbitzer et al., 2011). Bpil and Bsal recognition sites were
added to the primers for subsequent Golden Gate cloning (see Binder et al, 2014). A

complete list of all generated entry clones can be found in the appendix.

5.2.3. Transformation of E. co/z

Chemically competent E. coli cells were thawed on ice prior to the addition of DNA (5 pyl LR
reaction, 10 ng plasmid DNA). After incubation on ice for 10 minutes, a heat shock at 42 °C
was performed for 90 sec. Back on ice, 250 yl LB medium was added and the cells were
incubated at 37 °C for 1 h with gentle shaking. Subsequently, cells were plated onto LB
plates containing the appropriate antibiotic selection and incubated oN at 37 °C.
Transformants were verified by analytical PCR (colony PCR) and grown oN in liquid culture
(37 °C, 180 rpm). Plasmids were isolated with the GenedJet Plasmid MiniPrep Kit (Thermo

Scientific) following the manufacturer’s instructions.

5.2.4. Cloning of Expression Vectors

Gateway-compatible expression vectors were cloned following the manufacturer’s
instructions. Golden Gate-compatible expression vectors were assembled as described in
(Binder et al., 2014). A complete list of all generated expression clones can be found in the

appendix.
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5.2.5. Transformation of A. tumefaciens

Electro-competent A. tumefaciens cells were thawed on ice prior to the addition of 50 ng
plasmid DNA. The electroporation was conducted in electroporation cuvettes with 1.8 kV.
Subsequently, 500 ul LB were added and cells were incubated at 28 °C for 2 h with gentle
shaking. Afterwards, cells were plated onto LB plates containing the appropriate antibiotic
selection and incubated for two days at 28 °C. Transformants were verified by analytical
PCR (colony PCR).

5.2.6. Generation of Artificial MicroRINAs (amiRNAs)

AmiRNAs were designed following the guidelines of the web tool WMD3 (Web MicroRNA
Designer) (see Ossowski et al., 2008). The amiRNA-containing precursor was generated by
overlapping PCRs using the plasmid pRS300 as template. Overhangs containing Bsal sites
were used to clone the constructs into the vector pENTR_D Bsal:GW:Bsal. The vector

pGWB2 was used for the in planta expression.

5.3. RNA, cDNA, qPCR

5.3.1. RNA Extraction from A. thaliana

Total RNA was extracted from 14-day-old seedlings or five-week-old leaves using the
Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) following the manufacturer’s instructions.
RNA was eluted with 30 yl DEPC-treated H,O. The quality of the RNA was analyzed via

agarose gels and the absorbance of UV-visible light.

5.3.2. DNase Treatment of RNA

1 yg RNA was treated with DNase | (Invitrogen) according to the instructions provided by the
manufacturer. The success of the treatment was subsequently verified by performing a test
gRT-PCR (5.3.4).
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5.3.3. cDNA Synthesis

The DNA-free RNA was used for cDNA synthesis (Invitrogen, Superscript® IV First-Strand
Synthesis System) following the manufacturer’s instructions. The cDNAs were subsequently
diluted 1:5.

5.3.4. Quantitative Real-Time PCR (qPCR)

Quantitative real-time PCRs were performed using a 96-well Real-Time PCR machine (Bio-
Rad, CFX96). Two technical replicates and at least three biological replicates were used.
The AtUBC gene was used as housekeeping gene. Standard qRT-PCRs were performed
with an annealing temperature of 60 °C and without an elongation step.

A list of all gPCR primer used in this study can be found in the appendix.

Master mix

Amount | Component
5 ul | SYBR™ Green Master Mix

1 pl | Forward Primer (1 yM)

1 ul | Reverse Primer (1 yM)
2ul | HO
1 ul | cDNA (1:5 diluted)

Standart gPCR program

Step Temperature Time
1. Initial denaturation 95 °C 3 min
2. Denaturation 95 °C 10 sec
3. Annealing 60 °C 30 sec
4. Denaturation 95 °C 10 sec
4. Generation of melt curve 65°C—-95°C 5 sec
Increase 0.5 °C/cycle

Steps 2 — 3 were repeated 39 times.
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5.4. Protein Work

5.4.1. Protein Separation via SDS-PAGE

Proteins samples were mixed with the appropriate amount of SDS loading dye and boiled for
5 min at 95 °C prior to loading on a 10 % SDS-Polyacrylamide gel, if not indicated differently.
The electrophoresis was performed for 1 — 2 h at 150 V in 1 x SDS running buffer.
Subsequently, gels were either stained with coomassie (0.1 % in a solution containing 40 %

ethanol and 10 % acetic acid) or used for western blot analysis (5.4.2).

6 x SDS loading dye

Amount | Component
350 mM | Tris-HCI pH 6.8
30 % | Glycerol
10 % | SDS

0.012 % | Bromophenol blue
600 mM | DTT (add freshly before use)

Stacking gel

Amount | Component

180 mM | Tris-HCI pH 6.8

5 % | Acrylamide
0.1 % | SDS
0.1 % | APS
0.1 % | TEMED

Separation gel 10 %

Amount | Component
360 mM | Tris-HCI pH 8.8
10 % | Acrylamide

0.1 % | SDS
0.1 % | APS
0.04 % | TEMED
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10 x SDS running buffer

Amount

Component

3 % (W/V)

Tris

14.4 % (w/v)

Glycine

1%

SDS

5.4.2. Western Blot Analysis

111

Proteins were transferred onto ethanol-activated PVDF (polyvinylidene fluoride) membranes
using 1 x transfer buffer for 3 h at 100 V and 4 °C or over night at 35 V and 4 °C. The

subsequent handling of the membrane was performed following the manufacturer’s

suggestions for the first antibody. The membranes were blocked in milk or BSA for 1 — 2 h at

room temperature. The first antibody was applied to the membrane over night at 4 °C. After

three washing steps the membrane was incubated with the respective HRP-conjugated

second antibody for 2 — 3 h at room temperature. Following three washing steps, the

membrane was incubated with the SuperSignal® West Femto Maximum Sensitivity

substrate (Pierce) and chemiluminescence was detected using a fusion detection camera

(Peqglab).

10 x Transfer buffer for small proteins

Amount

Component

3 % (w/v)

Tris

14.4 % (wW/v)

Glycine

Adjust pH 8.3

Prior to use ethanol was added to a final concentration of 20 %. A final concentration of 10

% ethanol and 0.01 % SDS was used to optimize the transfer of large proteins.
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5.4.3. Expression of Recombinant Proteins in E. co/;

For the recombinant expression of RLKSs, the cytosolic domains were cloned into the pASK-
IBA7 plus vector under the control of the tetA promoter. All proteins were expressed as
Strep-tag |l fusion proteins in E. coli DH5a cells. Liquid cultures were grown at 37 °C until
ODeoo reached 0.6 — 0.8. The expression of recombinant proteins was induced with 200 pg/l
anhydrotetracycline for 24 h at 16 °C. Samples were taken before and 24 h after induction

and analyzed using SDS-PAGE followed by immunoblot analysis (5.4.2).

5.4.4. Purification of Recombinant Proteins from E. co/;

Strep-tag ll-fused recombinant proteins were expressed in the DH5a strain (5.4.3). Cells
were harvested by centrifugation (15 min, 4000 x g, 4 °C), resuspended with the appropriate
amount of STE buffer (containing 100 pg/ml lysozyme and protease inhibitors) and
incubated on ice for 15 min. Subsequently, 5 mM DTT and 1.5 % N-lauroylsarcosine were
added and mixed by vigorous shaking. A French press was used to break the cells (3 times
1260 psi) and cell debris was removed by centrifugation (15 min, 9500 x g, 4 °C). The
supernatant was immediately loaded onto equilibrated Strep-tactin® sepharose® containing
columns. The sepharose was washed 5 times with 2 CV buffer W and bound proteins were
subsequently eluted 6 times with 0.5 CV buffer E. The purification was analyzed using SDS-
PAGE followed by immunoblot analysis (5.4.2)

STE buffer

Amount | Component

10 mM | Tris pH 8

150 mM | NaCl
1mM | EDTA
Buffer W

Amount | Component
100 mM | Tris pH 8
150 mM | NaCl

1mM | EDTA
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Buffer E

Amount | Component
100 mM | Tris pH 8
150 mM | NaCl

1mM | EDTA

2.5 mM | Desthiobiotin

5.4.5. In vitro Phosphatase Assay

20 pl purified RICKY1 protein (5.4.4) were incubated with 1 x FastAP reaction buffer and 7 pl
FastAP (Thermosensitive Alkaline Phosphatase) (Thermo scientific) for 1 h at 37 °C. The
reaction was stopped by adding the appropriate amount of SDS loading dye and boiling for
5 min. The dephosphorylation was analyzed using SDS-PAGE followed by immunoblot

analysis with tag- and phospho-specific antibodies (5.4.2)

5.5. Plant Work

5.5.1. Sterilization of A. #haliana Seeds

Arabidopsis seeds were incubated in 70 % ethanol (+ 0.05 % Tween 20) for 10 min with
continuous shaking. The solution was replaced twice with 96 % ethanol and twice with sterile
ddH.O for two minutes each. Subsequently, the seeds were transferred to %2 MS plates
supplemented with 1 % sucrose (5.1.3.1) and vernalized for two to five days at 4 °C in the
dark.

5.5.2. A. thaliana Growth Conditions

Sterilized Arabidopsis seeds were germinated on plate (5.5.1) under long-day conditions
(16 h light/ 8 h darkness, 22 °C/ 18 °C). Seedlings designated for growth on earth were
transferred 2 days after germination. Plants used for seed production were grown under

long-day conditions in the greenhouse for 8 weeks. Plants for elicitor treatments and
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infection assays were grown under short-day conditions (8 h light / 16 h darkness, 20 °C/ 18

°C) in walk-in chambers, if not indicated differently.

5.5.3. N. benthamiana Growth Conditions

N. benthamiana plants were grown for 3 — 4 weeks in a walk-in chamber under long-day (16

h light/ 8 h darkness) conditions.

5.5.4. Generation of Stable Transgenic 4. thaliana Plants

Plants designated for stable transformation with A. fumefaciens were grown under short-day
conditions for 5 — 6 weeks in a walk-in chamber. Plants were transferred to long-day
conditions in the greenhouse to induce floral transition. The primary bolt was cut one week
prior to floral dipping (Clough & Bent, 1998). In brief, 250 ml liquid medium was inoculated
with A. fumefaciens (50 ml liquid culture, grown oN) and grown for 4 h at 28 °C with gentle
shaking. Bacterial cells were harvested and resuspended in dipping solution. Plants were
dipped into the solution, covered with a big and incubated over night in the dark.

On the next day, the plants were transferred to the greenhouse for seed production.

Dipping solution

Amount | Component

5 % | Sucrose

0.05 % | Silvett-77

x | Bacterial pellet

5.5.5. Identification of Transformed A. thaliana Plants

Transgenic plants carrying the bar gene as transformation marker were sown on soil and
grown under long-day conditions in the greenhouse. The gardeners sprayed the seedlings
twice with BASTA (0.25 % in water). Resistant plants were brought to seed production.

Transgenic plants carrying the hpt gene as transformation marker were identified according

to (Harrison et al., 2006). In brief, seeds were sterilized (5.5.1) and transferred to 2 MS
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plates containing 1 % sucrose and 15 pyg/ml hygromycin B (5.1.3.1). Following stratification
(2 days, 4 °C, darkness), the seedlings were incubated for 6 h in a walk-in chamber under
white light. After 2 days incubation in the dark, the seedlings were grown under long-day
conditions for 2 additional days. Resistant seedlings were transferred to soil and brought to

seed production.

5.5.6. Generation of Genetic Crosses

Homozygous parental lines were grown in the greenhouse under long-day conditions until
they start flowering. All open flowers, young flower buds and seed pots were removed in the
designated mother plants. Pistils were dissected and pollinated with open flowers of the
designated father plant. The pollination was repeated on the two following days. Seeds of

the fertilized pistils were harvested and F1 plants were analyzed by PCR (5.5.8).

5.5.7. DNA Extraction from _A. thaliana

Arabidopsis plants were grown for 3 — 4 weeks under long-day conditions. One leaf per plant
was harvested, ground in liquid nitrogen and mixed with 500 ul extraction buffer. Cell debris
was removed by centrifugation (10 min, high speed, benchtop centrifuge). The supernatant
was supplemented with isopropanol (1:1), mixed by inversion and spun down (15 min, top
speed, benchtop centrifuge). The pellet was dried for 30 min and subsequently
resuspendend in H,O with gentle shaking for 30 min. Leftover cell debris was removed by

centrifugation (10 min, top speed, benchtop centrifuge).

DNA extraction buffer

Amount | Component
200 mM | Tris/HCI pH 9
400 mM | LiCl
25 mM | EDTA
1% | SDS
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5.5.8. Genotyping Procedure for T-DNA Insertion Lines

T-DNA insertion lines ordered from ABRC/NASC and plant lines derived from genetic
crosses were genotyped. Therefore, DNA of 3 — 4-week-old plants was extracted (5.5.7) and
used for PCR amplification (5.2.1.1). In total, three PCRs were performed to clarify the
genotypes of all plants. Gene-specific primers that span the annotated T-DNA insertion site
were used to amplify the wild type allele. A T-DNA specific primer was combined with the
gene-specific forward and the reverse primer to identify the orientation of the T-DNA. The
mutant allele amplicons were sent for sequencing (following the guidelines of the sequencing

service faculty of biology) to verify the exact insertion site.

5.5.9. Transient Transformation of N. benthamiana Leaves

A. tumefaciens carrying the construct of interest were grown oN in liquid LB under
appropriate antibiotic selection. Bacteria were harvested and resuspended in infiltration
solution to obtain the desired ODgo for infiltration. The viral silencing inhibitor P19 was used
with a final ODgg of 0.1. The bacterial solutions were incubated for 2 h in the dark prior to
infiltration. The youngest, fully expanded leaves of 3 — 4-week-old N. benthamiana plants
were syringe-infiltrated and grown for three additional days under long-day conditions.

Protein expression was analyzed using confocal microscopy (5.7).

Infiltration solution

Amount | Component

150 uM | Acetosyringone
10 mM | MgCl,
10 mM | MES/KOH pH 5.6

X | Bacterial Pellet

5.5.10. Whole Protein Extraction from A. thaliana

Arabidopsis seedlings were grown on %2 MS plates supplemented with 1 % sucrose (5.1.3.1)
for 14 days under long-day conditions. 8 — 10 seedlings per line were harvested, pooled and

ground in liquid nitrogen. 2 x volume Waadt buffer were added to the plant powder prior to
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boiling at 95 °C for 5 min. Leftover cell debris was removed by centrifugation (30 min, 16,000
X g, 4 °C). The supernatant was mixed with 2x SDS loading dye (5.4.1), boiled for 5 min at
95 °C and subsequently loaded on a SDS-PAGE (5.4.1).

Waadt buffer

Amount | Component
62.5 mM | Tris
2% | SDS
10 % | Glycerol

5 % | B-Mercaptoethanol

1 x | Protease inhibitor cocktail

5.5.11. ROS Burst Assay

Plants were grown for 4 — 5 weeks in a walk-in chamber under short-day conditions.

One leaf disc per plant was harvested with a cork borer (diameter 4 mm), transferred to a
new, white 96-well plate and floated oN in sterile HO. On the next day, H,O was replaced
by 100 ul ROS reaction mixture and the luminescence was measured using a 96-well plate

reader (30 °C, 0.5 s measurement/well, 5 s shaking/ plate, 30 — 35 cycles).

ROS reaction mixture

Amount | Component

10 yg/ml | Horseradish peroxidase
400 yM | Luminol pH 11
100 nM | flg22

5.5.12.  Callose Deposition Assay

Plants were grown for 4 — 5 weeks in a walk-in chamber under short-day conditions. One
day prior to the experiment the plants were not watered. One leaf per plant was syringe-
infiltration with 1 yM flg22 or H,O, respectively. Leaves discs were harvested 24 h later with
a puncher (diameter 4 mm) and cleared oN in an ethanol : acetic acid (6 : 1) solution. After

several washing steps (once with 50 % and 30 % ethanol and twice with H,O for 1 h,
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respectively) the leaves were stained with methyl blue (0.05 % in 67 mM K,HPO, pH 9.2) oN
in darkness. Callose deposits were visualizes using fluorescence microscopy (Leica DMI
6000B, A4 filter, 5x objective) and one representative picture was taken per leaf disc. Image
processing and analyses were performed using ImageJ/FIJI (1.46r). Pictures were
background subtracted (rolling ball of 10 pixels) and filtered (Gaussian blur of 1 pixel) prior to
automatic thresholding. The number of callose depositions was counted using the “analyze

particles” function of ImageJ.

5.5.13. Marker Gene Expression

Five-week-old Arabidopsis leaves were used for the analysis of gene expression upon a
certain stimulus. Leaves were infiltrated with 1 yM flg22 and water (as control) for the
examination of the defense marker genes. Leaves were infiltrated with water or wounded
with a needle to analyze the stress induction. Here, non-infiltrated and non-wounded leaves
were used as controls. Leaves were harvested at the indicated time points and handled as
described in 5.3.

5.5.14.  Infection with P. syringae

Arabidopsis plants were grown for 4 — 5 weeks in a walk-in chamber under short-day
conditions. P. syringae bacteria were grown in liquid culture (containing the respective
antibiotic selection) until ODgyo = 0.6 — 0.9. The plants were spray-inoculated with an ODgg
of 0.02 (in 10 mM MgCl, containing 0.04 % Silwet L-77). After spraying, the plants were kept
under high humidity for three days in a binder chamber. Two leaf discs (diameter 4 mm) per
plant were pooled and ground in 10 mM MgCl,. Serial dilutions were dropped to Kings B
medium containing the appropriate antibiotic selection (5.1.1.2) and colonies were counted 2

— 3 days after incubation at 28 °C.

5.5.15. Infection with H. arabidopsidis

For the evaluation of oomycete haustoria, plants were grown for 14 days in a walk-in
chamber under long-day conditions. 10 — 15 seedlings were planted in one pot. Hpa Noco2

spores were freshly harvested from Col-0 plants one week after infection. Therefore, infected
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leaves were collected, washed with sterile H,O and mixed by vigorous shaking. After
filtration through miracloth, the liquid was sprayed onto Arabidopsis seedlings. The seedlings
were kept under high humidity for six days in a binder chamber. Haustoria were images
using confocal microscopy (5.7).

The evaluation of Hpa sporulation was performed by Harald Keller (UMR-Institut Sophia
Agrobiotech). In brief, 10-day-old seedlings were spray-inoculated to saturation with a spore
suspension from the H. arabidopsidis isolate Waco at 40,000 spores mL™". Plants were kept
in a growth cabinet at 16 °C for six days with a 12 h photoperiod. Sporulation was induced
by spraying plants with water and keeping them for 24 h under high humidity, and the

sporulation rate was determined with a hemocytometer.

5.5.16. Infection with A. brassicicola

Elisabeth Pabst (Helmholtz Zentrum Minchen) performed the infection assays with A.
brassicicola. In brief, 600 spores of A. brassicicola were dropped onto four-week-old A.
thaliana leaves. After 4 — 5 days, the severity of disease was determined by measuring the

lesion diameters at the spots of infection.

5.5.17. Auxin Root Growth Inhibition Assay

Arabidopsis seeds were grown vertically on %2 MS plates containing 1 % sucrose (5.1.3.1)
for 3 — 4 days under long-day conditions. Subsequently, the seedlings were transferred to %2
MS plates supplemented with 1 % sucrose and different concentrations of naphthaleneacetic
acid (NAA). The length of the primary root was marked on day 0 as control and on day 3 and

day 5. Plates were scanned and the root growth was analyzed using ImageJ.

5.5.18.  Developmental Phenotyping

All seeds were germinated on %2 MS plates supplemented with 1 % sucrose (5.1.3.1).
Seedlings designated for the examination of germinations rates and rosette diameter at 14
days were grown on plate under long-day conditions. The phenotyping of later development

stages was performed on adult plant grown under long-day conditions in the greenhouse.
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The transition from the vegetative to generative state (floral transition) was defined as the

time point of shoot emergence.

5.6. Yeast Work

5.6.1. Yeast Transformation

Remorins were cloned into the pGADT7 vector containing the activation domain (AD) of
GAL4 to perform the GAL4 yeast two-hybrid interaction assays. The cytosolic domains of all
kinases were cloned into the pGBKT7 vector containing the binding domain (BD) of GAL4.
200 ng of both plasmids were combined and mixed with 300 ul of the yeast transformation
master mix.

The strain PJ69-4a was grown in 20 ml liquid YPAD (5.1.2.1) until it reached ODgg = 0.6.
Cells were harvested, dissolved in 1 ml sterile water and 100 ul were immediately added to
the master mix. After vigorous shaking for at least 1 minute, the cells were incubated for 45
min at 42 °C. Subsequently, the cells were harvested, resuspended in 0.9 % NaCl and
plated on SD medium (5.1.2.2) lacking leucine and tryptophan. The transformation efficiency

was analyzed after 2 — 3 days incubation at 28 °C.

Yeast transformation master mix

Amount | Component
240 ul | 50 % PEG 3350
36 ul | 1 M LiAc

30 yl | 2 mg/mg denaturated single-stranded DNA

5.6.2. GALA4 Yeast Two-Hybrid Drop Assay

PJ69-4a cells were co-transformed with AD- and BD-fused constructs of interest (5.6.1). At
least 10 colonies per combination were pooled and grown over night in 100 ul liquid SD —-LW
medium (5.1.2.2) at 28 °C. On the next day, the cells were diluted to a final ODggo of 1. Five
serial dilutions were performed and dropped onto SD -LW, SD -LWH and SD -LWH
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+ 2.5 mM 3-amino-1,2,4-triazole (3-AT) plates using a stamp. Yeast growth was analyzed

after 3 days incubation at 28 °C.

5.6.3. Protein Extraction from Yeast

20 ml of SD -LW liquid medium (5.1.2.2) were inoculated with yeast cells grown on SD -LW
plates of the GAL4 Y2H drop assay (5.6.2). After 16 — 20 h shaking at 28 °C, the cells were
harvested and washed with 1 mM EDTA. The pellet was dissolved with 200 yl 2 M NaOH
and incubated on ice for 10 min. Subsequently, 200 uyl 50 % TCA were added, mixed and
incubated on ice for 2 h. The cells were harvested (20 min, 14,000 x g, 4 °C) and washed
with 200 pl ice-cold acetone. Following another centrifugation step (20 min, 14,000 x g, 4
°C), the cells were resuspended with 200 ul 5 % SDS and equal amounts of SDS sample
buffer were added. Cells were incubated for 15 min at 37 °C with gently shaking and cell
debris was removed by centrifugation (5 min, 14,000 x g, RT). The supernatant was

analyzed using SDS-PAGE (5.4.1) followed by immunoblot analysis (5.4.2).

Yeast SDS sample buffer

Amount | Component

25 mM | Tris-HCI pH 6.8

9 M | Urea
1mM | EDTA
1% | SDS

0.7 M | B-Mercaptoethanol
10 % | Glycerol

0.01 % | Bromphenol blue

5.7. Confocal Laser Scanning Microscopy (CLSM)

For microscopic analyses, A. thaliana and N. benthamiana leaves were infiltrated with H,O
prior to harvest (puncher 4 mm diameter). Leaf discs were mounted on glass slides and
immediately imaged using a Leica TCS SP5 confocal microscope. GFP was excited with the

Argon laser (AR) at 488 nm and the emission was detected between 500 and 550 nm. YFP
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was excited with a wavelength of 514 nm (AR) and the emission was detected at 525 — 599
nm. mCherry was excited at 561 nm using the Diode Pumped Solid State (DPSS) laser and
the emission was detected at 570 — 640 nm. Samples, co-expressing two fluorophores, were
imaged using the sequential mode between frames. Images were taken with a Leica
DFC350FX digital camera.

5.7.1. FM4-64 Staining of the Plasma Membrane

100 pyg FM4-64 powder were resolved in 165 pyl DMSO. Prior to use the stock solution was
diluted 1:10 with H>O (final concentration: 100 yM). Leaf discs were floated in FM4-64 for 15
— 20 minutes prior to image acquisition. The excitation was performed at 561 nm with the

DPSS laser and the emission was detected between 570 and 640 nm.

5.7.2. Bimolecular Fluorescence Complementation (BiFC)

BiFC experiments were transiently performed in N. benthamiana leaves (5.5.9). Therefore,
all remorin constructs were N-terminally fused to the N- and C-terminal part of YFP (Yn or
Yc), while RICKY1 constructs were C-terminally fused to Yn. All constructs were under the
control of the 35S promoter (PAMPAT vector series). Remorins were infiltrated with a final
ODegoo of 0.005 and RICKY1 with a final ODggo of 0.2. The expression was analyzed three

days after infiltration using confocal microscopy (5.7).

5.7.3. Fluorescence Lifetime Imaging and Fluorescence Resonance

Energy Transfer (FLIM-FRET)

FLIM-FRET experiments were performed in five-week-old stable transformed A. thaliana
plants expressing RICKY1-sGFP, RICKY1-sGFP and mCherryREM1.2 or RICKY1-sGFP
and mCherry-REM1.3 under the control of their native promoters, respectively. The
fluorescence of H,O-infiltrated leaf discs was first verified as described above (5.7). FLIM
measurements were performed with a Ti:Sapphire (Mai Tai) picosecond-pulse multi-photon
laser and a fast FLIM photomultiplier (Becker & Hickl, Berlin, Germany). The 63x lens (zoom
4 — 6) was used for imaging. Image acquisition was performed with a pixel format of
256x256 and a pinhole set to 9.89. GFP was excited with a wavelength of 900 nm (12.5 %,
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21 % Gain, 20 % Offset, 80 MHz pulsing) and fluorescence was detected between 495 —
570 nm.

Data acquisition was performed with the predefined setup, 256_256_80.hz-256tch, of the
SPCM software. Photons were counted for 64 cycles (3 s/cycle). Fluorophore lifetimes were
subsequently analyzed using the SPCimage software version 2.80. Therefore, a ROl was
dragged around the PM excluding chloroplasts and obvious artifacts. The “hot spot” was
positioned manually to calculate the Instrument Response Function (IRF) for the fitting
procedure. For an optimized signal to noise ratio, pixels were binned by factor 6.
Additionally, a threshold value of 20 was used for all pictures. The X fit should be close to 1.
The fluorescence decay matrix was calculated to obtain the average lifetime of GFP per
image. Values between 2000 and 2600 ns were taken into consideration. In addition, the
frequency of all lifetimes was exported. The FRET efficiency was calculated using the

formula: (1-(lifetimeyit acceptor/ lifetimewithout acceptor)) *100.

5.7.4. Fluorescence Recovery After Photo Bleaching (FRAP)

FRAP experiments to compare the mobility of RICKY1-sGFP in the ricky1-1 and the rem1.2-
1 mutant backgrounds were performed in 14-day-old seedlings. Five-week-old plants were
used to compare the dynamics of RICKY1-sGFP and RICKY1 D811N-sGFP (both in ricky1-
1). The imaging was performed in the FRAP Wizard software with AR laser power of 40 %.
The 20x lens (zoom 15) and a pixel format of 512x512 were used for image acquisition.
Three pre-bleach images were taken (1.293 s/frame). Subsequently, two ROIs (2 ym x 2
um) were bleached per image (seedlings: 15 frames, laser 488 nm 100 %, 476 nm 100 %;
adult plants: RICKY1-sGFP: 20 frames, laser 488 nm 100 %, 476 nm 100 %; RICKY1
D811N-sGFP: 10 frames, laser 488 nm 100 %) and recovery was imaged in 15 s intervals
over 20 frames.

FRAP calculation were performed using ImageJ and R studio. In brief, fluorescence values
in a bleached area were normalized to a control ROI in the proximity. Normalized values
were fitted using the formula y = A*(1- exp(-b*x)). Mobile fractions (mf = A*100/l,; with |, =

initial fluorescence intensity ) were calculated.
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5.8. Total Internal Reflection Fluorescence (TIRF) Microscopy

Sebastian Konrad (LMU Minchen) performed the TIRF microscopy as well as the
subsequent co-localization analyses.

In brief, a planar gel pad of Carolina Observation Gel (Carolina Biological Supply, Item No. #
132700) was created by pressing a small ball of gel between two glass slides. Leaves where
infiltrated with perfluorodecalin and mounted on the gel as described in (Littlejohn et al.,
2014). TIRF illumination was generated in a Delta Vision Elite (GE, Healthcare, Applied
Precision) system with an Olympus IX-71 microscope, equipped with an Insight SSI(TM)
solid state illumination system and an X4 laser module. Images were taken with an Olympus
UAPON 100XOTIRF 1.49 NA oil immersion objective and recorded with a CoolSnap HQ2
CCD camera (Photometrics, Tucson, USA). GFP was excited with the 488 nm laser line and
emission was detected with a 525/48 nm bandpass filter. mCherry was excited with the 542
nm laser line and emission was detected with a 597/45 nm bandpass filter. Image exposure
time and TIRF angle were adjusted according to sample fluorescence intensity and
specimen location.

Pearson’s colocalization of at least 20 images where determined using the Imaged plugin
JACOoP (Bolte & Cordelieres, 2006). A Costes randomization was conducted for every image
to evaluate these parameters. Therefore, pixel blocks of the GFP channels were randomly
distributed resulting in artificial images that were again compared with the corresponding
mCherry channel. P-values of the Costes randomization always yielded a highly significant

difference from the original images (P= >99%).

5.9. Statistical Analyses

The program “R studio” (0.99.486 © 2009 — 2015 R Studio Inc.) was used for graphical
presentation and statistical analyses. Therefore, the packages “multcomp” (Hothorn et al.,
2008), “multcompview” and “car” (Fox & Weisberg, 2011) were used. If two samples with
equal variances were compared, a Student’s ftest was performed. A Welch ftest was
performed, if the samples had unequal variances. If more than two samples were analyzed,
a one-way analysis of variance (ANOVA) followed by a Tukey HSD test (all vs. all) or a
Duunett’s multiple comparison test (all vs. one) was performed. The Fisher’s exact test was
used to assess the independency of a certain characteristic in different samples. Values

obtained by qPCR were transformed logarithmically prior to statistical analysis.
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5.10. Web Tools

Name

Link*

Purpose of use

Clustal Omega

http://www.ebi.ac.uk/Tools/msa/clustalo/

Protein alignment

bin/webapp.cqi

UniProtKB http://www.uniprot.org/help/uniprotkb Prediction of

protein domains
Pfam30.0 http://pfam.xfam.org/ Prediction of

protein domains
PONDR VL-XT | http://www.pondr.com/ Prediction of ID regions
WMD3 http://wmd3.weigelworld.org/cgi- Design of amiRNAs

*26.02.2017
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6. Abbreviations

3-AT

35S

Q_

AD

A. thaliana

A. tumefaciens

ABA
ABI1
ABRC
ACA8
ACT1
AM
amiRNA
ANX
APS
ATL31
ATP
Avr
BAK1
BD
Bgh
Bgt
BiFC
BIK1
BOR1
BR
BRI
BSA
C-terminus
Ca2+
CD
cDNA
CDPK/CPK
CEBIP
CERK1
CesA
Cfu

cr
CLSM
COR
CRISPR
CSC
CsH
Cw
CWiI
D/Asp
DAMP
DEX
DIM
Dm
DNA
dNTP

3-amino-1,2,4-triazole

Promoter of the Cauliflower mosaic virus
Anti-

Activation domain

Arabidopsis thaliana

Agrobacterium tumefaciens

Abscisic acid

ABSCISIC-ACID INSENSITIVE 1
Arabidopsis Biological Resource Center
ARABIDOPSIS-AUTOINHIBITED CA2+ ATPASE 8
ACTIN 1

Arbuscular mycorrhiza

Artificial microRNA

ANXUR

Ammoniumperoxodisulphate

TOXICOS EN LEVADURA 31

Adenosine 5 -triphosphate

Avirulence

BRI1-ASSOCIATED RECEPTOR KINASE
Binding domain

Blumeria graminis f. sp. hordei

Blumeria graminis f. sp. tritici

Bimolecular fluorescence complementation
BOTRYTIS-INDUCED KINASE 1

BORON TRANSPORTER 1
brassinosteroid

BRASSINOSTEROID INSENSITIVE 1
Bovine serum albumin

Carboxy-terminus

Calcium

Cytosolic domain

Coding DNA

CALCIUM-DEPENDENT PROTEIN KINASE
CHITIN ELICITOR-BINDING PROTEIN
CHITIN ELICITOR RECEPTOR KINASE 1
Cellulose synthase

Colony forming unit

Chloride

Confocal laser scanning microscopy
Coronatine

Clustered Regularly Interspaced Short Palindromic Repeats

Cellulose synthase complex

CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1

Cell wall

Cell wall integrity

Aspartic acid

DAMAGE-ASSOCIATED MOLECULAR PATTERN
Dexamethasone

Detergent-insoluble membrane

Double mutant

Deoxyribonucleic acid

Di-nucleotide triphosphate
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DOPE
DORN1
dpi

DRM
DSM
DTT

E. coli
ECD
EDS1
EDTA
EFR
EF-TU
EHM
ERF
ERL

ET

ETI

ETS
FLIM
FLOT
FLS2
FRAP
FRET
G/Gly
GAL4
gDNA
GFP
GPI
GSD1
GSL
GW

H

h
HAE/HSL2
Hpa

HR

HRP
HygB
IAA

ID

IG

1051
IRAK
JA
K/Lys

K+

Kan
KAT1
Kb
KD
L
LecRK
LIK1
LORE
LPS
LRR
LYM
LYK

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOES NOT RESPOND TO NUCLEOTIDES 1
Days post infection

Detergent-resistant membrane
Detergent-soluble membrane
Dithiothreitol

Escherichia coli

Extracellular domains

ENHANCED DISEASE SUSCEPTIBILITY 1
Ethylenediaminetetraacetic acid

EF-TU RECEPTOR

Elongation factor thermo unstable
Extra-haustorial membrane

ETHYLENE RESPONSE FACTOR 1
ERECTA-LIKE

Ethylene

Effector-triggered immunity
Effector-triggered susceptibility
Fluorescence lifetime imaging

Flotillin

FLAGELLIN SENSING 2

Fluorescence recovery after photobleaching
Fluorescence resonance energy transfer
Glycin

Galactose-responsive transcription factor
Genomic DNA

Green fluorescence protein
Glycosylphosphatidylinositol

GRAIN SETTING DEFECT 1

GLUCAN SYNTHASE-LIKE

Gateway

Histidine

hour(s)

HAESA/HAE-LIKE 2

Hyaloperonospora arabidopsidis
Hypersensitive response

Horseradish peroxidase

Hygromycin B

Indole-3-acetic acid

Intrinsic disorder

Indole glucosinolate

IMPAIRED IN SUSCEPTIBILITY 1

IL-1 RECEPTOR-ASSOCIATED KINASE
Jasmonic acid

Lysine

Potassium

Kanamycin

ARABIDOPSIS THALIANA K* CHANNEL
Kilobase

Knockdown

Leucine

Lectin receptor kinase

LYSM RLK1-INTERACTING KINASE 1

LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION

Lipopolysaccharides
Leucine-rich repeat

LysM DOMAIN-CONTAINING GPI-ANCHORED PROTEIN

LYSIN MOTIF RECEPTOR LIKE KINASE

127



128 RICKY1 — a Novel Membrane Micro-Domain-Associated Player of Plant Immunity

LysM
M

M. truncatula
MAMP
MAPK
MD

mg
MEKK1
MES
MgC|2
MQSO4
MKK
min

ml
MLD
um
MPK
MS
MSK
MtPT4
N. benthamiana
N-terminus
NAA
NASC
NB-LRR
NFR
NPA
oD
OGs
oN
ORF
PAGE
PAM
PAMP
PBL
PCR
PD
PDLP1
PEG
PEN
PEPR
PG
PGAs
PGN
PIN
PIP
PM
PME
PMR4
PR1
PRR
Pro
PSKR1
PTI
Pto
gPCR
R/Arg
R gene

Lysin motif

Molar

Medicago truncatula

Microbe-associated molecular pattern
Mitogen-activated protein kinase

Malectin domain

Milligram

MAPK/ERK KINASE KINASE 1
2-(N-morpholino)ethanesulfonic acid
Magnesium chloride

Magnesium sulphate
MITOGEN-ACTIVATED PROTEIN KINASE KINASE
Minute(s)

Millilitre

Malectin-like domain

micrometer

MITOGEN-ACTIVATED PROTEIN KINASE
Murashige Skoog

Membrane-associated cytoskeleton
Medicago truncatula phosphate transporter 4
Nicotiana benthamiana

Amino-terminus

Naphthaleneacetic acid

Nottingham Arabidopsis Stock Center
Nucleotide-binding-LRR

NOD FACTOR RECEPTOR
N-1-Naphthylphthalamic Acid

Optical density

Oligogalacturonides

over night

Open reading frame

Polyacrylamide gel electrophoresis
Periarbuscular membrane
Pathogen-associated molecular pattern
AVRPPHB SUSCEPTIBLE 1 (PBS1)-like
Polymerase chain reaction
Plasmodesmata

PLASMODESMATA LOCATED PROTEIN 1
Polyethylene glycol

PENETRATION

PEP1 RECEPTOR

Polygalacturonase

Polygalacturonides

Peptidoglycan

PINFORMED

PLASMA MEMBRANE INTRINSIC PROTEIN
Plasma membrane

Pectin methylesterase

POWDERY MILDEW RESISTANT 4
PATHOGENESIS-RELATED PROTEIN 1
Pattern-recognition receptor

Promoter

PHYTOSULFOKINE (PSK) RECEPTOR 1
PAMP-triggered immunity

Pseudomonas syringae pv. tomato
quantitative PCR

Arginine

Resistance gene
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RALF RAPID ALKALINIZATION FACTOR

RBOHD RESPIRATORY BURST OXIDASE HOMOLOG D

Rd randomized

RICKY1 REMORIN INTERACTING KINASE IN YEAST

RIN4 RPM1 INTERACTING PROTEIN 4

REM Remorin

RIPK RPM1-INDUCED PROTEIN KINASE

RK Receptor kinase

RLCK Receptor-like cytoplasmic kinase

RLK Receptor-like kinase

RLP Receptor-like protein

RLU Relative light units

ROI region of interest

ROS Reactive oxygen species

RPMH1 RESISTANCE TO PSEUDOMONAS SYRINGAE PV. MACULICOLA

RPS2 RESISTANCE TO PSEUDOMONAS SYRINGAE 2

RPW8.2 RESISTANCE TO POWDERY MILDEW 8.2

Rr Pearson’s coefficient

RT Room temperature

RYL1 RICKY1-LIKE 1

SA Salicylic acid

SD Selective dropout

SDS Sodium dodecyl-sulphate

SE Standard error

S/Ser Serine

SERK SOMATIC EMBRYOGENESIS RECEPTOR KINASE

SLAC1 SLOW ANION CHANNEL 1

SLAH3 SLAC1 HOMOLOG 3

SNAP33 SOLUBLE N-ETHYLMALEIMIDE-SENSITIVE FACTOR ADAPTOR
PROTEIN 33

SYMREM SYMBIOTIC REMORIN 1

SYMRK SYMBIOSIS RECEPTOR-LIKE KINASE

T/Thr Threonine

T-DNA Transfer DNA

TEMED Tetramethylethylenediamine

THEA THESEUSH1

TIR Toll-interleukin 1 (IL-1) receptor

TIRF Total internal reflection fluorescence microscopy

TLR TOLL-LIKE RECEPTOR

™ Transmembrane

UBC Ubiquitin C

\ Volt

VAMP722 VESICLE-ASSOCIATED MEMBRANE PROTEIN 722

W Tryptophan

WAK WALL-ASSOCIATED KINASE

WT Wild type

Y2H Yeast two-hybrid

Yc C-terminal part of the yellow fluorescence protein

Yn N-terminal part of the yellow fluorescence protein

YNB Yeast nitrogen base

T Fluorescence lifetime
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Table 1 List of all used A. thaliana lines ordered from NASC/ABRC
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Ecotype | Background Marker | Transgene SALK/SAIL number
Col-0 ricky1-1 Kan SALK T-DNA | SALK_130548.42.45.x
Col-0 ricky1-2 Kan SALK T-DNA | SALK_057812.14.90.x
Col-0 ryl1-1 Kan SALK T-DNA | SALK_047602.23.65.n
Col-0 ryl1-2 Kan SALK T-DNA | SALK_129312C
Col-0 rem1.2-1 Kan SALK T-DNA | SALK_117637.50.50.x
Col-0 rem1.3-2 Kan SALK T-DNA | SALK_117448.53.95.x
Col-0 lik1-5 (N648255) | Kan SALK T-DNA | SALK_148255
Col-0 fls2 Kan SAIL T-DNA | SAIL-691C04
Table 2 List of genetic crosses generated in this study
Ecotype | Parental line | | Parental line Il
Col-0 ricky1-1 lik1-5
Col-0 ryl1-1 lik1-5
Table 3 List of transgenic lines created in this study
Ecotype | Background | Marker | Transgene
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1-sGFP
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1-sGFP
HygB proREM1.2-mCherry-gREM1.2
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1-sGFP
HygB proREM1.3-mCherry-gREM1.3
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Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1 D811N-sGFP
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1 D811N-sGFP
HygB proREM1.2-mCherry-gREM1.2
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1 D811N-sGFP
HygB proREM1.3-mCherry-gREM1.3
Col-0 ricky1-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1 D811N-sGFP
HygB proREM1.2-mCherry-gREM1.2
S11,513,T18/T19A
Col-0 ricky1-1 Kan SALK T-DNA
HygB 35S:amiRYL1
Col-0 ricky1-2 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1-sGFP
Col-0 ricky1-2 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1 D811N-sGFP
Col-0 ryl1-1 Kan SALK T-DNA
HygB 35S:amiRICKY1
Col-0 rem1.2-1 Kan SALK T-DNA
Basta | proRICKY1:gRICKY1-sGFP
Col-0 rem1.2-1/ Kan SALK T-DNA
rem1.3-2* Basta | proRICKY1:gRICKY1-sGFP

* Double mutants generated by Iris Jarsch

Table 4 Bacterial and yeast strains used in this study

Species Strain Purpose of use
Escherichia coli DB3.1 Plasmid multiplication and maintenance
Escherichia coli DH5a Plasmid multiplication and maintenance,

Heterologous expression of RICKY1 CD/RICKY1
D811N CD
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Escherichia coli TOP10

Plasmid multiplication and maintenance

Escherichia coli Rosetta

Heterologous overexpression

Agrobacterium Aglt

Stable transformation of A. thaliana and transient

tumefaciens expression of N. benthamiana

Agrobacterium GV3101 Stable transformation of A. thaliana and transient
tumefaciens expression of N. benthamiana

Saccharomyces PJ69-4a GAL4 yeast two-hybrid interaction assay

cerevisiae

Table 5 Constructs used in this study

Insert Vector Description

REM1.2 cDNA +stop pGADT7 GAL4 Y2H assay (lris Jarsch)

REM1.3 cDNA +stop pGADT7 GAL4 Y2H assay (lris Jarsch)

REM1.2 cDNA +stop pGBKT7 GAL4 Y2H assay (lris Jarsch)

REM1.3 cDNA +stop pGBKT7 GAL4 Y2H assay (Iris Jarsch)

REM1.2 cDNA +stop pAMPAT In planta expression,
35S:Yn:GW BiFC (lIris Jarsch)

REM1.2 cDNA +stop pAMPAT In planta expression,
35S:Yc:.GW BiFC (lIris Jarsch)

REM1.3 cDNA +stop pAMPAT In planta expression,
35S:Yn:GW BiFC (lIris Jarsch)

REM1.3 cDNA +stop pAMPAT In planta expression,
35S:Yc:.GW BiFC (lIris Jarsch)

N-REM1.3/C-REM1.2 +stop pENTR_D Domain swap, entry clone
Bsal:GW:Bsal

N-REM1.3/C-REM1.2 +stop pGADT7 Domain swap, GAL4 Y2H assay

N-REM1.3/C-REM1.2 +stop pENTR_D Domain swap, entry clone
Bsal:GW:Bsal

N-REM1.3/C-REM1.2 +stop pGADT7 Domain swap, GAL4 Y2H assay

REM1.2 S11A +stop pKS Entry clone, phospho-mutant
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REM1.2 S13A +stop pKS Entry clone, phospho-mutant
REM1.2 T18A +stop pKS Entry clone, phospho-mutant
REM1.2 T19A +stop pKS Entry clone, phospho-mutant
REM1.2 S11A +stop pGADT7 GAL4 Y2H assay,
phospho-mutant
REM1.2 S13A +stop pGADT7 GAL4 Y2H assay,
phospho-mutant
REM1.2 T18A +stop pGADT7 GAL4 Y2H assay,
phospho-mutant
REM1.2 T19A +stop pGADT7 GAL4 Y2H assay,
phospho-mutant
REM1.2 T41/T46A +stop pGADT7 GAL4 Y2H assay,
phospho-mutant
REM1.2 S11/S13/T18/T19A pGADT7 GAL4 Y2H assay,
+stop phospho-mutant
REM®6.4 cDNA +stop pAMPAT In planta expression, BiFC
35S:Yn:GW
REM®6.4 cDNA +stop pAMPAT In planta expression, BiFC
35S:Yc:GW
RICKY1 CD +stop pDONRzeo Enry clone (Birgit Kemmerling)
RYL1 CD +stop pDONRzeo Enry clone (Birgit Kemmerling)
RICKY1 CD +stop pGADT7 GAL4 Y2H assay
(Birgit Kemmerling)
RICKY1 CD +stop pGBKT7 GAL4 Y2H assay
(Birgit Kemmerling)
RYL1 CD +stop pGADT7 GAL4 Y2H assay
(Birgit Kemmerling)
RYL1 CD +stop pGBKT7 GAL4 Y2H assay
(Birgit Kemmerling)
RICKY1 D811N CD +stop pDONRzeo Entry clone,
Kinase-dead RICKY'1
RICKY1 D811N CD +stop pGBKT7 GAL4 Y2H assay,

Kinase-dead RICKY1
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RICKY1 CD +stop

pASK IBA7 plus

Heterologous overexpression,

Bsal free

RICKY1 D811N CD +stop

pASK IBA7 plus

Heterologous overexpression,
Kinase-dead RICKY1, Bsal free

RICKY1 cDNA pDONR207 Entry clone
RICKY1 cDNA pAMPAT In planta expression, BiFC
35S:GW:Yn
RICKY1 cDNA pAMPAT In planta expression, BiFC
35S:GW:Yc
RICKY1 cDNA pDONR207 Entry clone, Bsal free
proRICKY1:gRICKY1 ORF pENTR_D Bsal free entry clone
Bsal:GW:Bsal
proRICKY1:gRICKY1 ORF pGWB604 In planta expression, C-terminal
sGFP tag, Bsal free
proRICKY1:gRICKY1 D811N | pENTR_D Entry clone, Bsal free
ORF Bsal:GW:Bsal
proRICKY1:gRICKY1 D811N | pGWB604 In planta expression, C-terminal
ORF sGFP tag, Bsal free
proREM1.2-mcherry-gREM1.2 | pGWB1 In planta expression, Bsal free
ORF +stop (Sebastian Konrad)
proREM1.3-mcherry-gREM1.3 | pGWBH1 In planta expression, Bsal free
ORF +stop (Sebastian Konrad)
proREM1.2-mcherry-gREM1.2 | pGWB1 In planta expression, Bsal free,
ORF S11/S13/T18/T19A +stop phospho-mutant
amiRICKY1 pENTR_D Entry clone
Bsal:GW:Bsal
amiRYLA1 pENTR_D Entry clone
Bsal:GW:Bsal
amiRICKY1 pGWB2 In planta expression, amiRNA
amiRYL1 pGWB2 In planta expression, amiRNA
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Table 6 Primers used in tis study for cloning

Purpose

Forward Primer

Reverse Primer

Cloning RICKY1 cDNA

GGGGACAAGTTTGTACAAAAAAGC
AGGCTCCATGGGTTTCTTTTTCTCG
ACCC

GGGGACCACTTTGTACAAGAAAGCT
GGGTTCTCAATCTCCACATCAGTAA
GATC

Cloning
proRICKY1:gRICKY1

Bsal free, Fragment 1

GGTCTCGCACCCCCTTGTAAATCTA
TTTGCCGC

GGTCTCGGAGAAGAGAGGGAGATA
AGAAG

Cloning
proRICKY1:gRICKY1

Bsal free, Fragment 2

GGTCTCGTCTCAATCGCTTAGTCTC
TTTG

GGTCTCGCAACAATTCAGTCTTTAC
CAACAG

Cloning
proRICKY1:gRICKY1

Bsal free, Fragment 3

GGTCTCGGTTGTTAATTTGCAGAGA
TCTC

GGTCTCGAGATGGGTTTGTACAGAG
TAAAGC

Cloning
proRICKY1:gRICKY1

Bsal free, Fragment 4

GGTCTCGATCTCCAACATTAAGACC
ACCG

GGTCTCGCCTTCTCAATCTCCACAT
CAGTAAGATC

D811N mutation

CTAATTTTGGTCTAGCGAAACTCG

AGATCTTAGCATTTAGAGACAGATC

amiRYL1 Fragment 1

TTTGGTCTCTCACCCTGCAAGGCG

GAATTCTAAGATACTTACAGTAGTCT

ATTAAGTTGGGTAAC ACATATATATTCCT

amiRYL1 Fragment 2 GACTACTGTAAGTATCTTAGAATTC | GACTGCTGTAAGTATGTTAGAAATC
ACAGGTCGTGATATG AAAGAGAATCAATGA

amiRYL1 Fragment 3 GATTTCTAACATACTTACAGCAGTC | AAAGGTCTCACCTTGCGGATAACAA
TCTCTTTTGTATTCC TTTCACACAGGAAACA

Assembly amiRNAs TTTGGTCTCTCACCCTGCAAGGCG | AAAGGTCTCACCTTGCGGATAACAA
ATTAAGTTGGGTAAC TTTCACACAGGAAACA

amiRICKY1 Fragment 1 | TTTGGTCTCTCACCCTGCAAGGCG | GAACTATGCTTACCTTGTTGTTCTCT
ATTAAGTTGGGTAAC ACATATATATTCCT

amiRICKY1 Fragment 2 | GAGAACAACAAGGTAAGCATAGTT | GAGAGCAACAAGGTATGCATAGATC
CACAGGTCGTGATATG AAAGAGAATCAATGA

amiRICKY1 Fragment 3 | GATCTATGCATACCTTGTTGCTCTC | AAAGGTCTCACCTTGCGGATAACAA
TCTCTTTTGTATTCC TTTCACACAGGAAACA

Mutation of the Bsal
site in RICKY1 cDNA

TTAAGACCACCGATGTCATCTG

TGTTGGAGATGGGTTTGTACAG

Cloning RICKY1 CD

TTTGGTCTCTGCGCAGGCTAACAG
GTTACTTAGG

AAAGGTCTCTTATCATTACTCAATCT
CCACATCAG

Mutation REM1.2

GCGAAGGTTGCGGCTCCTG

CGGAGCTTCTGCTTCTAACG
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S11/S13/T18/T19A

Mutation REM1.2 S11A

GAAGGTTACGACTCCTGCTCC

GCCGGAGATTCtGCTTCTAAC

Mutation REM1.2 S13A

GAAGGTTACGACTCCTGCTCC

GCCGGAGCTTCTGATTCTAAC

domain swap

AACAGAAGATAGC

Mutation REM1.2 T18A | GAAGGTTGCGACTCCTGCTC GCCGGAGATTCTGATTCTAAC
Mutation REM1.2 T19A | GAAGGTTACGGCTCCTGCTC GCCGGAGATTCTGATTCTAAC
Mutation REM1.2 GATGTCGCGAAAGACGTTGC AGCCGGAGCCGGAGCTGG
T41/T46A

N-REM1.2 for TTTGGTCTCTCACCATGGCGGAGG | AAAGGTCTCAATCTCTATCGAGCGA

TGCAGAC

N-REM1.3 for

domain swap

TTTGGTCTCTCACCATGGCGGAGG
AGCAAAAGAC

AAAGGTCTCAATCTCTATCGGCCGA
ACCAG

C-REM1.2 for

domain swap

TTTGGTCTCTAGATGTTAAGCTAGC
TGATTTGTC

AAAGGTCTCACCTTTTAGAAACATCC
ACAAGTTG

C-REM1.3 for

domain swap

TTTGGTCTCTAGATGTGATACTTGC
CGACTTGG

AAAGGTCTCACCTTTTAGAAACATCC
ACACGTTGC

Table 7 Primers used in this study for genotyping

Forward Primer

Reverse Primer

ricky1-1 CAAGACCTGATTGTTTCTTAC | CTCAATCTCCACATCAGTAAG

gene specific TTTC ATC

ricky1-2 CTTAGGTGGAAAAGAAGTGG | CTCAATCTCCACATCAGTAAG

gene specific ATG ATC

ryl1-1 GAAGACACTGTAAGTCAAACT | CAAGCACCATTGAACACTATA

gene specific CTG CAC

lik1-5 GGAAGTTCTGTTGGTACAGT | CTCGTAAACTAGCAGGAGCTG
gene specific GG

T-DNA

specific primer

ATTTTGCCGATTTCGGAAC
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Table 8 qPCR primers used in this study

Gene Forward Primer Reverse Primer

RICKY1 | GTCCACGAGGAACAAGGTA GTATTCTCTTCTTCATCGAGTTTC
RYL1 GATTTTGGTCTAGCTAAACTCAAC | GTAAACATCTGCCTTGTCTGTC
REM1.2 | GGAAGCAGAAGAGAGAAGAGC CACTTTACAGTTACGAAGTCTTG
REM1.3 | AAAGGCAACGTGTGGATGT CAAGACACAAACGACCAAACA
REM1.4 | GGAATTAGCAGCCAAGTACCG TGTTTCCCCATCGAGATGAT

LIK1 CCTTCTTGACTGGGTGCACG CGAGCATACTCACCACCGTC
EDS1 CGAAGGGGACATAGATTGGA ATGTACGGCCCTGTGTCTTC
FRK1 ATCTTCGCTTGGAGCTTCTC TGCGGCGCAAGGACTAGAG

PR1 TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG
LOX3 | TGGAAATGAGTGCCGCCGCA GTAGCGTTCAACATAGGTTCG
JAZ10 | ATCCCGATTTCTCCGGTCCA ACTTTCTCCTTGCGATGGGAAGA
uBC CTGCGACTCAGGGAATCTTCTAA | TTGTGCCATTGAATTGAACCC
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